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CONS P EC TU S

X -ray computed tomography (CT) is one of the most powerful
noninvasive diagnostic imaging techniques in modern medi-

cine. Nevertheless, the iodinated molecules used as CT contrast
agents in the clinic have relatively short circulation times in vivo,
which significantly restrict the applications of this technique in target-
specific imaging and angiography. In addition, the use of these
agents can present adverse. For example, an adult patient typically
receives approximately 70 mL of iodinated agent (350 mg I/mL)
because of iodine's low contrast efficacy. Rapid renal clearance of
such a large dose of these agentsmay lead to serious adverse effects.
Furthermore, some patients are hypersensitive to iodine.

Therefore, biomedical researchers have invested tremendous
efforts to address these issues. Over the past decade, advances in
nanoscience have created new paradigms for imaging. The unique properties of nanomaterials, such as their prolonged circulating
half-life, passive accumulation at the tumor sites, facile surface modification, and integration of multiple diverse functions into a
single particle, make them advantageous for in vivo applications. However, research on the utilization of nanomaterials for CT
imaging has lagged far behind their applications for other imaging techniques such as MRI and fluorescence imaging because of
the challenges in the preparation of cost-effective nanoparticulate CT contrast agents with excellent biocompatibility, high contrast
efficacy, long in vivo circulation time, and long-term colloidal stability in physiological environments.

This Account reviews our recent work on the design and in vivo applications of nanoparticulate CT contrast agents. By
optimizing the contrast elements in the nanoparticles according to the fundamental principles of X-ray imaging and by employing
the surface engineering approaches that we and others have developed, we have synthesized several nanoparticulate CT contrast
agents with excellent imaging performance. For example, a novel Yb-based nanoparticulate agent provides enhanced contrast
efficacy compared to currently available CT contrast agents under normal operating conditions. To deal with special situations, we
integrated both Ba and Yb with great differential in K-edge value into a single particle to yield the first example of binary contrast
agents. This agent displays much higher contrast than iodinated agents at different voltages and is highly suited to diagnostic
imaging of various patients. Because of their prolonged in vivo circulation time and extremely low toxicity, these agents can be
used for angiography.

1. Introduction
Since the advent of the famous first X-ray image of

Mrs. Roentgen's hand in 1895, medicine has experienced

an unprecedented revolution.1 Physicians instantly recog-

nized that the deep tissue penetration capability of X-rays,

which could display internal anatomic structures of a patient

without the need for surgical operations, would play an

important role in medical diagnoses. X-ray examination is

a noninvasive imaging procedure that does not damage

tissues, is painless to the patient, and permits facile image

processing.2,3 Even with the recent phenomenal growth of

other noninvasive imaging techniques including magnetic

resonance imaging (MRI) and ultrasound (US), X-ray com-

puted tomography (CT) remains the favored noninvasive
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approach in modern diagnostic medicine. According to

IMV's 2011 CT Market Outlook Report, in 2010, an esti-

mated 81.9 million CT procedures were performed in the

United States.

Owing to the inherent contrast between electron-dense

bones and the surrounding more permeable soft tissues,

bone structures in thewhole body canbe superbly visualized

under X-ray irradiation, but different soft tissues with similar

densities cannot be distinguished by unenhanced X-ray

imaging. Administration of contrast agents into patients

better delineates these various tissues. Contrast agents ex-

hibit differential uptake into different tissues where they

effectively absorb the X-rays, affording transient contrast

enhancementwhich canbevisualized in the soft tissueswith

X-ray irradiation.4 Currently, water-soluble aromatic iodi-

nated molecules are routinely used for in vivo contrast

enhancement in clinical settings.5,6 Despite several genera-

tions of evolution, clinical iodinated agents are still hampered

by three limitations: (i) due to the lowmolecular weight, they

are rapidly excreted by the kidney, resulting in rather short

circulation times in vivo; (ii) large doses of contrast agents are

required for adequate visualization and their rapid renal

elimination may lead to serious adverse effects; and (iii)

although targeted biomolecules can be functionalized onto

the iodinated molecules, targeted imaging with them is not

possible due to the lowpayload that is beingdelivered in such

instances and the low sensitivity of CT to contrast agents.

