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Introduction
In recent years the field of nanomedicine, the development of 

medical technologies through nano-scale manipulations, has seen 
explosive growth. Progress has been made in areas such as targeted 
drug delivery [1], controlled drug release [2], tissue engineering [3], 
and in vitro diagnostics [4]. Through the benefits achieved at the 
nano-scale such as controlled distribution, enhanced sensitivity, and 
multifunctional materials, these innovations are starting to change the 
landscape of modern medicine. Nanotechnologies are also proving 
to be of immense utility in the vast and important field of diagnostic 
imaging.

Diagnostic imaging refers to a broad slew of technologies used 
to look inside of the body in order to diagnose various pathologies. 
These techniques are becoming an increasingly critical piece of the 
diagnostic portfolio available to physicians. Technologies such as 
Magnetic Resonance Imaging (MRI), Computed Tomography (CT), 
and Positron Emission Topography (PET) are becoming routine 
procedures in hospitals throughout the world due to the unparalleled 
look that they can provide into the body. In order to assist health-
care practitioners to visualize abnormalities on a diagnostic image, 
contrast agents, materials that interact with the incident radiation to 
produce visible changes on the resulting image, are often employed. 
Contrast agents are of great importance in diagnostic imaging as they 
can greatly increase the sensitivity of an imaging technique allowing 
the diagnosis of previously undetectable pathologies [5,6]. It is in this 
arena, the development of novel and improved contrast agents, that 
nanotechnology is making a significant impact to the field of diagnostic 
imaging. Through nano-scale manipulations researchers are continuing 
to improve upon the sensitivity, biocompatibility, and biodistribution 
profile of various contrast materials. Furthermore the use of nano-scale 
agents has opened up entirely new realms of imaging technologies and 
applications, such as fluorescence imaging. 

In this review we will give an overview of the major technologies 
currently used for diagnostic imaging and the ways in which 
nanotechnology is being used to enhance these methods. We will also 
provide an overview of the various challenges that must be addressed 

when developing a new nanomaterial for medical use, and relevant 
information on biological interactions. 

Biological Interactions
In order to appreciate the various challenges and design constraints 

that must be considered when designing a new nanoparticle based 
contrast agent, it is necessary to understand the basics mechanisms by 
which nanoparticles interact with the body. When a macromolecule 
such as a nanoparticle contrast agent is injected into the body, it is 
typically recognized as a foreign substance by the immune system, 
which causes the activation of various clearance mechanisms [7]. 
The body attempts to remove the offending material from circulation 
as rapidly as possible through various routes such as renal filtration, 
or through uptake by the various cells and components of the 
mononuclear phagocyte system (MPS) found in the liver, spleen, 
and lymph nodes [8-10]. Thus a significant design challenge with 
nanoparticle systems involves modifying them to achieve prolonged 
circulation time, while still maintaining their biocompatibility and 
eventual ability to be broken down and removed form circulation once 
they have accomplished their clinical goal [8]. The primary factors 
governing how nanomaterials interact with biological systems are their 
size and surface properties.

Immune system and clearance routes

A key host defense system involved in the clearance of nanoparticles 
is the immune system, specifically the elements of the MPS and the 
complement system. The MPS refers to the professional phagocytes of 
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Abstract
Medical imaging technologies allow for the rapid diagnosis and evaluation of a wide range of pathologies. In order to 

increase their sensitivity and utility, many imaging technologies such as CT and MRI rely on intravenously administered 
contrast agents. While the current generation of contrast agents has enabled rapid diagnosis, they still suffer from 
many undesirable drawbacks including a lack of tissue specificity and systemic toxicity issues. Through advances 
made in nanotechnology and materials science, researchers are now creating a new generation of contrast agents 
that overcome many of these challenges, and are capable of providing more sensitive and specific information. In 
this review, we summarize the main classes of nanotechnology-based contrast agents for each of the major imaging 
technologies, and highlight progress in their development as well as the challenges to be addressed. We also review 
the relevant biological interactions that determine the in vivo fate of these contrast agents, and describe major themes 
in medical nanotechnology including stealth and targeting.  
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the immune system responsible for phagocytising and clearing foreign 
material [7]. The complement system is a family of blood proteins that 
become activated in the presence of foreign materials. They initiate 
a cascade that can result in opsonization, the adsorption of proteins 
on the surface, of nanoparticles, which marks them for uptake and 
clearance by the cells of the MPS [7,8,11,12]. Thus it is desirable for 
nanoparticles to maintain a surface that prevents opsonization of 
complement proteins and antibodies, which will prolong the particles 
circulation time. Previously, it has been found that hydrophobic and 
highly charged surfaces are the most prone to opsonization, while 
hydrophilic and neutral surfaces are not, and are thus more “stealthy” 
[10,11,13]. Furthermore, particle size has been found to play a role 
as well, with larger particles experiencing more rapid clearance than 
smaller particles [8,12]. However one must ensure that the particles 
are not too small, as materials less than 5.5 nm in hydrodynamic size 
tend to experience rapid clearance by the kidneys [14]. We thus are 
presented with a complex optimization problem where one must 
balance the competing concerns of achieving long circulation time 
with the need to achieve high signal strength (often achieved through 
using larger particles). A particles size also impacts its ability to leave 
the circulation and thus enter various types of tissues such as tumors. 
Furthermore one must still keep in mind that after its useful lifetime, 
the nanoparticle must be able to degrade or be otherwise removed from 
the body to prevent any long-term toxicity. Particle size is typically 
determined during the synthesis of the nanoparticle material, and can 
not be readily decreased afterwards, however there are a variety of 
strategies that one can employ in order to modify the surface properties 
of a particular nanoparticle to decrease opsonization.

