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Utilization of nanoparticles as X-ray contrast
agents for diagnostic imaging applications

José Carlos De La Vega and Urs O. Hafeli*

Among all the diagnostic imaging modalities, X-ray imaging techniques are the most commonly used owing to their
high resolution and low cost. The improvement of these techniques relies heavily on the development of novel X-ray
contrast agents, which are molecules that enhance the visibility of internal structures within the body in X-ray imaging.
To date, clinically used X-ray contrast agents consist mainly of small iodinated molecules that might cause severe
adverse effects (e.g. allergies, cardiovascular diseases and nephrotoxicity) in some patients owing to the large and
repeated doses that are required to achieve good contrast. For this reason, there is an increasing interest in the
development of alternative X-ray contrast agents utilizing elements with high atomic numbers (e.g. gold, bismuth,
ytterbium and tantalum), which are well known for exhibiting high absorption of X-rays. Nanoparticles (NPs) made
from these elements have been reported to have better imaging properties, longer blood circulation times and lower
toxicity than conventional iodinated X-ray contrast agents. Additionally, the combination of two or more of these el-
ements into a single carrier allows for the development of multimodal and hybrid contrast agents. Herein, the limita-
tions of iodinated X-ray contrast agents are discussed and the parameters that influence the efficacy of X-ray contrast
agents are summarized. Several examples of the design and production of both iodinated and iodine-free NP-based
X-ray contrast agents are then provided, emphasizing the studies performed to evaluate their X-ray attenuation ca-
pabilities and their toxicity in vitro and in vivo. Copyright © 2014 John Wiley & Sons, Ltd.
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Medical imaging aims to diagnose and examine diseases by

1. INTRODUCTION

The prefix nano, which derives from the Greek nanos and means
‘dwarf’, describes materials, technologies or properties with dimen-
sions on the nanoscale (10°° m). The nanoscale represents
the bridge between atoms and small molecules (10 '° m) and
biological, chemical, mechanical and electrical microscopic entities
(107° m). Nanotechnology is an interdisciplinary field that involves
the study and application of natural sciences and engineering to
develop tools at the nanoscale. Since its origins, which can argu-
ably be traced to physicist Richard Feynman’s lecture ‘There’s
Plenty of Room at the Bottom' in 1959, nanotechnology applied
to life sciences has led to improved knowledge about cellular
and molecular processes and factors that cause or encourage a
variety of diseases. The understanding of novel disease pathways
has acted as a catalyst for the development of nanomedicine, an
indisputably important research area within the scope of nano-
technology. Advances in this field promise to increase the accuracy
and specificity of medical diagnoses and treatments of diseases
characterized by the presence of severe and chronic pathologies.
Unfortunately, for the majority of chronic degenerative diseases,
effective treatments are only available for the initial disease stages.
Hence, an early diagnosis is crucial to improve the survival rate of
patients. Recently, nanoparticulate systems, mainly organic and
inorganic nanoparticles (NPs), have found potential applications
in different diagnostic imaging techniques because of their poten-
tial to target specific tissues and organs within the body. In
this way, the region of interest can be highlighted, the overall
efficiency of the procedure can be increased, and the side effects
can be reduced.

creating images of the internal structures of the body. It also pro-
vides valuable information before starting an appropriate treat-
ment and then following its efficacy. Among all the medical
imaging technologies available, radiography is one of the most
commonly utilized because it has a good spatial resolution
(50-200 um) and it requires a short time to complete the proce-
dure (<10-15 min) (1,2). Radiography encompasses all the
techniques that use X-rays, a form of ionizing electromagnetic
radiation that can penetrate opaque substances (3), to generate
contrast between different tissues and organs (4). X-ray imaging
is based on the principle that X-ray photons are attenuated
when they pass through the body. The total attenuation pro-
duced in the body is measured by a detector to create a two-
dimensional (2D) image (5). A widely utilized modality of X-ray
imaging is computed tomography (CT), a diagnostic tool that
plays a pivotal role in the staging and imaging-guided interven-
tion of various diseases owing to its noninvasive nature, high
resolution and deep tissue penetration (6,7). In this technique,
tomographic images (i.e.sectional images) are produced by
processing a series of projections of the target tissues and
organs taken from different angles (7). In modern CT scanners, a
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three-dimensional (3D) reconstruction of the stack of transverse
images can be performed to generate a volumetric image made
up of voxels (8).

Owing to its high efficacy for imaging bone structure and
acquiring high-resolution volumetric images in relatively short
scan times (9), micro-CT (uCT) has developed over recent decades
as a research tool. In broad terms, uCT refers to CT scanners that
can resolve voxels with submillimeter spatial resolution (8,10).
Nonetheless, a more appropriate generic term for this technique
is microscopic CT, which can be further subdivided based on the
spatial resolution into: mini-CT (200-50 pm), uCT (50-1 pm) and
nano-CT (1-0.1 um) (8) (Fig. 1).

In both medical research and clinical practice, contrast agents
must be utilized in all different modalities of CT imaging, includ-
ing fluoroscopy (5,11), to enhance the visibility of tissues and
organs, as soft biological tissues lack sufficient contrast (12).
However, a problem with clinically used contrast agents is that
they only provide limited contrast, which can lead to inaccurate
diagnoses (4,12). For example, imaging of small blood vessels is,
in the majority of cases, very poor and, therefore, detection of
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vascular angiogenesis, which is critical to achieve an early diag-
nosis of cancer, remains a challenge (12). As a matter of fact,
other medical imaging techniques, such as magnetic resonance
imaging (MRI), positron emission tomography (PET), single
photon emission computed tomography (SPECT) and optical
imaging face the same problem. Despite the differences
between them, the use of multimodal imaging agents makes it
possible to combine some of these techniques into a single scan
to enhance the accuracy of diagnoses by utilizing information
obtained from each one (13,14). As multimodal imaging usually
involves the use of at least one X-ray imaging technique (15,16),
the development of contrast agents with enhanced X-ray
attenuation capabilities is currently an actively pursued area
of research. Thus, several efforts are focused on the design of
X-ray contrast agents at the nanoscale. One of the most preva-
lent strategies is the encapsulation of elements with high linear
or mass X-ray absorption coefficients into NPs. Herein, we aim to
review and analyze the evolution of X-ray contrast agents from
small molecules to nanoparticulate systems and the different
strategies to design and evaluate these NPs.
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Figure 1. Types of microscopic CT. While all three types operate on the same physical principles, it is their distinct spatial resolution that determines

what example can be successfully imaged.
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2. OVERVIEW OF X-RAY CONTRAST AGENTS

Owing to significant progresses in molecular and cell biology re-
lated to the identification of specific cell targets, it is now possi-
ble to perform diagnostic and molecular imaging studies with a
high degree of accuracy and specificity (2,17). Advances in this
field promise to facilitate early diagnosis, identify the stage of a
disease and provide fundamental information about pathological
processes, so that diagnostic and molecular imaging could also
be applied to follow-up the efficacy of a specific therapy (11,17).
One way of enhancing the efficiency of imaging studies is the
development of improved X-ray contrast agents, which are mol-
ecules commonly used in radiographic procedures to ensure a
high image contrast based on the strong X-ray attenuation
properties of radiopaque elements (18). Given that X-rays have
a short wavelength, which is in the range of 0.1-10 nm (19,20),
they can detect subtle differences in the electron density of a
material which are not visible using other absorption-based
techniques (20). Therefore, X-rays are excellent tools to study
biological tissues (21). In the following section, an overview of
the characteristics of conventional X-ray contrast agents is given,
emphasizing their limitations. Then, novel X-ray contrast agents
under development meant to overcome the drawbacks associated
with clinically used X-ray contrast agents are described in detail.