A long-sought-after CT contrast agent is the nanoparticle.

In addition to the unique chemical and physical properties,

nanoparticles have tunable composition, shape, and size,

and they can be readily attached to bioconjugates with

interesting biofunctionalities on their surface.7,8 The nano-

size itselfmakesnanoparticles particularly advantageous for

biomedical applications.9 When administered into living

organisms, well-stabilized nanoparticles with size of

10�500 nm display very long blood circulation time. They

can accumulate at the tumor sites via enhanced permeation

and retention effect (EPR) or by active targeting of cancer

cells, extending their applications to targeted imaging or

therapy.10,11 Conversely, small molecules or micrometer-

sized particles can be removed quickly from the blood

vessels by renal clearance and phagocytosis of reticuloen-

dothelial system (RES), respectively.12,13 Moreover, nano-

particles are ideal platforms for the design of multimodal

imagingnanoprobes, sincemultiple diverse functions canbe

integrated into a single particle. Consequently, nanoparticu-

late imaging agents have attracted intense interest both in

research and clinical applications.

The past two decades have witnessed a rapid increase in

the design of nanoparticulate agents for MRI and fluores-

cence imaging (FI), and some particles have even been

approved for clinical applications or are undergoing clinical

verification. Nevertheless, the development of nanoparti-

cles for X-ray CT imaging is still in the early stages, possibly

attributing to the big challenge in the preparation of nano-

particulate CT contrast agents thatmust satisfy the following

criteria simultaneously: (1) excellent biocompatibility; (2)

high contrast efficacy; (3) cost effectiveness; (4) small size;

FIGURE 1. (a,b) Chemical structure of representative ionic and nonionic forms of clinical iodinated agents. (c,d) Schematic illustration of the synthesis
of iodinated and Au NR-based nanoparticulate CT contrast agents, respectively. Figures reproduced with permission from refs 17, and 28. Copyright
2011 RSC Publishing.
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(5) long in vivo circulation time; and (6) long-term colloidal

stability in the physiological environment. This Account

focuses mainly on our own efforts and strategies to develop

novel nanoparticulate CT contrast agents that comply with

the criteriamentioned above.Wehope that this Accountwill

help to accelerate further progress in this promising field.

2. Mechanism of X-ray CT Imaging
When an X-ray beam traverses a patient's body, the absorp-

tion of X-ray photons by the body reduces the X-ray beam

intensity. This phenomenon is defined as X-ray attenuation

and it is closely relatedwith themass attenuation coefficient

(μ). Different tissues have distinctive μ values; thus, contrast

occurs when an X-ray beam traverses different tissues and

the larger the difference in μ values between tissues, the

greater will be the contrast. Unfortunately, the difference in

μ values among soft tissues in the human body is too small

to delineate specific tissues under X-ray irradiation. Conse-

quently, contrast agents that have differential uptake by

different tissues are required.

Typically, X-ray attenuation results from three interac-

tions occurring between X-ray photons and the traversed

matter: coherent scattering, photoelectron effect, and Com-

pton scattering. Coherent scattering is so small that it is

commonly neglected. Compton scattering usually induces

an increase in noise and a decrease in contrast. In practical

applications, low-energy X-ray radiation results in exposing

the patients to a high dose of radiation energy since most of

the X-rays are absorbed. A proper increase in the X-ray

energy can reduce the exposure dose. In this case, the

contribution of Compton scattering to X-ray attenuation will

diminish. Hence, the photoelectron effect will be the pre-

dominant contributor, and its contribution will be higher

with absorbers of higher atomic number .14,15 Also, the

photoelectron effect causes a sharp increase in the mass

attenuation coefficient at theK-shell electronbinding energy

(K-edge). Each element has its own characteristic K-edge

value.