Coating agents

As discussed previously, nanoparticles surface properties 
can heavily dictate their interaction with the host. Many of the 
nanomaterials used as contrast agents including iron oxide, silica, 
quantum dots, and some polymers, have surface characteristics such 
as high charge, hydrophobicity, or inherent toxicity that must be 
masked from their biological environment. For example, the native 
surface charge of silica nanoparticles is quite negative due to its low 
isoelectric point (pH = 2). It would thus experience rapid adsorption 
of positively charged proteins in a biological environment, resulting 
in fast clearance. Coating agents are also necessary to stabilize some 
particles against aggregation. Iron oxide nanoparticles for example are 
not colloidaly stable under physiological conditions and thus must be 
coated with a stabilizing agent to impart the necessary level of colloidal 
stability [15].

There are various coating materials that are used to impart 
biocompatibility, colloidal stability, and stealth properties and the 
choice of which one to use is related to both the nanoparticle system 
involved and its intended use. One common class of compounds are 
synthetic and natural hydrophilic polymers such as poly(ethylene 
glycol) (PEG) [16,17], poly(vinyl alcohol) (PVA) [18-20], poly(L-
lysine) (PLL) [21], poly(acrylic acid) (PAA) [22], dextran [23-27], 
alginate [28-30], chitosan [31-33], starch [34-36], and gum Arabic [37-
39] to name a few. These materials are effective at creating a neutral and 
hydrophilic surface that can resist protein adsorption, however they 
also come with the drawback of increasing a particle’s hydrodynamic 
size. Small molecules can also be used to provide effective surface 
coatings, such as thiol-containing molecules for quantum dots, or 
other neutral or zwitterionic molecules on silica and other materials 
[40]. These materials result in a much smaller increase of the particles 
hydrodynamic size, but might present other drawbacks such as less 

effective stabilization or a less stable coating. When selecting a surface 
coating agent, one must also consider the available chemical functional 
groups it will present at the particles surface, as this will be important 
for the conjugation of other molecules such as external drug payloads 
or targeting ligands. 

Targeting

Targeting, the ability for a nanoparticle to identify a tissue of 
interest and selectively accumulate within it, is perhaps one of the most 
often publicized promises of nanotechnology. By selectively targeting 
cancerous tissues, toxic chemotherapeutic agents can be delivered to 
tumors at much higher doses while mitigating the unpleasant side 
effects often associated with chemotherapy. Through targeting, contrast 
agents can provide much more useful and detailed information about 
precise differences in tissue types and margins, which can help identify 
malignant or abnormal tissues much earlier than a systemic contrast 
agent. By targeting contrast materials specifically to a tissue of interest, 
it becomes possible to lower the dose given, thus saving expense and 
reducing exposure to potentially toxic materials. Furthermore, the 
signal to noise ratio of the resulting image can be improved, as there 
will be less contrast agent “floating free” in the body.

Generally targeting methods fall into two different categories: 
passive targeting or active targeting. Passive targeting relies on the 
various physiological abnormalities or phenomena that are present in a 
diseased condition in order to provide selective accumulation. Perhaps 
the most well known example of this type of targeting is the enhanced 
permeability and retention (EPR) effect seen in solid tumors. Due to 
a combination of poorly formed and permeable blood vessels, and a 
poor lymphatic drainage system, macromolecules tend to selectively 
enter and accumulate in tumors [41-43]. Another example of passive 
targeting can be seen with the commercial liver contrast agent Feridex, 
an iron oxide based material which is taken up by healthy liver and 
spleen tissues, but not cancerous tissues, thus providing enhanced 
contrast for liver and spleen imaging [6]. Active targeting refers 
to situations where a targeting ligand, a molecule that recognizes 
and binds to a specific biomarker, is conjugated to the surface of a 
nanomaterial. Generally the biomarker that is recognized is one that is 
expressed either exclusively, or in much higher numbers on the tissue 
of interest than in normal tissues. Thus in addition to any native passive 
targeting effects, an extra layer of specificity is added. Furthermore, due 
to the specific binding of the material to a cellular surface receptor, a 
receptor-mediated endocytosis process is often initiated, resulting in 
the internalization and intracellular accumulation of the contrast agent 
[44-46]. Active targeting has been explored for imaging a number 
of conditions including cancer (Figure 1) [43,47-49], myocardial 
infarction [50], and inflamed endothelial cells [51] (possibly indicating 
atherosclerosis) to name a few. The topic of targeting is quite broad 
and we will not cover it in any more detail in this review. Please see 
references [1,41,43,52-54] for more in-depth discussions of both active 
and passive targeting for various conditions. 

Magnetic resonance imaging

Magnetic resonance imaging (MRI) is a powerful and highly 
useful tool in soft-tissue medical imaging and diagnostics. It possesses 
high temporal and spatial resolution, and is considered quite safe and 
non-invasive due to the absence of ionizing radiation [23]. MRI is 
highly effective at imaging tumours and is often used in conjunction 
with targeted cancer therapy to achieve real-time monitoring of drug 
delivery and accumulation in the affected area [22,55,56]. In addition, 
it can be used to image and track individual cells in vivo [57,58]. 
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MRI works by applying a strong external magnetic field to interact 
with the abundant water protons that are found in soft tissue. An 
applied magnetic field causes the magnetic moments in the protons to 
align in the direction of the field. A radiofrequency (RF) pulse is sent 
through the tissue, which causes the protons to precess in a specific 
direction at a certain frequency, specific to the type of tissue the proton 
happens to reside in. Upon removal of the RF pulse, the protons return 
to their ground state, a process termed relaxation. The relaxation 
time (time to return to ground state) is made up of two components 
corresponding to the decomposition of the angular momentum 
vectors of the protons: longitudinal relaxation time, T1, and transverse 
relaxation time, T2. Through computer-aided reconstruction of the 
detected relaxation signals, the tissue-dependent variation in the T1 
and T2 values leads to contrast differences in the resulting composite 
images. A greater difference in relaxation time between two tissues will 
produce greater contrast on the MRI image. For many applications, 
such as tumour diagnosis and cellular imaging and tracking, it is 
crucial to improve the imaging capabilities of MRI by using contrast-
enhancing agent. Contrast agents produce a more pronounced image 
by altering the relaxation times of water protons around them [59]. 
Thus by accumulating in specific tissues, the contrast agent will further 
enhance the visibility of various structures and lesions on an MR image. 