2.1. lodinated X-Ray Contrast Agents

Currently, X-ray contrast agents are predominantly based on small
iodinated molecules. lodine (I) took the leading role in X-ray con-
trast agent synthesis because of its high mass X-ray absorption
coefficient [1.94 cm?® g~ at 100 keV (22)] and its chemical versatil-
ity. This specific property is evident from the development of iodin-
ated X-ray contrast agents, which moved from inorganic iodine
(e.g. Nal) to organic mono-iodinated (e.g. uroselectan A), di-iodinated
(e.g.uroselectan B) and tri-iodinated (e.g.diatrizoate) molecules,
from lipophilic to hydrophilic molecules, from ionic to nonionic
(e.g.iohexol, iopromide and iopamidol) molecules, and from
monomers to dimers (e.g.iotrolan) (18) (Fig. 2).
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The evolution in the structure of the iodinated X-ray contrast
agents intended to reduce the adverse effects associated with
the clinical use of these molecules. For example, nonionic mole-
cules have a lower tendency to interact with cell membranes,
peptides and other biological structures, so that they are less
toxic than ionic molecules (19). Dimers show lower osmolalities
than monomers, which reduces pain and sensation of heat at
the site of injection (19,23,24) and decreases the incidence of
contrast media-induced nephrotoxicity (CMN), which is a common
condition in patients with pre-existing renal impairment (23,24),
cardiovascular complications (i.e. heart rate and blood pressure
irregularities) and osmotic diuresis (18). Nevertheless, dimers tend
to exhibit higher viscosities than monomers (19), which is something
of concern because the higher the viscosity of the X-ray contrast
agent is, the slower the rates of injection and excretion are (23). Ad-
ditionally, slow excretion rates have been associated in preclinical
studies with upregulation of markers for renal injury (25). This situa-
tion usually limits the use of dimers in CT and angiography imaging,
as these techniques require high injection rates (i.e.upto 20 mLs ™)
(23,24). lodinated X-ray contrast agents with a high osmolality and
viscosity are normally administered intravascularly by either intra-
arterial injection, which requires the use of catheter, or intravenous
injection. Nonetheless, this route of administration has been re-
ported to increase the risk of CMN and anaphylactoid reactions.
For this reason, when possible, the enteric and direct (e.g. percuta-
neous injections) routes of administration are preferred (26). Hence,
a balance between osmolality and viscosity values must be found
for each X-ray contrast agent under development.

Despite the efforts made to improve the physicochemical
properties of iodinated X-ray contrast agents, those that are cur-
rently commercially available [e.g. Omnipaque™ (iohexol, a non-
jonic monomer), Visipaque™ (iodixanol, a nonionic dimer) (23)]
still impose serious limitations on medical imaging. For instance,
these molecules are usually rapidly excreted by the kidneys, lim-
iting their application in several imaging techniques and trigger-
ing serious adverse reactions as a consequence of the large and
repeated doses that are usually required (6). Moreover, one of
the biggest concerns about the utilization of iodinated X-ray
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Figure 2. Chemical structure of representative iodinated X-ray contrast agents. The development of iodinated X-ray contrast agents moved from both
inorganic and organic, lipophilic, ionic molecules to organic, hydrophilic, nonionic molecules. Additionally, to enhance the contrast obtained, dimers are

preferred over monomers.
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contrast agents is related to the fact that they have a greater
density than plasma, resulting in an extreme hyperosmolarity (27).
The incidence of both acute (i.e.within an hour) and delayed
(i.e. within an hour and a week) adverse reactions is higher after
the utilization of high-osmolarity iodinated X-ray contrast agents.
Acute adverse reactions can range in severity from mild to severe
and life-threatening and are directly related to the chemotoxicity,
the ionic state (i.e.ionic or nonionic), the viscosity and the osmo-
larity of the formulation. Several cohort studies have shown that
common signs and symptoms are anaphylaxis, arrhythmia, vaso-
vagal responses (manifested as bradycardia with hypotension),
hemodynamic changes, nausea and emesis. Delayed adverse
reactions, however, tend to be milder in nature. They mostly
include cutaneous reactions (e.g.rash and pruritus), which are
thought to be caused as a response of the immune system to
the formulation (26).

As a result of the inherent limitations of the X-ray contrast
agents based on small iodinated molecules, an active field of re-
search is the development of alternative X-ray contrast agent for-
mulations, most of them using NPs to enhance the efficacy of
the contrast-generating materials. However, in order to deter-
mine whether or not they are suitable for diagnostic imaging ap-
plications, an accurate evaluation of their properties must be
performed.

2.2. Characterization of Novel X-Ray Contrast Agents

The development of a novel X-ray contrast agent from the syn-
thesis of the compound to the product license can take several
years. During this period, the tolerance of the X-ray contrast
agent must be rigorously tested to establish a safety and efficacy
profile for the formulation (28). Even though both the X-ray
attenuation properties and the toxicity of the newly synthesized
compounds are always evaluated during this process, it is clear
from the historic development of iodinated X-ray contrast agents
that their physicochemical properties are equally as important
for in vivo applications and, thus, should also be assessed. The
most important parameters that need to be taken into account
in the appraisal of novel X-ray contrast agents are schematically
shown in Fig. 3. A great deal of feedback is required during these
studies because, even if a compound is an excellent candidate in
terms of its physicochemical properties, this does not imply, in all

cases, that it will exhibit suitable X-ray attenuation properties or
that it will be safe for administration into the body, and vice
versa.

The physicochemical properties of X-ray contrast agents are
particularly important in guiding the search for improved mole-
cules because they determine to a great extent their pharmaco-
logical and toxicological behavior (18). Among them, the atomic
number (Z), which is related to the capability of an element to
attenuate an X-ray beam, is the most important one in the
generation of contrast. Although the attenuation process is the
result of both the absorption and the scattering of light, it is
useful to focus only on the linear X-ray absorption coefficient,
as its relationship with the atomic number is direct. For this rea-
son, the linear X-ray absorption coefficient is sometimes referred
to as the linear X-ray attenuation coefficient. Basically, the linear
X-ray absorption coefficient is a measure of the fraction of an
X-ray beam that is absorbed per unit thickness of the absorber
material at a specific energy. This phenomenon is indeed described
by eqn (1), which is an integrated form of the Beer-Lambert law
and is valid in the case of narrow beams of mono-energetic
photons (29).

[ = lpe+d (1

where [ is the intensity of the transmitted X-ray radiation, I, is the
intensity of the incident X-ray radiation, u is the linear X-ray
absorption coefficient, and d is the thickness of the irradiated
sample (29). Furthermore, the linear X-ray absorption coefficient,
which has units of reciprocal length, is a function of the X-ray
energy and the physical and the chemical properties of the sample,
as demonstrated in egn (2) (19).

pZt
H= A E3 (2)
where E is the X-ray energy and p and A are the density and
atomic mass of the element, respectively (19). However, to
compare between different chemical species, the mass X-ray
absorption coefficient (u/p), which is calculated by dividing the
linear X-ray absorption coefficient by the density and, therefore,
has units of length squared per mass, is commonly reported. In
summary, the higher the atomic number, the better the absorp-
tion of X-rays and, thus, the X-ray attenuation properties. For this
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Figure 3. Schematic representation of important parameters in the evaluation of novel X-ray contrast agents. The diagram shows the parameters that need
to be evaluated in order to characterize a novel X-ray contrast agent and determine whether or not it is suitable for diagnostic imaging applications.
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reason, most of the current research is focused on the replace-
ment of iodine with elements having appreciable higher atomic
numbers. However, an increase in atomic number is, in the major-
ity of cases, associated with potential toxicity and possible
accumulation of the X-ray contrast agent in tissues and organs
(30,31), underlining the importance of conducting a complete
evaluation of the properties of the compound.