On the other hand, an X-ray spectrum generated at

150 KVp shows a maximum intensity around 45�50 KeV,

and the characteristic radiation emitted is between 57 and

69 KeV.14 Based on the above discussions, the X-ray at-

tenuation of contrast agents will be enhanced by selecting

the elements with higher atomic numbers and K-edge

values within the X-ray spectrum.

3. Iodinated Nanoparticulate Contrast Agents
Currently, water-soluble iodinated molecules that utilize

1,3,5-triiodobenzene as a platform are widely used as clin-

ical CT contrast agents, which are mainly distinguished as

ionic and nonionic forms (Figure 1a,b). They can effectively

absorb X-ray but suffer from the issues as demonstrated

FIGURE 2. (a) Schematic illustration of the synthesis and surfacemodification of Bi2S3 nanodots. (b) TEM image of OA-Bi2S3 nanodots. (c) Large-scale
production of Bi2S3 nanodots. (d) Cytotoxicity of PVP-Bi2S3 nanodots. (e) CT images of PVP-Bi2S3 nanodots and Iobitridol with different
concentrations.33
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above, precluding their applications in angiography and tar-

geted imaging. Conjugation of iodinated compounds with

functionalized nanoparticles is an effective strategy to address

these issues, since nanoparticles with sizes larger than 10 nm

(normal renal filtration threshold) will be eliminated slowly from

thebody throughahepatobiliary/fecal route insteadofvia renal

clearance.16Furthermore, selectionofappropriatenanoparticles

will enable the fabrication of multifunctional nanomedical plat-

forms for multimodal imaging. With this in mind, lanthanide-

doped upconversion luminescence nanoparticles (UCNPs) with

an average diameter of 28 nm have been prepared and then

encapsulated in a silica shell to impart water solubility and

biocompatibility.5-Amino-2,4,6-triiodoisophthalicacidwasnext

attached to their surface, followed by linking poly(ethylene

glycol) (PEG) to improve stability (Figure 1c).17 Following intra-

venous injection of UCNPs@SiO2�I/PEG into the rat, they

showed prolonged circulation time in vivo, and liver contrast

was observed even after 30 min. Besides, strong upconversion

fluorescenceofUCNPs@SiO2�I/PEGcanbeused forbiolabeling

and guidance to surgical treatment.

Despite prolonged in vivo circulation time as compared to

iodinated molecules, iodine-conjugated nanoparticles are still

limited by iodine loading through surface covalent conjugation.

The final concentration of iodine is relatively lower while the

viscosity of the agent has been significantly increased. The

preparation of iodinated nanoemulsions using iodine-functio-

nalized amphiphilic polymer could effectively increase the

iodine loading.18�21 Nevertheless, when considering the X-ray

spectrum and K-edge value of iodine (33 KeV), it can be

concluded that iodine is not optimal for X-ray attenuation and

thus determines the low contrast efficacy of these iodinated

nanoemulsions.Moreover, iodinated agents cannot be used for

thosepatientswhoare iodinehypersensitive. Thedevelopment

of a new generation of CT contrast agents using nanoparticles

composed of other elements with higher X-ray attenuation

remains a critical need. The design of new agents should also

be guided by other criteria, for instance, low toxicity.

4. Metal-Based Nanoparticulate Contrast
Agents

4.1. Gold-Based Nanoparticulate Contrast Agents. Gold

has a higher atomic number than iodine, and thus, the

FIGURE 3. (a,c) Serial CT coronal views of a rat following intravenous
injection of PVP-Bi2S3 solution and Iobitridol, respectively. (b,d) The
corresponding 3D renderings of in vivo CT images above.33

FIGURE 4. (a) Schematic illustration of the synthesis and surface mod-
ification of OA-UCNPs. (b�e) TEM and high-resolution TEM images of
NaYbF4:Er nanoparticles dopedwith (b) 0mol%, (c) 10mol%, (d) 20mol%,
and (e) 30 mol % of Gd.39
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contribution of photoelectron effect to X-ray attenuation

with gold is larger. Moreover, Au nanostructures can pack-

age a larger number of the contrast element (Au) than

iodine-based nanoparticles which are synthesized through

surface covalent conjugation of iodinated molecules or

polymerization of iodine functionalized amphiphilic mole-

cules, thereby lowering the concentration of the agent.