Contrast agents for MRI

Currently, many clinically used contrast agents are based on 
Gadolinium (III) ions. Gadolinium ions are strongly paramagnetic; 
they have a large magnetic moment due to their unpaired electrons 
[60]. These agents provide positive contrast, bright spots, on T1-
weighted images. Although the ions themselves are highly toxic, the 
proper choice of ligands can produce gadolinium chelates that are non-
toxic and highly stable in the body during the period of administration 

[61]. One of the most common chelates is Gd-DTPA (DTPA = 
diethylenetriamine pentaacetic acid), which has been used clinically as 
the contrast agent Magnevist®  [60]. Several other types of chelates are 
used regularly in clinic with different biodistribution profiles, which 
can favour their use for specific applications such as liver imaging 
[62,63]. Gadolinium chelates have also been used in targeted drug 
delivery. For example, Park et al. [64] conjugated the peptide RGD to 
Gd-DOTA (DOTA = tetraazacyclododecane tetraacetic acid) to obtain 
an MRI contrast agent with tumor targeting capability. 

Gadolinium has also been employed in various nanoparticle 
formulations to create enhanced MRI contrast agents. These 
formulations show greater sensitivity at high magnetic fields as they 
can concentrate a greater number of gadolinium ions in the tissue of 
interest [63]. Gadolinium ions can be incorporated into various types 
of nano-scale scaffolds including organics such as polymers [65,66], 
and liposomes [67], as well as inorganics such as carbon nanotubes and 
silica nanoparticles [68,69]. Nanoparticles of gadolinium oxide are also 
promising candidates for use in future paramagnetic contrast agent 
formulations [68]. 

Another commonly used and clinically relevant contrast agent is the 
superparamagnetic iron oxide nanoparticle (SPION). SPIONs improve 
imaging by reducing the T2 relaxation time of nearby water protons, 
producing visible signal voids – seen as dark spots – on T2-weighted 
images [59]. The superparamagnetic property of SPIONs is one of their 
most important characteristics for in vivo imaging applications, which 
only occurs when the individual particles are below 20 nm in size [70]. 
This property is absent in bulk iron oxide, which is a ferromagnetic 
(permanently magnetized) material. Superparamagnetism is similar 
to the paramagnetism exhibited by materials such as gadolinium; the 
material only shows a net magnetization when placed in an external 
magnetic field. However in contrast to paramagnetic materials, 
superparamagnetic materials retain zero net magnetization upon 
removal of the external field (i.e. they exhibit no hysteresis) [23,70,71]. 
The absence of any remnant magnetization significantly reduces the 
magnetic dipole-dipole interactions between SPIONs and thus helps 
to keep them from agglomerating. When a strong magnetic field is 
applied, however, SPIONs exhibit a stronger magnetic response than 
most paramagnetic materials [72], making them highly useful for 
imaging applications. The degree of MRI signal interference, and thus 
the contrast enhancement, provided by SPIONs is proportional to 
their saturation magnetization (Ms) value, the point at which all the 
individual magnetic moments in a sample are uniformly aligned. The 
various phase of iron oxide exhibit different Ms values Bulk magnetite 
has a higher Ms (92 emu/g at 300K) than that of maghemite (76 
emu/g) [73], making the former a somewhat better choice for imaging 
applications. In practice, the Ms of SPIONs rarely reaches that of the 
bulk because it depends strongly on their size and morphology in 
addition to the manner in which they were synthesized. Variables such 
as reaction temperature, pH and reactant concentration all have an 
effect on the magnetic properties of SPIONs [71]. 

Although iron oxide is considered non-toxic and is eventually 
metabolized by the body into haemoglobin [44,74], high doses of iron 
increase the probability of toxicity [23]. Therefore, for in vivo work, it 
is important to use SPIONs with high saturation magnetization values 
to minimize iron loading. 

Computed tomography scanning

Computed tomography (CT) scanning is an X-ray based imaging 
technology that can create detailed cross-sectional images of many 

 

Figure 1: MRI image of a subcutaneous tumor formed from KB cells in a mouse 
model both before (left) and after (right) injection of non-targeted SPIONs (top) 
or SPIONs targeted to folate receptors by conjugating folic acid ligands to their 
surface (bottom). Note how the tumor has significant signal intensity change 
(27.23 %) when targeted nanoparticles are used, but negligible change 
(1.25%) when the un-targeted particles are used. Folate receptors are over-
expressed on many cancers, including KB cells, and as such are often probed 
with active targeting techniques. Reprinted with permission from Fan, C. et 
al. (2011) Tumor selectivity of stealth multi-functionalized superparamagnetic 
iron oxide nanoparticles. Int J Pharm 404: 180-190. [49].
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different tissue types. It is typically accomplished by taking multiple 
X-rays from different angles to form image “slices” which can then be 
composited together to form a detailed set of cross-sectional images. 
It is commonly used for imaging of the pelvis, head, abdomen and 
chest. Currently, iodine or gadolinium-based molecules are used 
as contrast agents for CT scans; however, they suffer from many 
problems including a nonspecific biodistribution, short circulation 
half lives (<10min for conventional iodinated compounds) [75], a 
requirement for catheterization, slight renal toxicity and poor contrast 
in larger patients [76]. In recent years, various nanomaterial-based 
contrast agents have been developed that are able to overcome many of 
shortcomings of traditional CT contrast agents. These include bismuth 
sulphide (Bi2S3) nanoparticles [75], iodinated nanoparticles, gold 
nanoparticles  [37,76,77], as well as polymeric and liposomal carriers 
for conventional iodine-based contrast agents [78-82]. 