Although no clear-cut structure-activity relationships exist,
allergy-like events (e.g.nausea and emesis) are usually related
to the use of lipophilic X-ray contrast agents (18). Regarding
the final formulation of the X-ray contrast agent, it is crucial to
decrease its viscosity and osmolality. The first term, viscosity,
describes the ability of the formulation to flow and is strongly
influenced by the concentration of the radiopaque element
and the temperature of the solution (18). Basically, highly viscous
X-ray contrast agents limit the rate of injection and might cause
pain at the site of injection (23,24). The second term, osmolality,
is proportional to the number of particles in the solution and
causes the major concerns in the use of novel X-ray contrast
agents. The adverse effects related to an increase in osmolality
include mainly cardiovascular complications and osmotic diure-
sis. In general, the closer the osmolality of an X-ray contrast
agent is to the plasma osmolality, the lower the incidence of side
effects. For this reason, X-ray contrast agents are usually classi-
fied into: high osmolar agents (i.e.osmolalities in the order of
1500 mosm kg "), low osmolar agents (i.e.600-700 mosm kg ')
and isotonic agents (osmolalities similar to the plasma osmolality,
which is around 300 mosm kg™") (18).

The current strategy to evaluate the efficacy of novel X-ray
contrast agents is to compare the X-ray attenuation that they
produce relative to clinically used iodinated X-ray contrast
agents (30,32-34). When the results of this comparison are favor-
able, both in vitro and in vivo studies must be conducted to de-
termine whether or not the newly synthesized compound can
be utilized for medical applications. Additionally, in vivo studies
are highly important in order to characterize the biodistribution
and clearance from the body of the X-ray contrast agent. A com-
plete and accurate characterization and evaluation of the X-ray
contrast agent under development needs to include all the
aforementioned parameters.

To improve the physicochemical properties and reduce the
toxicological effects, the recent trend is to protect the radi-
opaque element via encapsulation into a suitable carrier. Owing
to the several advantages related to the use of nanotechnology
for medical applications, these carriers are usually designed at
the nanoscale. In addition to the NPs described herein, which,
unless otherwise stated, are spherical, organic or inorganic
nanocarriers, there is plenty of literature regarding the develop-
ment and utilization of liposomes, micelles and dendrimers as
X-ray contrast agents. First, liposomes are self-assembled vesicles
of phospholipids that enclose a hydrophilic core (7,35). Therefore,
liposomes can be used to deliver both hydrophobic molecules
(dissolved in the phospholipid bilayer) and hydrophilic molecules
(entrapped in the core) (35). Second, micelles are self-assembled
colloidal-sized clusters made from either surfactants (surfactant
micelles) or amphiphilic di- or tri-block copolymers (polymeric
micelles) (36). They are spontaneously formed when the concen-
tration of surfactant or block copolymer is above the critical
micelle concentration (37) and they have a hydrophobic core
and a hydrophilic shell or corona in aqueous environments (38).
As opposed to liposomes, micelles are used to deliver only hydro-
phobic molecules (35,38). Finally, dendrimers are well-controlled

and well-defined complexes comprising branched polymers.
They are typically symmetric around the core and adopt a pre-
dictable spherical 3D structure (7,35). The dendrimer architecture
is highly advantageous because it comprises three regions: a
core, several internal layers of repeating units (known as genera-
tions), and a surface that ultimately determines the macroscopic
properties of the dendrimer. Basically, the core and the genera-
tions can be used to dissolve small molecules and the surface
can be functionalized to expose desired chemical moieties (7).

To date, only iodine-containing liposomes, polymeric micelles
and dendrimers have been evaluated for X-ray imaging applica-
tions. Initially, the approach for the development of iodinated
liposome-based X-ray contrast agents was the encapsulation of
clinically used iodinated X-ray contrast agents into the liposomes
for imaging of the spleen (39) and the liver (40). Now, after the
emergence of long-circulating liposomes coated with poly(ethylene
glycol) (PEG), it is also possible to image other organs to study and
diagnose chronic diseases (41,42). The strategy for the develop-
ment of iodinated polymeric micelle-based and dendrimer-based
X-ray contrast agents is the reaction of iodinated benzoic acids
with amine or hydroxyl groups in the polymer chains (35). For
example, some groups have prepared polymeric micelles and
dendrimers using block copolymers comprising iodine-substituted
poly-L-lysine (36,43-46).

Nonetheless, current research has moved towards the utiliza-
tion of NPs constituted of either natural polymers (e.g.alginate,
chitosan and collagen) or synthetic polymers made from natu-
rally occurring monomers, such as lactic acid and glycolic acid
(47). These nanocarriers are very versatile because of the large
number of polymers available, which in turn provides flexibility
to design NPs with different physical and chemical properties,
particularly those related to their size, size distribution, stability
and predictable biodegradation rate. This review focuses pre-
cisely on this type of NPs, which have been utilized to evaluate
the contrast enhancement of various elements, including iodine.
In the following section, the benefits associated with the design
of NP-based X-ray contrast agents and their main characteristics
are summarized and discussed. Different examples of these
novel X-ray contrast agents are also provided, emphasizing, in
each case, the studies that have been done to demonstrate their
potential applications in diagnostic and molecular imaging.

3. NANOPARTICLE-BASED X-RAY CONTRAST
AGENTS

The development of NP-based X-ray contrast agents is providing
an increasing contribution to the field of diagnostic and molecu-
lar imaging. An ideal contrast agent should selectively accumu-
late at the site of interest to be able to interact physically,
chemically, biochemically and functionally with the target and,
by these means, improve the image contrast (48). The utilization
of NPs provides several advantages over the widely used iodin-
ated contrast agent solutions. For example, their surface can be
modified to enhance their specificity by attaching targeting moi-
eties (48,49), increase their circulation half-life by adding appro-
priate coatings (e.g.polymers, silica) (48-50) and improve their
functionality by adding other components, including fluorescent
markers and therapeutic agents (11,48,51) (Fig. 4). The integra-
tion of both contrast and therapeutic agents in a single carrier
is known as theranostics (11,51). Theranostic medicine promises
to develop NPs capable of, first, diagnosing via imaging studies;
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Figure 4. Generalized representation of the different strategies to design NP-based X-ray contrast agents. The NPs can be functionalized by adding
polymer chains, suitable coatings, fluorescent markers and/or targeting moieties. The source of contrast can be either (A) a polymer-based NP in which
the radiopaque element is loaded into the core, included within the coating or attached to the surface or (B) an inorganic NP made from an element

that exhibits X-ray attenuation properties.

second, delivering drugs in a targeted way; and third, monitoring
the response to the therapy (51), all with the same agent.

These types of ‘smart’ NP-based X-ray contrast agents are be-
coming increasingly important because they incorporate an ap-
propriate radiopaque element, targeting ligands, a biocompatible
coating and, in some cases, a therapeutic functionality. As a result,
they exhibit an intense and stable output and tunable
biodistribution profiles (6). Another advantage of the use of NPs
as X-ray contrast agents is that they contain a high payload of
the contrast-generating material, which increases the number
of atoms of the radiopaque element that are delivered to the tar-
get and also facilitates the detection and follow-up upon admin-
istration (49). The contrast-generating material, which is usually
an element with a high X-ray absorption coefficient bound to dif-
ferent ligands, can be located in the core, the coating or the sur-
face of a polymeric NP (11) (Fig. 4A). This approach provides the
flexibility of including multiple radiopaque elements and/or com-
bine contrast and therapeutic agents within the same NP (11).
The addition of more than one source of contrast increases,
for example, the range of energies at which the NPs can be
imaged with high resolution and, at the same time, facilitates
biodistribution studies via multimodal imaging techniques (11,48).
However, a different approach is to synthesize inorganic NPs
made from an element that exhibits good X-ray attenuation
properties and functionalize their surface to increase their stabil-
ity in vivo (48) (Fig. 4B). Moreover, the characteristic high surface
area-to-volume ratio of the NPs is advantageous in order to add
a high number of ligands (i.e. peptides, proteins, antibodies,
aptamers) to their surface, allowing specific recognition by bio-
logical targets within the body (52).