Besides, the size and shape of gold nanostructures can be

easily controlled, and their surface can be modified with

various functional groups. Gold is also chemically inert and is

considered to be nontoxic in vivo.22 Over the past few years,

Au nanoparticles have attracted intense interest as CT con-

trast agents. They were readily functionalized with PEG or

targeted proteins and have showed very long circulation

time in vivo, low toxicity, and efficacy profiles comparable

to or better than iodinated agents.22�26 Compared to gold

nanoparticles, gold nanorods (Au NRs) possess a lot of

diverse and distinct properties, for instance, a strong surface

plasmon resonance in the near-infrared (NIR) region.27

Together with X-ray attenuation, Au NRs can be used for

simultaneous diagnosis and therapy. Subsequent studies by

our group explored Au NRs functionalized with Gd chelates

for MR and CT bimodal imaging (Figure 1d).28 They could

induce significant enhancement both in CT and MR signals.

Furthermore, their absorption in NIR allows them to act as

promising photothermal therapy agents. Nevertheless, in

contrast to MRI and photothermal therapy in which very

low amounts of agents are used, CT imaging requires amuch

larger dose of Au NRs to achieve sufficient contrast effects.

The price of gold becomes the huge obstacle to the commer-

cialization of Au-based nanoparticulate CT contrast agents.

4.2. Bismuth-Based Nanoparticulate Contrast Agents.

Relative to Au, bismuth (Bi) is less expensive. Bi possesses

larger X-ray attenuation coefficient, has low toxicity, and

leaves no residue in the organism. In 2009, Lanza's group

reported a soft Bi-encapsulated polymeric nanoparticle with

a high metal content, which offered several-fold CT signal

enhancement in suspension and in vivo demonstrating

detection sensitivity reaching to the low nanomolar particu-

late concentration range.29 Another promising Bi-based

contrast agent is the relatively hard Bi-containing nanopar-

ticle, Bi2S3. The earliest report involving the use of Bi2S3
nanoparticles as a CT contrast agent appeared in 2006.30

However, the exploration of Bi2S3-based CT contrast agents

has beenhampered at its early stagedue to the challenges in

their controlled synthesis and surface modification.

Hydrothermal methods were commonly employed to

synthesize Bi2S3 nanostructures previously;
31 this procedure

FIGURE5. (a) TEM imageof PEG-UCNPs. (b) Room-temperature upconversion luminescence spectraofGd-dopedUCNPswith different concentrations
of Gd. (c) CT value of PEG-UCNPs and Iobitridol as a function of the concentration of Yb and I, respectively. (d) CT images of PEG-UCNPs solutions and
Iobitridol with different concentrations of Yb and I. (e) Cytotoxicity of PEG-UCNPs. (f) Cellular imaging results of HeLa cells incubated with increased
concentration of PEG-UCNPs and Iobitridol ((1) control, (2) 1.6, and (3) 3.2 mg Yb/mL; (4) 10mg I/mL): bright image (top), upconversion luminescence
image (middle), and CT image (bottom).39
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has generally yielded nanoparticles with wide size distribu-

tion and poor monodispersity. Alternatively, an emerging

“hot injection” method with oleyl amine (OAm) as both

ligand and solvent can produce uniformly sized Bi2S3
nanoparticles.32 The use of OAm in this strategy led to two