Nanoparticles for CT 

Polymer-coated Bi2S3 nanoparticles are a promising new class of 
contrast agent that has been developed for use with CT imaging. These 
nanoparticles are typically synthesized in a two-step process. The Bi2S3 
cores are created through precipitation of bismuth citrate and sodium 
sulfide, and are then coated with a polymer such as polyvinylpyrrolidone 
(PVP) to impart colloidal stability, biocompatibility, and the ability 
to evade the MPS [75]. These particles exhibited a 5-fold increase 
in X-ray absorption compared to iodine-based contrast agents and 
displayed much longer circulation half lives (>2 hours), which opens 
up the possibility of using these particles as targeted contrast agents 
[75]. The clinical utility of these particles was demonstrated in vivo in a 
mouse model, where it was shown that these particles were an effective 
contrast enhancer for imaging the liver, lymph nodes and vasculature 
[75]. Potential problems with these contrast agents include difficulty in 
controlling the shape of the Bi2S3 nanoparticles and a comparative lack 
of methods to modify their surface [77]. 

Gold nanoparticles are another class of CT contrast agents that has 
been studied to a much greater degree than the aforementioned Bi2S3 
nanoparticles. Gold nanoparticles are excellent CT contrast agents due 
to their increased X-ray absorption (2.7–5.7 times) compared to iodine 
and their prolonged blood circulation time (4 hours in rats compared 
to 10 minutes for iodine) [76,77]. This longer circulation time is a 
synergistic effect resulting from the biocompatible polymer coating the 
particles [77] and their increased size, which helps to reduce the rapid 
renal clearance and extravasation exhibited by smaller contrast agents 
[76]. Another major advantage to utilizing gold-based contrast agents 
is that they can be best imaged with X-ray energies of 80-100 keV. This 
energy range experiences reduced absorption by both soft tissue and 
bone, meaning that patients can be subjected to lower doses of radiation 
as a result [76]. Commercially available 1.6nm gold nanoparticles have 
been used in vivo with a mouse model of mammary carcinoma. These 
small particles displayed low accumulation in the liver and spleen, 
and allowed for very clear imaging of the neovasculature, which led 
to efficient tumor detection on CT scans (Figure 2) [76]. Scans taken 
with the iodine-based contrast agent did not allow for such clear tumor 
detection. In a separate study, 30 nm gold nanoparticles coated with 
PEG were used in a rodent model and shown to be effective blood 
pool and hepatoma imaging agents [77]. In both of these studies, the 
particles were found to exhibit very low in vivo toxicity. 

While gold and Bi2S3 nanoparticles employ a slew of new materials 
to create contrast, other emerging CT contrast agents rely on 
enhancements to older materials. Iodine, in a vast array of formulations, 
is by far the most commonly used CT contrast agent today [83]. While 

it possesses excellent x-ray attenuation capabilities, current iodine 
based contrast agents still suffer from a lack of tissue specificity and 
short circulation time. In order to overcome these limitations, iodine 
is being incorporated into various engineered nanostructures. Some 
of the various strategies that have been employed include using nano-
scale coordination polymers capable of carrying a large iodine payload 
[78], encapsulating the iodine in liposomes (Figure 3) [79,84-86], using 
iodinated polymeric nanoparticles [80-82], and incorporating iodine 
into various other nanostructure [87-89]. These strategies lead to 
longer circulation times compared to conventional CT imaging agents, 
which can allow for the development of targeted imaging agents as well 
as CT contrast agents capable of molecular imaging [90]. By increasing 
the local concentration of iodine in a tissue through these strategies, 
image contrast can be significantly improved [83].

Positron emission topography scanning

Positron emission topography (PET) scanning is another 

Figure 2: CT image of a mouse before administration (a) and 2 minutes 
after administration of gold nanoparticles (b) and commercial iodinated 
contrast agent Omnipaque®. It is readily apparent that the gold nanoparticles 
allow clear visualization of the vasculature structure revealing increased 
vascularization in the left leg (arrow) indicative of a tumor. Scale bar = 5mm. 
Reprinted with permission from Hainfeld, JF. et al. (2006) Gold nanoparticles: 
a new X-ray contrast agent. Br J Radiol 79: 248-253. [76].
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commonly used diagnostic technique in modern medicine. In 
contrast to techniques such as MRI, CT and X-ray, which tend to 
provide information of a structural nature, PET provides functional 
information about the body. PET is also a quantitative technique, 
meaning that it can be used to measure the amount of contrast agent 
present in a particular organ or tissue over a period of time [90]. Using 
PET, doctors can examine properties such as blood flow, glucose 
metabolism and oxygen use. PET scans generally have increased tissue 
penetration compared to many other imaging techniques such as 
optical, fluorescence and ultrasound imaging [90,91]. Due to the fact 
that PET scans do not provide good structural resolution, PET is often 
used in concert with other imaging techniques (commonly CT) in order 
to provide both structural and functional information about the body. 
PET scans utilize radiotracers with short half lives such as 11C, 13N, 
15O, 18F and 64Cu incorporated into biomolecules in order to measure 
the distribution and metabolism of said biomolecules throughout 
the body. For example, fluorodeoxygluocose is a radiotracer used 
to measure glucose metabolism in a PET scan. These types of radio-
labels are often employed to study nanoparticle pharmacokinetics 
[90]. PET techniques provide an interesting tool for nanomaterials 
researchers who are interested in tracking the biodistribution of a 
new nanomaterial formulation. For example, single-walled nanotubes 
have been radiolabeled in order to track their biodistribution in vivo 
[90,92,93]. Thus it is readily apparent that nanomaterials can be a 
valuable tool for PET technology, acting as carriers for radiotracer 
molecules while performing other tasks such as drug delivery. One 
must keep in mind however that PET detects the radiolabel, rather than 
the nanoparticle itself. It is thus possible to obtain inaccurate results if 
the two compounds dissociate from one another after administration 
[90].