The biological stability and the geometric volume of the NPs
are two important considerations during the first stages of
NP-based X-ray contrast agent development. A common strategy
to adequately stabilize the NPs in vivo is the modification of the
surface with PEG or thiolated PEG (PEG-SH). These surface ligands
increase the hydrophilicity of the NPs and enhance the circula-
tion half-life by blocking the adsorption of serum proteins and
opsonins that facilitate uptake and excretion by cells of the
mononuclear phagocyte system (MPS) (53). Considering the
number of functionalities that can be incorporated, the NP size
becomes a critical parameter. For example, an NP with not only
imaging, but also targeting functionalities requires a diameter
of at least 20 nm. This is approximately the diameter of a ribo-
some, which, analogously, has several recognition and effector
sites. For molecular imaging, which aims to understand the cellu-
lar function and follow-up molecular pathways and processes,

NPs <150 nm are preferred because they can easily undergo en-
docytosis. On the one hand, 10-30 nm NPs are engulfed into the
cells by clathrin-mediated endocytosis given that the endocytotic
vesicles are 40-60 nm in size. On the other hand, 30-150 nm NPs
are taken up by clathrin-independent endocytosis and, thus, they
pass through the claveolae (invaginations of the cell membrane)
(54). For other imaging applications, well-stabilized NPs up to 500
nm in size are typically used because they selectively accumulate
at tumors sites as a result of the enhanced permeability and
retention (EPR) effect, which describes the abnormal form and
architecture of the tumor neovessels, often described as ‘leaky’.
This opposes to the fast kidney clearance of small molecules
and the phagocytosis of micrometer-sized particles by cells of
the MPS (53,55).

Owing to their numerous advantages, many different NP-based
X-ray contrast agents have been designed. Some of the first
attempts to use NPs as X-ray contrast agents used iodine as the
radiopaque element. The utilization of NPs reduces the toxicity
observed when iodine molecules are directly administered into
the body (31). Nevertheless, it has also been evident that other
elements possess interesting X-ray attenuation properties and,
thus, there is an increasing trend towards the use of iodine-free
NP-based X-ray contrast agents. In the following sections, the
advantages and disadvantages of these two groups of novel
NP-based X-ray contrast agents are discussed.

3.1. lodinated Nanoparticle-Based X-Ray Contrast Agents

The most common approach to prepare iodinated NP-based
X-ray contrast agents is to covalently bind iodinated moieties
to a polymer backbone and then force the formation of the
NPs by preparing an emulsion (56,57), which can be done using
a wide variety of well established techniques. This strategy is
highly advantageous because it prevents leakage and loss of
the contrast agent material (i.e.the iodinated molecule) from
the NP. In addition, as there are many different polymers avail-
able, it is feasible to design X-ray contrast agents with specific
properties and functionalities (19). Recently, this approach has
been successfully utilized to produce iodinated NPs by either
emulsion polymerization (56) or nanoprecipitation (57).

The first method, emulsion polymerization, was used to syn-
thesize iodinated copolymeric NPs of 2-methacryloyloxyethyl
(2,3,5,triiodobenzoate) (MAOETIB) and glycidyl methacrylate
(GMA), an ester of methacrylic acid, with a hydrodynamic diameter
of 50.0+7.6 nm (56) (Fig. 5). As the P(MAOETIB-GMA) NPs were
shown to be stable against agglomeration in an aqueous solution,
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Figure 5. Chemical structure of 2-methacryloyloxyethyl(2,3,5,-triodobenzoate)
(MAOETIB) and glycidyl methacrylate (GMA). An iodinated NP-based X-ray
contrast agent stable both in vivo and in vitro was prepared by emulsion
copolymerization of MAOETIB and GMA.

they were tested in vivo. Following intravenous administration in
rats, CT imaging revealed a significant enhanced visibility of the
blood pool. The lymph nodes, the liver and the spleen were only
seen after 30 min, when uptake by cells of the MPS took place. Fur-
thermore, after intravenous administration in mice bearing hepatic
cancer, it was seen that visual enhancement of healthy liver tissue
increased gradually owing to the high uptake of the NPs by cells of
the MPS, such as Kupffer cells. However, the NPs were not taken up
by tumor cells because they displace macrophages, including
Kupffer cells. As a consequence of this, liver tumor is favorably
delineated as the dark nonenhanced regions within the healthy
liver tissue. Hence, P(MAOETIB-GMA) NPs might be useful for the
diagnosis of hepatic cancer (56).

The second method, nanoprecipitation, was used to prepare
iodinated cellulose acetate NPs with a mean diameter of 79 nm
(57). The advantages of using cellulose acetate rely on its bio-
compatibility, biodegradability and enhanced solubility over cel-
lulose in organic solvents, which improve the overall throughput
of the nanoprecipitation technique. A radiopacity study per-
formed in a PET scanner equipped with an X-ray tube operating
at 130 kVp demonstrated that the iodinated cellulose acetate
NPs exhibited good X-ray attenuation properties. The NPs,
suspended in an aqueous solution, maintained their morphology
and proved to be stable after 3 months of storage at room tem-
perature. Additionally, they were also successfully loaded with
paclitaxel, indicating that these NPs can potentially be used as
theranostic agents (57). Given the simplicity of this method, this
type of NPs can be easily used for medical applications. However,
toxicity and cellular uptake studies need to be performed first.

A different strategy from covalently binding iodine is to phys-
ically entrap iodinated molecules into polymeric carriers. None-
theless, to date, only the production of microspheres has been
reported (31). Basically, poly(vinyl)alcohol (PVA) microspheres
loaded with iopamidol were prepared by a simple homogeniza-
tion process. The microspheres had a mean diameter from 1.0 to
5.0 um depending upon the specific concentrations of reagents
utilized. An in vitro toxicity study in A549 human lung carcinoma
cells showed that these microspheres have a good safety profile
and are stable in water over a long period of time. Moreover, an
X-ray imaging experiment conducted in a synchrotron showed
that these iopamidol-loaded microspheres exhibit an X-ray at-
tenuation profile comparable to that of iopamidol at equivalent
iodine concentrations (31). This work represents a pioneering
contribution to the development of a new generation of iodin-
ated X-ray contrast agents. As toxicological effects are minimized
after encapsulation of the iodinated molecules (31), the develop-
ment of similar polymeric carriers at the nanoscale should be
commenced.

3.2. lodine-Free Nanoparticle-Based X-Ray Contrast Agents

A current area of active research is the development of inorganic
NP-based contrast agents. Unlike the NPs described in the previ-
ous section, in which iodinated molecules are covalently bound
to polymer chains, inorganic NP-based contrast agents comprise
an inorganic core that exhibits imaging properties. Hence, they
contain a large number of radiopaque atoms in a relatively small
volume, which allows for intravenous administration at low con-
centrations, especially if the NPs are targeted by the addition of
biological recognition moieties to the surface (52). So far, the
most important advancements in this field are the development
of quantum dots, magnetic NPs and NPs containing high atomic
number elements.