major problems: (1) reduction of Bi3þ ions to metallic Bi with

high chemical activity, and (2) aggregation of nanoparticles

resulting from the detachment of OAm from the surface of

Bi2S3 during following washing processes, which was attrib-

uted to the weak coordination interaction between OAm

and Bi2S3. These problems were overcome by utilizing oleic

acid (OA) as the coordination ligand instead of OAm. The

carboxylic group of OA can strongly bind to Bi3þ ions,

effectively preventing Bi2S3 nanoparticles from aggregating

and avoiding the reduction of Bi ions. Pure Bi2S3 nanodots

with remarkable size uniformity (2�3 nm) and monodisper-

sity were produced (Figure 2a,b).33 These small Bi2S3 nano-

dots aremore suitable than large particles for biological and

medical applications, particularly for labeling subcellular

organelle or proteins, because they are less likely to disturb

their biological functions and unlikely to be rapidly recog-

nized and cleared by phagocytes.34 Of particular importance

is the versatility of this approach: preparation of pure Bi2S3
nanodots can be easily scaled up by increasing the amount

of reactants (Figure 2c).

As the controlled synthesis of Bi2S3 is now well estab-

lished, difficultieswith its surfacemodification still remained.

We subsequently described a facile ligand exchange meth-

od for modification of hydrophobic Bi2S3 nanodots with

biocompatible poly(vinylpyrrolidone) (PVP). After ligand ex-

change, PVP-Bi2S3 nanodots showed excellent colloidal

stability, low cytotoxicity and provided a contrast efficacy

1.9 time higher than that of Iobitridol (a widely used clinical

agent) (Figure 2d,e).

The feasibility of PVP-Bi2S3 nanodots as an in vivo CT

contrast agent was tested by intravenous injection of PVP-

Bi2S3 solution into a rat followed by imaging with a clinical

CT scanner at indicated time intervals (Figure 3). Clear

contrast enhancement of several organs including heart,

liver, and spleen could be observed. The signal contrast

enhancement of the heart persisted for 1 h, while liver and

spleen were clearly delineated from the surrounding tissues

even after 4 h. Conversely, following intravenous injection

of Iobitridol into a different rat, no enhancement in these

organs was detected, even at 3 min postinjection. Most of

Iobitridol had accumulated in the kidney and bladder. These

results demonstrated the longer in vivo circulation time of

PVP-Bi2S3 nanodots synthesized by our strategy and indi-

cated their potential applications in vascular imaging and

detection of hepatic metastases. Thereafter, Sailor and

co-workers reported a similar method to produced Bi2S3
nanoparticles. By coating them with targeted peptide, Bi2S3
nanoparticles were successfully used for breast cancer tar-

geted imaging.35

4.3. Ytterbium-BasedNanoparticulate ContrastAgents.

Apart from Au and Bi, Pt- and Ta-based nanoparticles have

also been investigated as CT contrast agents.36�38 They

have shown strong contrast. For instance, the contrast

efficacy of Ta is about 1.4 times higher than that of iodine.

Despite good imaging effects, acceptable safety profiles and

long circulation times in vivo, we believe there is still room

for improvement in the case of contrast efficacy of contrast

agents. Au, Bi, Pt, and Ta all have higher atomic numbers

relative to iodine, and, in principle, they should all produce

larger photoelectron effects. However, this does not neces-

sarily mean that they will give significantly enhanced X-ray

FIGURE 6. (a,b) CT coronal view images of a rat after intravenous
injection of PEG-UCNPs solution at timed intervals. (c,d) Corresponding
3D renderings of in vivo CT images.39
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attenuation in clinical settings. As discussed above, photo-

electric effect also explains the sharp increase in mass

attenuation coefficients at the K-edge. Comparing the

K-edges of these metal elements (81, 78, 91, and 67 KeV

for Au, Pt, Bi, and Ta, respectively) with the X-ray spectrum,

we observe that the K-edge values of these metal elements,

similar to the case of iodine (33 KeV), deviate from the

higher-intensity region of X-ray spectrum, thus contributing

limited X-ray attenuation. If the K-edge value of a specific

element is located just within this region, more X-ray will be

absorbed. In other words, this element shows larger X-ray

attenuation. Thus, the first example of Yb-based nanoparticu-

late CT contrast agents was described recently (Figure 4a).39

The greatest benefit of Yb is its proper K-edge energy (61 keV)

that is located just within the higher-intensity region of the

X-ray spectrum at 120 KVp, a commonly used voltage in

clinical CT, hence ensuring higher intrinsic contrast. Other

factors such as low toxicity when encapsulated in the stable

nanoparticle and higher abundance in the earth's crust than

the other above metals allow Yb-based nanoparticles to

satisfy the criteria for efficient nanoparticulate CT contrast

agents.