As mentioned, a common trend in modern medicine is to combine 
PET imaging with another imaging technique in order to create a 
composite image providing both structural and functional information. 
Nanoparticles serve as ideal platforms for so-called “multimodal 
imaging” contrast agents due to their large surface area, which allows 
various imaging or therapeutic ligands to be conjugated to them [90]. 
Chelated metals such as 64Cu are commonly used radiolabeling agents 

for macromolecules; however, they suffer from some drawbacks due 
to their large size and the charged nature of the chelates, which could 
theoretically influence the macromolecule’s structure and therefore 
its pharmacokinetic properties [91]. As such, work is being done to 
develop effective radiolabels utilizing other radionuclides such as 18F, 
to avoid influencing the structure of the macromolecule being studied 
[91]. Nevertheless, 64Cu has still been used for the in vivo tracking 
of the biodistribution of single walled nanotubes in a mouse model 
[92]. Overall, PET technology is a very useful tool in both diagnostics 
and research. The diagnostic utility of PET can be greatly improved 
by utilizing new nanomaterials to develop more effective multimodal 
contrast agents capable of providing simultaneous structural and 
functional data. 

Fluorescence imaging

Organic fluorophores and fluorescent proteins have long been 
used in biological research to study various cellular and molecular 
processes both in vitro and in small animal models in a sensitive 
and non-invasive manner [94]. These small chemical entities can be 
incorporated into various macromolecules and used with techniques 
such as confocal microscopy and flow cytometry to study the in vitro 
interaction of these macromolecules with cells (e.g. internalization) 
as well as their in vivo biodistribution and fate. Florescent molecules 
are often used for cell labelling and cell tracking; they are also 
heavily employed in nanomedical research to examine cell uptake 
and retention of nanoparticles and to track the biodistribution of 
nanoparticles in animal models. Currently, there are many limitations 
to fluorescence based imaging with conventional fluorophores: poor 
skin/tissue penetration, wide emission and absorption bands, poor 
signal strength, short imaging times in vivo, and high susceptibility to 
photobleaching (the eventual destruction of the fluorophore due to the 
stimulating light energy) [95,96]. This has resulted in the somewhat 
limited use of fluorescence imaging techniques in vivo, as well as their 
general exclusion from clinical use. 

New advances in fluorescent nanomaterials are beginning 
to overcome many of the problems associated with traditional 
fluorophores and are starting to open up the possibility of utilizing 
fluorescence imaging techniques to diagnose a wide range of diseases 
and to gain even more insight into disease progression on systemic, 
cellular and molecular levels. Additionally, fluorescent tagging is a 
commonly used method with all types of nanomaterials (e.g. polymer 
drug delivery vehicles, iron oxide MRI contrast agents, etc.) to ascertain 
information about their biodistribution, cellular uptake, and tumoral 
accumulation mechanisms. 

Semiconductor quantum dots

Semiconductor quantum dots (QDs) are nanometer-sized 
particles, generally made from combinations of heavy metals (CdSe, 
CdTe, InP, InAs, etc.), with unique optical properties that make 
them ideal candidates to replace conventional organic fluorophores 
in fluorescence based imaging [97]. Unlike organic fluorophores, 
QDs are able to absorb light across a large spectral range, but their 
emission spectrum remains narrow, meaning that they always emit a 
well-defined wavelength of light no matter what their input wavelength 
is [97,98]. Tuning the size and composition of the QD allows for 
extremely fine control of the emission wavelength of the particles [98]. 
These properties allow QD fluorescent probes to be used for optical 
multiplexing where different probes can all be illuminated with the 
same light source but are able to have different colour emissions [98]. 
Additionally, QDs are extremely bright, possess high photo-stability, 

Figure 3: CT and PET images of primary tumors in a rabbit model acquired 
using a contrast agent comprising a liposome encapsulating the iodine-based 
contrast agent Omnipaque® (iohexol) and the MRI contrast agent Prohance® 
(gadoteridol). In this study the liposomal contrast agent was injected 7 days 
after tumor inoculation. 5 days later, an injection of the radionucleide 18F-FDG 
was administered and 1 hour later the PET and CT images were acquired. 
Effective visualization of the tumors (indicated by the arrow) on the CT image 
was confirmed with the overlaid PET scan.  Reprinted with permission from 
Zheng, J. et al. (2010) Liposome contrast agent for CT-based detection and 
localization of neoplastic and inflammatory lesions in rabbits: validation with 
FDG-PET and histology. Contrast Media Mol Imaging 5: 147-154. [86].
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and their large molar extinction coefficients mean that they can be more 
effectively utilized for in vivo imaging because they are not as sensitive 
to tissue depth [97]. QDs have been used to label cellular components, 
track cell movement and differentiation, image vasculature and lymph 
nodes and visualize the tissue distribution of nanomaterials (Figure 4) 
[97,99-101]. One of the major drawbacks of QD fluorescent tags is that 
there are serious concerns about possible toxic side effects; QDs are 
generally made of heavy metals such as Cd, which is known to have 
toxic effects in its free form (Cd2+) [95]. In addition, the mechanisms 
by which QDs, whose sizes are above the renal excretion threshold 
(5.5 nm hydrodynamic diameter) [14], are degraded in vivo are not 
well understood, leading to the concern that they can accumulate in 
the organs of the MPS for extended periods of time causing potentially 
harmful side effects [95]. Some studies have indicated that if properly 
coated, QDs can be retained in the body for over 2 years post injection 
while still preserving their fluorescent properties [101].