In broad terms, quantum dots are inorganic NPs made from
hundreds to thousands of atoms of elements of the groups Il
and VI (e.g.CdSe and CdTe) or groups Ill and V (e.g.InP and InAs)
(58). They usually have mean diameters of <10.0 nm (19) and
exhibit size- and composition-tunable optical absorption/
emission properties over a wide spectral range that encom-
passes visible and infrared wavelengths (19,59). Magnetic NPs,
which are also inorganic NP-based X-ray contrast agents, en-
hance the proton relaxation of specific tissues and are usually
made from superparamagnetic materials, which exhibit mag-
netic moments in the presence of an external field. The most
common magnetic NPs are made from iron oxides and have
mean diameters around 5.0-30.0 nm (19,60). Despite the inter-
esting properties of these inorganic NP-based contrast agents,
neither quantum dots nor magnetic NPs can be used in X-ray
imaging techniques. Given their specific characteristics,
quantum dots are used in single- and multiphoton microscopy
(i.e.non-X-ray dependent fluorescence imaging) (19,58,59,61,62),
whereas magnetic NPs are used in MRI (19). For this reason, the
majority of the attempts to develop novel inorganic NP-based
X-ray contrast agents are focused on the utilization of elements
with high atomic numbers.

Currently, there is an increasing trend towards replacing
iodine with elements with higher X-ray absorption coefficients.
Interest in iodine has declined not only because it has a moder-
ate atomic number when it is compared with other elements,
but also because it has a low K-shell binding energy of 33.18
keV (63,64). The K-edge is a sudden increase in the linear or mass
X-ray absorption coefficient occurring at a characteristic energy
just above the binding energy of the electrons in the K-shell of
an atom (65). Therefore, iodine has suboptimal X-ray absorption
coefficients at 100-130 kVp (19), which is the common X-ray
tube potential range employed by many clinical imaging scan-
ners. Despite the enormous variety of elements with higher
atomic numbers than iodine, only a few of them have been
extensively studied. As a matter of fact, most of the research
has been focused on the use of gold (Au), a transition metal with
excellent X-ray attenuation properties that can easily be used to
prepare functionalized NPs (12,19,22). However, bismuth (Bi),
lanthanides and tantalum (Ta) are becoming equally important
because they are less expensive than gold. The K-edge and mass
X-ray absorption coefficient at 100 keV of each of the aforemen-
tioned elements are summarized in Table 1. In an effort to create
NP-based X-ray contrast agents with improved characteristics,
many researchers are exploring the X-ray attenuation profiles
and toxicity of the aforementioned elements. In the following
sections, advancements and achievements in this field are
discussed in detail.
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Table 1. K-edge and mass X-ray absorption coefficient at 100 keV of elements utilized to produce nanoparticle-based X-ray
contrast agents. The table summarizes the K-edge and mass X-ray absorption coefficient of iodine, barium, gadolinium, ytterbium,
tantalum, gold and bismuth

Element Chemical symbol Atomic number K-edge Mass X-ray absorption coefficient at 100 keV
lodine | 53 33.17 keV 194 cm? g’

Barium Ba 56 37.44 keV 220cm? g’

Gadolinium Gd 64 50.24 keV 311 ecm? g™

Ytterbium Yb 70 61.33 keV 388 cm?g

Tantalum Ta 73 67.42 keV 430 cm? g™’

Gold Au 79 80.75 keV 516 cm? g~

Bismuth Bi 83 90.52 keV 574 cm? g’

3.2.1.  Gold nanopatrticles Basically, rods, and other elongated nanostructures, exhibit low

The reason why gold has garnered a lot of attention in the devel-
opment of iodine-free NP-based X-ray contrast agents is because
it possesses several properties that make it suitable for medical
imaging applications. For example, it has a higher atomic num-
ber (Za,=79) and a higher mass X-ray absorption coefficient
(5.16 cm? g~ ' at 100 keV) (22) than iodine. This means that gold
provides about 2.7 times greater X-ray contrast per unit weight
than iodine and, additionally, it has an optimal X-ray absorption
coefficient at 80-100 keV, reducing interference from bone and
soft tissue absorption (22). Another advantage of gold nanopar-
ticles (AuNPs) is that they have been investigated for many
years in other biological applications, where they exhibit good
biotolerability and marginal levels of toxicity [LDsy, or median
lethal dose, equal to 3.2 g of gold per kg (22)] (33,66). Addition-
ally, owing to their small size, AuNPs readily travel through the
microscopic capillaries of the circulatory system, facilitating intra-
venous use (33).

Given these unique properties, several gold nanostructures,
including, but not limited to, nanorods, nanoclusters, nanoshells,
nanocages, nanocubes and nanoprisms, have been prepared in
addition to AuNPs (spherical shape) (53). The intrinsic properties
of nanostructures made from metals are determined not only
by their size, but also by their shape, composition, crystallinity
and inner structure (solid or hollow) (67). The optical properties
of gold nanostructures, for example, can be tuned by changing
the shape (35), which is controlled mostly by the gold precursor
concentration and the growth rate in a specific direction, influ-
enced by the presence of ions in the reaction (68). A distinctive
shape-dependent ultraviolet-visible, infrared and surface plas-
mon resonance spectroscopy behavior has been found before
for gold nanostructures given that, depending on their shape,
their maximum absorption peaks are shifted over hundreds of
nanometers in wavelength (68,69). As a result, besides their appli-
cations in X-ray imaging, different gold nanostructures have been
utilized for photothermal therapy, surface enhanced Raman scat-
tering and photoacoustic tomography (35). To date, only spheres
and rods have been evaluated as X-ray contrast agents. As long as
the molar concentration of gold across the treatments is equal,
no statistical significance difference is expected between the
contrast enhancement of spheres and rods, which is in agree-
ment with previous experimental findings (35,70). Thus, the dif-
ferences between these two types of nanostructures may only
rely on their biodistribution, which depends mainly on their size
and size distribution, and their recognition by phagocytes.

uptake by MPS cells and, hence, prolonged circulation half-lives
relative to spheres (71,72).

Given that AuNPs have been the object of intensive investiga-
tion for many years, their biodistribution, pharmacokinetics and
pharmacodynamics are well understood. Recently, the contrast
enhancement of a solution of AuNP with a mean diameter of
1.90 nm was compared with Ultravist® (iopromide, 300 mg of
| per mL), a clinically approved iodinated contrast agent, at vari-
ous X-ray tube potentials in an imaging phantom (33). In this ex-
periment, 55 mg of lyophilized AuNP powder were suspended in
550 plL of deionized water and 1.08 mL of stock iopromide was
diluted with 3.92 mL of deionized water. At an equal concentra-
tion of 0.51 m of the radiopaque element (i.e. either gold or io-
dine), an imaging study was performed at medium (40-80 kVp)
and high (80-140 kVp) X-ray tube potentials using computed ra-
diography (CR) and CT, respectively. It was observed that AUNP
provided more contrast enhancement than the iodinated X-ray
contrast agent (Fig. 6). However, the specific improvement
reached by replacing iodine with gold as the radiopaque ele-
ment was dependent on the X-ray tube potential utilized. For ex-
ample, in the CR scans, the contrast enhancement was higher at
low X-ray tube potentials (<50 kVp; Fig. 6A), whereas in the CT
scans, it was higher at high X-ray tube potentials (>100 kVp;
Fig. 6B) (33). This study showed that gold possesses high X-ray
attenuation capabilities over a wide range of X-ray tube poten-
tials, providing an imminent advantage over iodine.