The size, shape, and surface properties of nanoparticles

govern their interactionswith cells, and thus, it is desirable to

keep nanoparticles uniform both in size and shape. By

doping different amounts of Gd3þ ions during the synthetic

process, the size and shape of oleic acid stabilized NaYbF4:Er

nanoparticles (OA-UCNPs) canbeeasily controlled (Figure4b�e).

Subsequently, OA-UCNPs weremodifiedwith DSPE-PEG2000

through hydrophobic interaction between DSPE-PEG2000

FIGURE 7. (a) Schematic illustration of the synthesis of BaYbF5@SiO2@PEG. (b) TEM and high-resolution TEM images of BaYbF5@SiO2@PEG. (c) Cell
viability of HEK 293 andHeLa cells after incubationwith increased concentration of BaYbF5@SiO2@PEG for 24 h. (d) CT values of BaYbF5@SiO2@PEG,
NaYbF4@PEG and Iobitridol with different concentrations of Yb/iodine at 120 KVp. (e) CT values of BaYbF5@SiO2@PEG and Iobitridol with different
concentrations at different voltages.42
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and OA to impart water solubility. PEG coating can also

improve circulation time in blood and help to reduce the

nonspecific binding.40 The obtained PEG-UCNPs remained

monodisperse inwater (Figure 5a). Notably, PEG-UCNPs have

negligible cytotoxicity even at an extremely high concentra-

tions (Figure 5e), and no leaching of free Yb3þ or Gd3þ ions

occurs even after 1 week dialysis in blood serum and physio-

logical saline. Furthermore, they can be internalized by HeLa

cells, and the internalization was dose-dependent (Figure 5f).

This internalization is of great importance in clinical applica-

tions, particularly for tumor targeted imaging and detection.

Conversely, hardly any uptake by cells was observed for

Iobitridol even at a concentration three times higher than

that of Yb due to its small molecular weight.

The contrast efficacy of PEG-UCNPs was then investi-

gated. At equivalent concentrations, PEG-UCNPs provided

higher X-ray absorption compared to Iobitridol (Figure 5c,d),

even superior to currently available Au-, Pt-, Bi-, and Ta-

based nanoparticulate CT contrast agents at 120 KVp owing

to the K-edge value of Yb that matches the X-ray spectrum.

After intravenous administration of PEG-UCNPs into a rat, a

clearer enhancement of the signal of the heart could be

observed at least within 20 min without an appreciable loss

of contrast relative to PVP-Bi2S3 nanodots. Close inspection

of the 3D-renderings of CT images showed evident contrast

in the great vessels within this same period of time as well.

Likewise, long-lasting liver and spleen-signal enhancement

could be still visualized (Figure 6). Additionally, similar find-

ings were observed when the dosage of PEG-UCNPs was

reduced by a half. This reduced dose requirement is highly

beneficial in a contrast agent, because it can effectively

decrease potential adverse effects in patients.

The benefit of PEG-UCNPs is not limited to X-ray attenua-

tion; rather, these nanoparticles are also well-known for

their upconversion luminescence (UCL). UCL displays a great

penetration depth in biological tissues, low phototoxicity,

and reduced background.41 Interestingly, Gd doping could

induce a significant enhancement of the greenUCL intensity

(Figure 5b).Moreover, the emission could be tuned to theNIR

region, further avoiding the poor tissue penetration and the

scattering of large amounts of visible wavelengths. Gd

doping can not only enhance the UCL intensity, but also

endow PEG-UCNPs with MRI capability. Such multimodal

imaging capability is highly useful for both noninvasive

diagnosis and guidance in surgical treatment.