Encapsulated fluorophores

In addition to QDs, nano-scale fluorescent materials can also be 
created by encapsulating traditional organic fluorophores within 
a nanoparticle carrier. This often enhances the properties of the 
fluorophore by increasing the signal strength and therefore the 
sensitivity of an assay due to the large number of dye molecules 
entrapped. Encapsulation also improves resistance to photobleaching 
compared to the un-encapsulated dyes and allow for more control over 
the biodistribution and clearance rates compared to small molecule 
organic fluorophores [102,103]. One of the most common methods of 
encapsulation involves the entrapment of organic fluorophores within 
silica nanoparticles [102]. These particles can be synthesized via a variety 
of routes, however it is often a challenge to entrap hydrophobic dye 
molecules within the hydrophilic environment of a silica nanoparticles. 
This can be accomplished by covalently linking the dye molecule to a 
silica precursor, which can then be utilized in the synthesis of the silica 
nanoparticles through the classic Stöber synthesis method [102,104]. 
This same strategy can also be used to create more highly structured 
core-shell particles as well [104-106]. When using polar dye molecules, 
it is also possible to use the micro-emulsion method of synthesis; 
the particles are created in the water droplets of water in oil micro-
emulsion and the dye is physically entrapped inside of the particles 
[102]. There are various methods available for entrapping hydrophobic 
dyes using the micro-emulsion method, which are intriguing given 
that this method is able to produce more controlled and monodisperse 
particles compared to the classic Stöber synthesis [102]. Silica based 
systems are particularly intriguing due to their low toxicity, and high 
potential for further surface modification [102,103]. Dye molecules 
can also be encapsulated within polymer particles through a variety of 
methods, however they tend to suffer from more issues related to dye 
leakage and aggregation than silica nanoparticles [102,103]. 

Discussion and Future Perspectives
Diagnostic imaging, along with traditional contrast agents, 

has given us the power to diagnose a vast array of conditions in a 
minimally invasive manner. Despite this great success, the current 
generation of contrast agents still experience many issues preventing 
them from achieving even higher levels of clinical success. One of the 
greatest limitations of current contrast technology is its lack of tissue 
specificity. The majority of current agents, such as various formulations 
of iodine or gadolinium for CT and MRI respectively, will diffuse out 
of the vasculature into a variety of tissue types making it harder to 
observe abnormalities such as a plaque or tumor. Nanotechnology 

offers the possibility of a more tightly controlled bio-distribution 
profile by allowing for both active and passive targeting techniques 
to be employed. By confining a contrast agent to one particular tissue 
type (e.g. a tumor but not surrounding healthy tissue) the diagnostic 
capabilities of the various imaging techniques can be greatly improved. 
In general the large surface area present on most nanomaterials also 
allows for modifications to optimize the pharmacokinetic and clearance 
profiles of engineered nanomaterials [107]. By employing various types 
of surface coatings such as dextran or poly (ethylene glycol), one can 
modify the interactions between the nanoparticle and various biological 
systems resulting in different pharmacokinetic properties. 

In addition to issues of specificity, many of our currently used 
contrast materials themselves have distinct disadvantages associated 
with them, which limit their use in certain situations or patient 
populations. For example, several concerns related to the long-term 
toxicity of gadolinium-based agents used in MRI have been raised. 
There are serious contraindications against the administration 
of gadolinium to patients with impaired renal function due to its 
association with the development of nephrogenic systemic fibrosis in 
these patient populations [108]. The availability of iron oxide-based 
contrast agents provides an alternative material for use in these high-
risk populations. Having a wider range of materials available for each 
diagnostic technique will allow for the expanded use of diagnostic 
imaging techniques in patient populations and situations that current 
materials either perform poorly in or cannot be used outright.

Another limitation of current contrast agents is the amount of 
information that they can provide. The various imaging techniques 
each have their own strengths and limitations: MRI provides good 
spatial resolution in soft tissues but suffers from low sensitivity; CT 
provides excellent structural imaging but little functional information; 
PET/SPECT allows for quantitative evaluation of functional processes 
but suffers from poor spatial resolution; the incredible sensitivity of 
optical/fluorescence imaging is limited by poor tissue penetration. 
In order to maximize the amount of information a diagnostic image 
can provide, it would be ideal to combine multiple techniques to 
simultaneously acquire different types of information [83]. So called 
multimodal imaging involves the use of two or more imaging techniques 
at once in order to ascertain different types of information that can 
be used to form more accurate and detailed diagnoses. Currently, one 
commonly used example of multimodal imaging is combined CT/
PET scanning; the CT scan provides detailed anatomical/structural 
information upon which the functional PET data can be overlaid. 
By incorporating a PET radiotracer into a CT contrast agent, it is 
possible to obtain both types of information and overlay them in order 
to diagnose various health problems. Due to their large surface area, 

 

Figure 4: Visible light (A) and fluorescence (B, 655nm) images of a mouse 
bearing a subcutaneous M21 melanoma tumor 45minutes after injection of 
carboxy-PEG coated QD’s directly into the tumor. The image highlights how 
the sentinel lymph nodes that the tumor drains into can be readily identified. 
Reprinted with permission from Ballou, B. et al. (2007) Sentinel Lymph Node 
Imaging Using Quantum Dots in Mouse Tumor Models. Bioconjug Chem 18: 
389-396. Copyright 2011 American Chemical Society. [101]
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nanoparticles are ideal candidates for developing multimodal imaging 
contrast agents. The ample surface area allows for the conjugation of 
large numbers of secondary contrast molecules or targeting moieties. 
For example, fluorescent molecules can be conjugated to the surface 
of iron oxide nanoparticles for dual MRI and fluorescence imaging, or 
PET radiotracers can be conjugated to the surface of gold nanoparticles 
to make even more effective CT/PET contrast agents (Figure 5). 
Multimodal imaging techniques have the potential to greatly increase 
the ability of physicians to diagnose a variety of conditions by allowing 
for the efficient integration of various types of diagnostic information. 