Given the favorable X-ray attenuation results of gold, the
toxicity of AuNPs has been evaluated in both in vitro and
in vivo studies, showing that they can be used for medical appli-
cations. For instance, an MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide] assay was used to determine the
cell viability of the K562 leukemia cell line after 3 days of contin-
uous exposure to AuNPs of different sizes containing different
surface modifiers (66). The AuNPs had mean diameters of 4 nm
(capped with either cysteine residues or citrate), 12 nm (capped
with glucose) and 18 nm (capped with citrate, biotin, or
cetyltrimethylammonium bromide, CTAB). It was observed that
all of the 4 and 12 nm AuNPs were not toxic at concentrations
up to 25 pum, while the 18 nm AuNPs with citrate and biotin sur-
face modifiers did not show cytotoxicity at concentrations up to
250 pm. Although the 18 nm CTAB-capped AuNPs exhibited sig-
nificant toxicity at very low concentrations (<1.0 pwm), the toxicity
was associated with the presence of unbound CTAB. After re-
moval of the unbound CTAB by centrifuging and washing the
AuNPs with deionized water, a significant decrease in toxicity
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Figure 6. Comparison of the contrast-to-noise ratio of AUNPs and an iodine-based X-ray contrast agent at different X-ray tube potentials. The graphs
show that the contrast-to-noise ratio of AuNPs and Ultravist® imaged by (A) CR and (B) CT is dependent on the X-ray tube potential applied. Adapted

with permission from Jackson et al. (33).

was observed. Then, nuclear magnetic resonance (NMR) was
used to corroborate that only unbound CTAB was removed from
the AuNPs. For all the experiments, cell uptake was monitored by
visible spectroscopy, revealing that the AuNPs are taken up by
the cells without significant changes in size or morphology.
These results proved that AuNPs are only toxic at very high con-
centrations, which are not employed in medical applications.
Moreover, it was also demonstrated that the toxicity observed
with the use of the CTAB-capped AuNPs was related to the
precursor used, so that the NPs themselves are not necessarily
detrimental to cellular function (66).

Most importantly, the toxicity of AuNPs with a mean diameter
of 1.90+£0.10 nm was evaluated in vivo using 60 outbred CD1
mice (male and female). The mice were randomized into four
groups. The first three groups received intravenous injections
of the AuNP suspended in phosphate-buffered saline (PBS) at
pH 7.4 at different concentrations (700, 70, and 7.0 mg of Au
per kg), whereas the control group received an intravenous
injection of just buffer. A histological examination of 24 vital

organs and tissues from each mouse 30 days following injection
showed no evidence of toxicity in any of the animals. Further-
more, the biodistribution and contrast enhancement were
appraised by injecting buffered AuNPs at pH 4 into the tail vein
of Balb/C mice bearing EMT-6 subcutaneous mammary tumors.
The total volume injected was 0.01 mL per g of mouse weight
at a concentration of 270 mg of Au per mL. For comparison
purposes, the iodine-based X-ray contrast agent iohexol
(Omnipaque™) was injected in another group of mice at the
same concentration of the radiopaque element. After injection,
the vascular system was imaged by planar projection using a clin-
ical mammography unit. AuNPs allowed blood vessels with a
mean diameter of 100 um to be distinguished and imaging, de-
tection and measurement of angiogenic and hypervascularized
regions were also possible. Additionally, it was observed that
the AuNPs cleared through the kidneys in less than 1 h and they
did not accumulate in the liver and the spleen (Fig. 7) (22). The
aforementioned results suggest that iodinated X-ray contrast
agents and AuNPs differ in their pharmacokinetic properties.

Figure 7. Biodistribution and contrast enhancement of AuNPs by planar imaging. Following administration into the tail vein of Balb/C mice bearing
EMT-6 subcutaneous mammary tumors, 1.90 £ 0.10 nm AuNPs exhibited high contrast enhancement of angiogenic and hypervascularized regions for
approximately 1 h and clearance through the kidneys and the bladder. The pictures depict the biodistribution of AuUNPs (A) 2 and (B) 45 min after in-

jection. Figure kindly provided by Dr. James F. Hainfeld.
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The former are rapidly excreted through the kidneys, whereas the
latter are extensively retained in tumors after blood clearance. For this
reason, AUNPs may be useful for enhanced tumor detection and
possibly for therapy if drugs are loaded into the NP core (19,22,48).

Even though AuNPs overcome some limitations of clinically
used X-ray contrast agents, gold is more expensive than iodine,
which can limit its utilization for large-scale applications.
Consequently, other elements with high atomic numbers and
biological tolerance have started to gain importance for the de-
velopment of NP-based X-ray contrast agents.

3.2.2.  Bismuth nanopatrticles

Bismuth has become increasingly important during the last years
not only because it has a high atomic number (Z; = 83), but also
because it decomposes to small and renally clearable Bi(lll) spe-
cies in vivo as a result of its tendency to oxidize and hydrolyze
in water (52,73). Actually, it is well known that metallothionine,
a cysteine-rich protein abundant in the kidneys, exhibits a prefer-
ential affinity for Bi(lll) species and, therefore, enhances the clear-
ance and urinary excretion of Bi(lll) complexes (73). Nevertheless,
the oxidative and hydrolytic instability of bismuth has exten-
sively limited its use for diagnostic and molecular imaging appli-
cations in the form of NPs, as their production must be carried
out in an anaerobic environment, using organic solvents (52,74).

Despite the aforementioned challenges, the production of sta-
ble bismuth glyconanoparticles (BiGNPs) was recently achieved
using an aerobic method that requires the reduction of bismuth
nitrate pentahydrate, which is a source of Bi(lll) cations, by so-
dium borohydride (NaBH,) in a pH-controlled aqueous solution
(52). The synthesis of the NPs was performed with magnetic stir-
ring at >800 rpm and 40 °C. Stabilization of the BiGNPs was pos-
sible after addition of dextran as a surface stabilizing ligand, as it
imparts both oxidative and colloidal stability to the NPs when
they are formed slowly (i.e. over a period of 1-10 min). As the sol-
ubility of bismuth nitrate pentahydrate is dependent on the pH
of the reaction medium, particle aggregation was prevented by
maintaining the pH between 8 and 10, a condition that maxi-
mizes the stability of the BiGNP. A pH <8 leads to the formation
of large aggregates of BiGNP, whereas a pH >10 prevents the
nucleation of the NPs since Bi(lll) remains insoluble and, thus, is
unavailable for reduction. The optimized BiGNPs had a mean
diameter of 19.50+3.70 nm (52). Although neither toxicity nor
X-ray attenuation studies were performed, the BiGNPs produced
by this method have size, solubility and stability characteristics
that make them suitable for use as novel X-ray contrast agents.
The simplicity of this method promises to open the way for the
application of bismuth in diagnostic and molecular imaging appli-
cations, provided there is more evidence of the safety and efficacy
of the bismuth-based NPs.

The synthesis of Bi,S3 NPs constitutes another important re-
search area regarding the use of bismuth for diagnostic imaging
applications, as Bi,Ss has been proven to exhibit low toxicity and
rapid excretion in vivo (75). However, advances in this field are
limited owing to the lack of methods to produce Bi,S3 NPs with
a narrow size distribution. Although most research has been fo-
cused on the production of nanorods (76) and polydispersed
nanocrystals (77) via a one-step hydrothermal method, a method
to mass produce Bi,Ss NPs with a narrow size distribution has re-
cently been reported (78). The method requires the injection of a
solution of thioacetamide in oleyl amine into a solution of
bismuth neodecanoate and oleic acid in octadecene at 105 °C.