4.4. Binary Contrast Agents. Great efforts by us and

others have been devoted to the improvement of contrast

efficacy and in vivo imaging performance of CT contrast

agents. Nevertheless, there are still limitations associated

with these contrast agents because they cannot always

display great superiority to clinical iodinated agents. In

clinical CT examination, the operating voltage changes from

80 to 140 KVp depending on the applications. For instance,

when the patients are children, the operating voltage must

be adjusted to 80 KVp, whereas for the overweighted

patients, it will be set at 140 KVp in order to acquire valuable

diagnosis information. In these cases, the contrast efficacy of

PEG-UCNPs, including other metals-based agents, is still not

optimal. At a specific voltage, these metal elements, to-

gether with iodine, will display greatly differential X-ray

attenuation due to their large differences in K-edge values.

As operating voltage changes, X-ray attenuation of each

element will also change. The change of operating voltage

will also induce a shift of the higher-intensity region in

X-ray spectrum. Generally, at 80 KVp, the contrast efficacy

of currently available nanoparticulate contrast agents is

lower compared to iodinated molecules, because the small

K-edge value of iodine will be closer to the higher-intensity

region of X-ray spectrum. Nevertheless, iodinated agents

suffers from limitations asmentioned above. Thus, engineering

FIGURE 8. High-resolution blood pool CT images of the rabbit collected
at 10 min after intravenous injection of BaYbF5@SiO2@PEG solution.
(a,c) Coronal view images and (b,d) corresponding 3D renderings of CT
images. The arrows indicate several great vessels: (1) auricular vein,
(2) jugular vein, (3) carotid artery, (4) subclavian vein, (5) axillary vein,
(6) aortic arch, (7) inferior vena cava, and (8) aorta.42
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novel nanoparticulate contrast agents that have longer in

vivo circulation time and higher contrast efficacy at different

operating voltages relative to clinical iodinated agents is

desired.

The currently available nanoparticulate CT contrast

agents contain a single element that contributes to X-ray

attenuation, for instance, Au, Bi, and Ta in Au, Bi2S3, and

TaOx nanoparticles. The presence of a single contrast ele-

ment can only provide limited contrast efficacy and cannot

be tailored to the changes of operating voltage. This concern

could be addressed via engineering nanoparticles com-

posed of multiple elements with differential K-edge values

within X-ray spectrum. With this in mind, BaYbF5 nanopar-

ticles containing two contrast elements with differential

K-edge values (61 and 37 KeV for Yb and Ba, respectively)

were recently reported as the first example of binary con-

trast agents.42 For biomedical applications, BaYbF5 nano-

particles were coated with a silica shell to impart water

solubility, and then passivated with PEG-silane to reduce

nonspecific adsorption of proteins and interactions of sur-

face silanols with cellular membranes (Figure 7a). After silica

coating, the overall size of BaYbF5@SiO2@PEG is still less

than 100 nm, and they can also be well dispersed in water

with long-term colloidal stability and no leaching of free

Ba2þ and Yb3þ ions (Figure 7b). Due to the excellent bio-

compatibility of silica, BaYbF5@SiO2@PEG exhibited re-

markably low cytotoxicity. Neither the cell viability nor the

proliferation was hindered by the presence of BaYbF5@-

SiO2@PEG for both HeLa and HEK 293 cells even at the

highest tested concentration (Figure 7c).

As expected, the presence of two contrast elements in

BaYbF5@SiO2@PEG enabled remarkable enhancement in

X-ray attenuation compared to Iobitridol and NaYbF4@PEG

that has a single contrast element (Figure 7d). Despite about

30% decrease in the contrast when the voltage increased

from 80 to 140 KVp, BaYbF5@SiO2@PEGmaintained higher

X-ray attenuation than Iobitridol (Figure 7e). This improve-

ment in contrast efficacy confirmed the speculation above

and revealed the superiority of BaYbF5@SiO2@PEGas a new

generation of CT contrast agent.