Building on the theme of multimodal imaging, nanoparticles 
are prime candidates for so-called “theranostic” applications; the 
combination of therapeutic and diagnostic properties into a single 
formulation [109,110]. Using theranostic technologies, researchers 
hope to achieve more direct and real-time monitoring of treatment 
processes, more detailed information on biodistribution and 
pharmacokinetics during evaluations of new drugs, and more 
nuanced control over the treatment process in response to changing 
symptoms and disease progression [83,111]. There are also hopes for 
improved clinical efficiency through reduced need to schedule separate 
diagnostic and treatment procedures [112]. For example magnetic 
nanoparticles are often considered for theranostic applications. 
Their superparamagnetic nature allows for MRI imaging, while 
pharmaceutical agents can be coupled to their surface. Furthermore 
the particles themselves can be used for therapy through techniques 
such as magnetic hyperthermia [113]. This field is still in its infancy 
and there are many challenges yet to be overcome such as optimizing 
the composition of the particles to achieve sufficient imaging sensitivity 
without reducing therapeutic efficacy, or optimizing the surface density 
of treatment and targeting molecules to maintain sufficient specificity 
and therapeutic ability [110].

Despite the incredible promise and capabilities of nanomaterial 
contrast agents, there are still many challenges that need to be 
overcome before they can be used clinically. Some nanomaterials, 
such as quantum dots for example, have serious concerns related to 
their biodegradability and toxicity, despite their excellent performance 
[114]. Compared to conventional small-molecule contrast agents, 
nanoparticles can experience significant bio-accumulation resulting 
from an inability to be cleared via either renal filtration or undergo 

bio-degradation processes [14,107]. This raises concerns about 
cytotoxic effects as the long-term exposure can lead to oxidative 
damage or chronic inflammation [107]. Furthermore, certain 
nanoparticle formulations are worrisome due to the known or 
suspected toxicity of their breakdown products. Quantum dots for 
example contain cadmium, which is cytotoxic; thus cadmium that is 
released either acutely through particle degradation or chronically 
through slow-leaching of accumulated quantum dots is a serious 
concern [14,107,115]. In general the toxicity of many nanomaterials is 
poorly understood, and this will continue to prevent their wide-spread 
adoption until these questions are answered [114,116]. As described 
previously, the interactions between nanoparticles and biological media 
are complex and influenced by many factors, some of which are still 
poorly understood. Thus more work needs to be done to characterize 
and control these interactions to produce nanoparticles with desired 
pharmacokinetic and degradation profiles [117]. Furthermore, much 
of the chemistry used to produce and functionalize nanoparticles 
needs to be optimized and refined in order to produce consistent and 
reliable products suitable for clinical use. Active targeting technologies 
in particular, while proving quite successful in the lab, face many 
challenges in terms of reproducible and cost-effective synthesis [118]. 
More work still needs to be done to develop scalable and repeatable 
synthesis technologies. Another important area of study for effective 
commercialization of nanotechnologies is to characterize their stability 
during storage. Nanoparticles are considered to be a high-energy 
state due to their large surface-area to volume ratio. While this is a 
desirable property in the sense that it provides ample opportunity for 
novel functionalization and material manipulation, it also requires 
the development of effective stabilization schemes to prevent particle 
aggregation during storage. 

Further complicating all of these concerns is a general lack of 
literature data on the safety and efficacy of nanomaterials in humans. 
In 2006 the US Food and Drug Administration (FDA) acknowledged 
the impact that engineered nanomaterials will have in future clinical 
products, and formed a task force to examine specific regulatory issues 
related to nanotechnology [116,117]. Currently the FDA has developed 
a specific definition to determine which new pharmaceutical agents are 
to be called nanomaterials; however the regulatory and approval process 
has not been modified, and questions still remain as to whether the 
traditional criteria are sufficient or directly applicable to nanomaterials 
[119]. As more engineered nanomaterials enter into clinical trials, 
many of these regulatory concerns will be examined and hopefully 
conclusions can be reached that will expedite future development and 
testing of engineered nanomaterials. Table 2 summarizes the main 
advantages and disadvantages/challenges associated with nanomaterial 
based contrast agents.

Despite a few notable commercial successes, many of the 
nanoparticle systems described in this paper are still in primary 
development or pre-clinical phases, as well as a few clinical trials. This 
is largely due to the complications and challenges mentioned above, as 
well as the fact that many of these agents in their current forms simply 
do not provide enough added benefit to justify taking them through 
the long process of clinical implementation. At this time many current 
medical nanotechnologies are best referred to as immature; they have 
good ideas at their core that show promising and useful characteristics, 
yet in their current form they are not able to realize them to their full 
potential. Over the years to come, we expect there to be a maturation of 
these technologies, a process that will involve fine-tuning our current 
technologies through the integration of many different lines of research. 
Thus in our view, a mature nanotechnology contrast agent is one which 