At this temperature, thioacetamide desulfurizes, which allows
for the synthesis of Bi,Ss. Bi,S3 NPs can then be recovered by a
simple centrifugation step. Additionally, Bi,Ss NPs can be dis-
persed in a variety of organic solvents to modify their surface
via a ligand exchange method. For example, in the same study,
poly(vinylpyrrolidone) (PVP), a biocompatible polymer, was used
to prepare 2-3 nm PVP-Bi,S3 NPs, suitable for the detection of
liver metastases. These NPs showed high contrast enhancement
and low toxicity in vivo (78).

3.2.3. Lanthanide-doped nanoparticles

The elements of the lanthanide series have been extensively
used in MRI imaging. Gadolinium (Gd), for example, has been uti-
lized over recent years owing to its chemical versatility to form
complexes with different chelators (79-83). However, it has been
reported that gadolinium enhances the development of CMN
(84) and nephrogenic systemic fibrosis (32) at low concentrations
and, therefore, much interest has recently focused on other lan-
thanides. Given the chemical and physical similarities between
all the elements of the lanthanide series, the likelihood of pra-
seodymium (Pr), europium (Eu) and holmium (Ho) to induce
nephrogenic systemic fibrosis-like skin lesions in rats were re-
cently evaluated. The study was carried out using lanthanide-
diethylenetriamine pentaacetic—bismethylamide complexes. In
all cases, the development of the disease was influenced by the
concentration of the lanthanide detected in the skin (32).

Despite the toxicity associated with these rare-earth elements,
lanthanides have a great deal of potential to be used in X-ray im-
aging techniques. All the elements of the lanthanide series have
higher atomic numbers than iodine and, thus, are more effective
in absorbing energetic photons of a polyenergetic spectrum (32).
For example, gadolinium (Zg4=64) has a mass X-ray absorption
coefficient of 3.11 cm? g~ ' at 100 keV (85), which is almost twice
that of iodine. Therefore, in an attempt to exploit this character-
istic, some of these elements have been encapsulated into NPs
to develop a nontoxic lanthanide-based X-ray contrast agent.
In previous studies, it has been observed that lanthanide-doped
NPs are effectively taken up by cells. There is also evidence that
human cells internalize these NPs by nonspecific endocytosis
(86). Since the toxicity reported for lanthanides is caused by
the release of lanthanide ions (32), the synthesis and encapsula-
tion of more stable lanthanide complexes leads to an improved
in vivo safety profile (32,87). Currently, an interesting area of
research is the development of NPs with a core consisting of a
mixture of lanthanides. Given the versatile properties of these
rare-earth elements, these NPs can be used for multimodal imag-
ing. Furthermore, the combination of a lanthanide with another
radiopaque element in the same vehicle has recently given rise
to the development of hybrid NP-based X-ray contrast agents.
The promising applications of these two new-fashioned NPs
are described below.

3.2.3.1.  Multimodal and hybrid lanthanide-containing contrast
agents. NPs comprising more than one lanthanide are valuable be-
cause of their multimodal properties. These NPs can be used not
only in CT, but also in MRI and/or optical imaging, leading to addi-
tional information and synergistic advantages. For example, multi-
modal imaging facilitates the performance of pharmacokinetics
studies, helps elucidating complex mechanisms of drug uptake
and gives insight into processes that affect and influence tumor
growth and behavior. Most of the research has been focused on
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the utilization of erbium (Er; Zg, = 68) (6,32), thulium (Tm; Zy,, = 69)
(32,85), ytterbium (Yb; Zy,, = 70) (6,32,85) and even gadolinium (88).
Given its excellent biocompatibility and high mass X-ray absorp-
tion coefficient (3.88 cm? g™ at 100 keV), ytterbium is probably
the most promising candidate for diagnostic and molecular
imaging applications among all the elements of the lanthanide
series (85).

For example, NPs with a solid Er**-doped Yb,0; core and a
pegylated shell (PEG-Yb,03:Er** NPs) suitable for multimodal
imaging have been recently designed and synthesized (6). The
NPs were produced using a one-pot urea-based homogenous
precipitation method. To functionalize the surface of the NPs
with PEG chains, they were mixed and sonicated for 6 h with
trialkoxysilylated m-PEG (silanated m-PEG) in deionized water.
After this final step, the mean diameter of the PEG-Yb,O5:Er**
NPs was 175+32.60 nm. CT and upconversion fluorescence
imaging studies performed in rats and mice, respectively,
showed that a higher contrast enhancement is obtained with
PEG—YbZO3:Er3+ NPs than with iobitridol, a routinely used
iodinated contrast agent. It was also found that the NPs mainly
accumulated in the MPS, especially in the liver and the spleen,
and were cleared in a stepwise manner, as suggested by the de-
crease in Yb** signal from the liver, spleen, kidneys, lungs and
heart over a period of 30 days. Aside from the bright and well
resolved images with long blood circulation time and effective
enrichment in various organs, PEG-Yb,O3:Er** NPs demonstrated
high biocompatibility in both in vitro and in vivo studies (6).

Owing to the inherent advantages of nanoparticles with bi-
modal imaging capabilities, another group recently prepared
PEG-NaYbF,:Tm3* NPs using a simple stirring method (85). A
solution of RECl; (where RE=98% Yb>* and 2% Tm>*), water,
oleic acid and 1-octadecane was mixed with a methanol solution
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of NH4F and NaOH and stirred for 2 h. After methanol evapora-
tion, the resulting solution was slowly heated to 280 °C and
dispersed in cyclohexane to form NPs. Finally, the product
was stirred with a PEG(5000)-SH aqueous solution over 24 h to
render the otherwise hydrophobic surface of the nanoparticles
hydrophilic. The PEG-NaYbF,Tm>" NPs, with a mean diameter
around 20 nm, exhibited both high in vitro and in vivo perfor-
mance in CT and near-infrared fluorescence imaging compared
with iobitridol. Furthermore, enhanced hepatic imaging was
observed with the use of PEG-NaYbF,Tm>" NPs owing to rapid
uptake by phagocytic cells in the liver (Fig. 8). Hence, as a result
of the passive targeting by the EPR effect in tumors, these NPs
have interesting applications for imaging of hepatic tumors (85).

Related to multimodal contrast agents are hybrid NP-based
X-ray contrast agents, which are synthesized by combining into
a single carrier various elements with adequate X-ray attenuation
capabilities but different K-edge values (55,89). As a result of the
differential attenuation of X-ray photons, this strategy allows
engineering X-ray contrast agents that provide optimal
contrast enhancement at different X-ray tube potentials.
This approach was recently followed to develop an NP-based
X-ray contrast agent comprising both ytterbium and barium
(Ba; Zg,=56) (89), which is commonly used orally as barium
sulfate (BaSO,) for clinical gastrointestinal tract imaging (90-92).
As depicted in Table 1, the K shell binding energies of ytterbium
and barium are 61.33 and 37.44 keV, respectively. Hence, ytterbium
provides a larger X-ray attenuation at higher X-ray tube potentials
(>100 kVp), whereas barium provides larger X-ray attenuation at
lower X-ray tube potentials (<100 kVp). First, a BaYbFs core was
prepared by thermal decomposition of the corresponding
trifluoroacetate precursors in oleic acid. Then, a pegylated silica
shell was added to impart aqueous solubility to these inherently
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Figure 8. Comparison of the biodistribution and contrast enhancement of PEG-NaYbF4:Tm>" NPs and an iodine-based X-ray contrast agent by CT
imaging. The pictures show the biodistribution and contrast enhancement of (A) 20 nm PEG-NaYbF4:Tm>" NPs and (B) iobitridol. The CT slices were
acquired after an intravenous injection of 150 pL of either a physiological saline solution of PEG-NaYbF4:Tm>* NPs (20 mg of Yb per mL) or iobitridol
(25.6 mg of | per ml) into Kunming mice. The control refers to mice before injection. Top, serial CT coronal views; middle, maximum intensity projection;
and bottom, 3D volume rendering CT images. Adapted with permission from Xing et al. (85).
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hydrophobic structures, yielding hydrophilic PEG-SiOs-BaYbFs NPs.
As expected, this binary X-ray contrast agent maintained high
X-ray attenuation properties from 80 to 140 kVp. Additionally, it
exhibited an increased contrast enhancement relative to
iobitridol and an NP-based X-ray contrast agent comprising a
single radiopaque element previously synthesized and reported
[PEG-NaYbF, NPs (93)]. Finally, this hybrid NP-based X-ray con-
trast agent showed high stability and biocompatibility both
in vivo and in vitro. In summary, the utilization of this type of
lanthanide-doped NPs has garnered much attention owing to
their overall safety and potential used for diagnostic and molecu-
lar imaging applications. The aforementioned results give insight
into the numerous advantages of using elements of the lantha-
nide series as X-ray contrast agents, particularly when they are
combined with other radiopaque elements, which is currently
an ongoing research. Lanthanide-doped NP-based X-ray contrast
agents promise to become an alternative for patients that are
contraindicated for iodinated X-ray contrast agents (19).