The high colloidal stability arising from PEG coating

enabled a long retention time of BaYbF5@SiO2@PEG in the

vasculature. In our preliminary observations, after treatment

of BaYbF5@SiO2@PEG, the signal in the vasculature of the

rat was immediately enhanced and visualization of the

bright signal persisted for at least 2 h. Such a long-lasting

FIGURE 9. (a) Biodistribution of BaYbF5(FITC)@SiO2@PEG in the rat 24 postinjection of BaYbF5(FITC)@SiO2@PEG. Left: white light photograph. Right:
fluorescence image of several organs. (b) Histological section of the heart, liver, spleen, and kidney of the rat 1month after intravenous injection of a
single dose of BaYbF5@SiO2@PEG solution. Sections are stained with H&E and observed under a light microscope at 100� magnification.42
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signal in bloodwasnot realized in our previous studies and is

quite long enough for blood pool CT imaging (angiography).

Angiography is very important in clinical applications be-

cause it can detect many diseases including myocardial

infarction, atherosclerotic plaques, and thrombosis.43 High-

resolution blood pool CT images were obtained after intrave-

nous injection of BaYbF5@SiO2@PEG solution into a large

animal model, the rabbit (Figure 8). At 10 min postinjection,

variousbloodvesselswereclearlyvisualized inCT images. Even

after 1 h, the bright signal of these blood vessels remained. By

tracking the nanoparticles in the rat body following treatment

of FITC-labeled BaYbF5@SiO2@PEG, most nanoparticles were

found to have been eliminated from the blood pool and

accumulated in the liver and spleen through the reticuloen-

dothelial system at 24 h postinjection (Figure 9a), and one

month later most of them have been eliminated from the rat

body through a hepatobiliary/fecal route. During this time, no

harmful effect or organdamageassociatedwith administration

of BaYbF5@SiO2@PEG could be detected (Figure 9b).

5. Conclusions and Perspectives
Over the past decade, nanoparticles have been developed

for biological and biomedical applications. Although the

initial research on nanoparticulate CT contrast agents first

appeared in the late 1990s, advances in this area have

lagged far behind other imaging methodologies such as

MRI and FI. In this Account, we described our rational

strategies in the design of several nanoparticles as novel

CT contrast agents for in vivo X-ray CT imaging. The studies

featured herein attempt to, in particular, shed light on the

improvements of contrast efficacy and imaging perfor-

mance in vivo of nanoparticulate agents. By optimizing

the contrast element in nanoparticles based on the mecha-

nism of X-ray CT imaging, we synthesized a novel Yb-based

nanoparticulate CT contrast agent that has the contrast

efficacy higher than clinical iodinated agents, even superior

to currently available Au-, Pt-, Bi-, and Ta-based nanoparti-

culate CT contrast agents at 120 kVp. Furthermore, through

integrating both Ba and Yb with differential K-edge values

into a single nanoparticle, we developed the first example of

binary contrast agents that provided amuch higher contrast

efficacy compared to Iobitridol at different voltages, making

this binary contrast agent highly suited to diagnostic imag-

ing of various patients. Due to the significantly prolonged

circulation time in vivo, its applications could be extended to

angiography to detect many serious diseases.

Despite exciting progress, it is fair to admit that the

development of nanoparticulate CT contrast agents is still

at a relatively early stage. The studies in this Account just

focused on imaging. Current trends are directed toward the

development of multifunctional nanomedical platforms for

targeted imaging or simultaneous diagnosis and therapy.

Multifunctional nanoparticulate agents must bemodified with

both targeting ligands and therapeutic agents. Issues suchas in

vivo targeting and therapy efficiency, long-term stability as

well as in-depth investigations of the toxicology and excretion

of the functionalized nanoparticles should be clearly ad-

dressed. Once these issues are successfully resolved, these

nanoparticulate agents will provide physicians with important

new tools for diagnosis and efficient treatment of diseases.
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