Figure 5: Drawing showing an example of potential multimodal imaging 
contrast agents combining a PET radiotracer with a fluorescent (Quantum 
Dot), X-ray adsorbing (Gold), or MRI contrast agent (iron oxide) core.
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combines the inherent material advantages of a new agent (e.g. gold 
nanoparticles), with optimized stealth coatings, further functionalized 
with effective targeting ligands. These new materials will truly embrace 
the concept of multi-modality and theranostics, integrating advances 
in various fields to create products with significant clinical advantages. 
All of these aspects will come together through simplified and scalable 
synthesis methods, which allow for the efficient production on a 
clinically relevant scale. Finally, a mature nanotechnology must be 
manufactured in a repeatable and efficient way, which encompasses 
effective purification and quality control measures to ensure product 
uniformity. Over the next few years, we expect that a broader and 
more complete picture of the way that nanomaterials interact with 

the body will begin to emerge. Advancements in our understanding 
of the immunologic interactions of nanomaterials will lead to the 
development of new materials with desired pharmacokinetic profiles 
and enhanced biocompatibility. More detailed characterization of the 
toxocologic effects of nanomaterials and their breakdown products will 
advance our understanding of how to create safe materials that can be 
safely employed in clinical settings. These advancements will not only 
enhance our ability to design effective nanomaterials for biomedical 
applications, but will also give regulator bodies and the public at large 
the confidence to allow nanomaterials to enter wider clinical use. The 
opening of these roadblocks will hopefully foster renewed corporate 
and scientific effort in the development of nanomaterials due to their 

Imaging Type  Base Contrast Material Specific Types Current Status
Active Compound (trade 
name) of Some Clinically 
Approved Agents

References

MRI

Gadolinium Chelates and Salts Clinical use

gadofosveset trisodium 
(ABLAVAR); gadoxetate 
disodium (EOVIST); 
gadobutrol (Gadavist); 
gadopentetate dimeglumine 
(MAGNEVIST®); 
gadobenate dimeglumine 
(MultiHance); gadodiamide 
(OMNISCAN); 
gadoversetamide 
(OptiMARKTM); gadoteridol 
(ProHance)

[60,60-64]

Gadolinium Nanostructures
Polymers, 
liposomes, inorganic 
nanoparticles

Pre-clinical - [63,65-68,68,69]

Iron Oxide Nanoparticles Polymer-coated iron 
oxide nanoparticles

Clinical use and 
some clinical trials

ferumoxsil (GastroMARK®, 
Lumirem®); ferrixan 
(Resovist®, Cliavist™); 
ferumoxide (Feridex®, 
Endorem™);

[23,44,59,70-74]

CT

Conventional Iodine

High-osmolarity Clinical use

diatrizoate anion 
(Renografin); diatrizoate 
anion (Hypaque); 
iothalamate anion (Conray)

[83]Nonionic monomers Clinical use

iohexol (Omnipaque); 
iopamidol (Isovue); ioversol 
(Optiray); iopromide 
(Ultravist)

Ionic dimers Clinical use ioxaglate (Hexabrix)

Nonionic dimers Clinical use
 iotrol and iodixanol 
(Visipaque)

Bismuth sulphide (Bi2S3) nanoparticles - Pre-clinical - [75] 

Iodinated nanostructure

Polymeric 
carriers, liposomal 
carriers, inorganic 
nanostructures

Pre-clinical - [78-90]

Gold nanoparticles Clinical trials - [76,77]

PET/SPECT Radiopharmaceuticals: Labeled 
biomolecules or elemental emitters Labelled biomolecule Clinical use and 

pre-clinical

FLUDEOXYGLUCOSE 
F-18; AdreView 
(Iobenguane I 123 
Injection); DaTscan™  
Ioflupane I 123 Injection; 
F-18; I-123; O-15; N-13; 
C-11 L-methionine; 

[120]

Nanostructures with radionuclides Pre-clinical [90,92,93] 

Fluorescence/Optical 
Imaging

Fluorescent silica particles Pre-clinical [102,104-106]
Quantum dots Pre-clinical [14,95,97-101]
Polymer encapsulated fluorophores Pre-clinical [102,103]

Table 1: Summary of the various types of contrast media in clinical use or pre-clinical development for various imaging techniques.
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greater commercialization potential. By integrating our advances 
across these wide-ranging fields, mature nanotechnologies will begin 
to emerge with real impact on clinical diagnostics and therapeutics. 

Conclusion
The rapidly expanding use of diagnostic imaging technologies 

continues to push the boundaries of our diagnostic capabilities. Using 
these techniques, doctors are able to diagnose diseases earlier and more 
precisely, and obtain a variety of structural and functional information 
about the body. Contrast agents are a key part of these techniques, 
allowing allowing us to obtain even greater detail and sensitivity 
in diagnostic images. In order to continue to drive the growth in 
capabilities of diagnostic imaging technologies it is critical that new 
and enhanced contrast agents be developed to overcome the various 
problems associated with traditional materials and to further enhance 
the capability and specificity of these techniques. Nanotechnology 
offers us the opportunity to precisely tune and control the chemical 
and physical properties of contrast materials in order to overcome 
concerns with toxicity, useful imaging time, tissue specificity, and 
signal strength. In order to design efficient and effective nanomaterial 
contrast agents, it is crucial to have an understanding of the various 
biological interactions that the particles will encounter. Through the 
precise control of particle size and surface properties, we can engineer 
the pharmacokinetic profiles of these nanomaterials. By incorporating 
active and passive targeting techniques we can improve the accuracy of 
our imaging techniques, allowing for earlier diagnosis and treatment of 
life-threatening conditions such as cancer. Furthermore nanomaterials 
allow us to combine many different functional materials into a single 
package, creating multimodal contrast agents capable of providing 
simultaneous structural and functional information about the body. 
Thus progress in the field of nano-scale contrast agents will play a 
key role in the continued enhancement of our diagnostic imaging 
capabilities in the coming years.
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