3.2.4. Tantalum pentoxide nanoparticles

Despite the success achieved with the production of NP-based
X-ray contrast agents using gold, bismuth or lanthanides, other
elements with high atomic numbers have also been studied in
an attempt to find a more suitable contrast agent for diagnostic
and molecular imaging scans in terms of safety and efficacy. Tan-
talum (Z7,=73), a transition metal, is of particular interest when
it reacts with oxygen to form tantalum pentoxide (Ta,Os) (19,94).
The reasons why Ta,0s has become the focus of attention are
related to its high solubility in water, chemical stability and bio-
compatibility (94). Owing to its excellent X-ray attenuation prop-
erties, Ta,O5 has been used before as an X-ray contrast agent for
tracheobronchial imaging (19,95), in which it has usually been
delivered as a powder aerosol via the trachea (95). In order to de-
velop a formulation suitable for an intravenous administration,
Ta,05 NPs were recently designed and analyzed (94).

Basically, the NPs comprised a Ta,Os core coated with (2-
diethylphosphato-ethyl)triethoxysilane (94). The mean diameter
was around 6 nm and they remained stable over a period of 6
months in an aqueous solution. Following the injection of the
NPs in rats, it was evident that they possessed better X-ray attenu-
ation properties than iopromide at an equivalent concentration.
Ta,05 NPs exhibited a prolonged blood pool residence time and
were eventually taken up by MPS cells in both the liver and the
spleen. Moreover, an in vitro toxicity study performed in
RAW264.7 cells demonstrated that none of the rats showed toxic
effects over a period of 2 weeks post-injection (94). Together, these
results indicate that water-soluble Ta,Os NPs could be used for
diagnostic and molecular imaging applications. However, it is
important to perform more imaging and safety studies to corrobo-
rate the applicability of these NPs as novel X-ray contrast agents.
Further research in this field might lead to the design and prepara-
tion of optimized, targeted Ta,Os NPs.

4. CONCLUSION AND OUTLOOK

The design, production and evaluation of NP-based X-ray con-
trast agents comprising mainly elements with high atomic num-
bers is a straightforward strategy to improve clinically used
iodinated X-ray contrast agents. Several studies have demon-
strated that these nanoparticulate systems exhibit longer blood
circulation times, lower toxicity and, most importantly, enhanced

X-ray attenuation capabilities. Furthermore, the characteristic
high surface area-to-volume ratio of the NPs is advantageous
to add a high number of ligands to their surface, increasing the
specificity and overall efficiency of diagnostic and molecular im-
aging procedures. Thus, NP-based X-ray contrast agents usually
have tunable biodistribution profiles that are controlled not only
by the size and size distribution of the NPs, but also by the
targeting moieties attached to their surface.

Given the copious advantages of designing X-ray contrast agent
carriers at the nanoscale and the simplicity of the most common
methods to produce NPs (i.e.emulsion polymerization and
nanoprecipitation), one of the first attempts to reduce the adverse
effects associated with the administration of small iodinated mole-
cules during X-ray scans was the production of iodine-loaded NPs.
Despite the successful preparation of these nanoparticulate sys-
tems and the low toxicity observed after their utilization, the recent
trend is to replace iodine with high atomic number elements,
which are known to exhibit excellent X-ray attenuation capabilities.
Gold became one of the first prospects to prepare iodine-free
NP-based X-ray contrast agents because it possesses a high
biotolerability and a low cytotoxicity, characteristics that make it
suitable for use for biological applications (22,33,66). Moreover,
bismuth, erbium, thulium, ytterbium and tantalum have recently
become the focus of attention for the production of NPs not only
because they all exhibit good X-ray attenuation properties, but
also because they are inexpensive in comparison with gold (19).

Although significant progress has been made in preparing
stable NP-based X-ray contrast agents from elements with better
X-ray attenuation properties than iodine, it is still necessary to
conduct more research regarding the effect of the size and size
distribution of the NPs on their X-ray absorption capabilities. It
is well known that particle size is very important in drug delivery
applications mainly for two reasons. First, it determines the final
site of particle accumulation within the body. Second, it influ-
ences the release profile of the cargo. The size distribution, on
the other hand, determines the extent of trapping (96,97). Even
though there is not a clear-cut relationship between these two
properties and the contrast enhancement in X-ray imaging, it is
reasonable to expect a differential X-ray absorption owing to dif-
ferences in the release profile of the contrast generating material
from NPs of different sizes. Recently, the contrast enhancement
of <5 and >30 nm AuNPs was appraised at X-ray tube potentials
ranging from 40 to 100 kVp. Although no statistical significance
difference was found between the contrast-to-noise ratio values
of these samples of NPs, and even between samples with different
shapes (spheres and rods), it was found that the concentration of
the radiopaque element plays a pivotal role in the X-ray absorption
process (70). As the concentration decreases as the radiopaque el-
ement is released from the NP, it is now important to assess the
biodegradation rate of NPs of different sizes made from a variety of
polymers. However, this type of study has not been conducted yet.

The potential of the functionalization of the NP surface with
targeting moieties is another research field that has not been
appropriately exploited. Despite the fact that the attachment of
biological ligands to NP-based X-ray contrast agents promises to
increase the specificity of medical and molecular imaging proce-
dures, only a few research groups have reported the successful
incorporation of targeting moieties to this novel type of X-ray con-
trast agents. For example, AUNPs conjugated with a monoclonal
antibody that selectively targets the CD4 receptor, which is highly
expressed on the surface of T cells and macrophages, have been
recently synthesized and imaged effectively in mice (98). Given
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the potential of this targeted NP-based X-ray contrast agents to
diagnose, treat and monitor diseases, more research in this field
is expected to be conducted in the future.

The NP-based X-ray contrast agents presented throughout this
review summarize the advances made to develop contrast
agents with enhanced X-ray attenuation properties and reduced
toxicity. However, as nanomedicine is a field that is developing
at a highly accelerated rate, we should definitely expect more
improvements over the following years. Fortunately, our under-
standing of the relationship between the structure, physico-
chemical properties, efficiency and toxicity of X-ray contrast
agents is improving. This information can be used to develop
‘smart’ NP-based contrast agents that will provide higher resolu-
tions at lower concentrations, reducing the adverse effects and
costs associated with imaging procedures and enhancing, at
the same time, patient welfare during diagnoses.
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