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Computed tomography enables 3D anatomic imaging at a high spatial resolution, 
but requires delivery of an x-ray contrast agent to distinguish tissues with similar or 
low x-ray attenuation. Gold nanoparticles (AuNPs) have gained recent attention as an 
x-ray contrast agent due to exhibiting a high x-ray attenuation, nontoxicity and facile 
synthesis and surface functionalization for colloidal stability and targeted delivery. 
Potential diagnostic applications include blood pool imaging, passive targeting and 
active targeting, where actively targeted AuNPs could enable molecular imaging 
by computed tomography. This article summarizes the current state of knowledge 
for AuNP x-ray contrast agents within a paradigm of key structure–property–
function relationships in order to provide guidance for the design of AuNP contrast 
agents to meet the necessary functional requirements in a particular application. 
Functional requirements include delivery to the site of interest (e.g., blood, tumors 
or microcalcifications), nontoxicity during delivery and clearance, targeting or 
localization at the site of interest and contrast enhancement for the site of interest 
compared with surrounding tissues. Design is achieved by strategically controlling 
structural characteristics (composition, mass concentration, size, shape and surface 
functionalization) for optimized properties and functional performance. Examples 
from the literature are used to highlight current design trade-offs that exist between 
the different functional requirements.
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Background
X-ray imaging & computed 
tomography
After Wilhelm C Roentgen discovered 
x-ray radiation in 1895, x-ray imaging rap-
idly became an important clinical diagnos-
tic tool, enabling noninvasive visualization 
inside the human body [1]. Today, x-ray 
imaging, including computed tomogra-
phy (CT), accounts for 75% of all clini-
cal diagnostic imaging [1] due to provid-
ing relatively inexpensive, high-resolution 
imaging. The introduction of CT in 1972 
enabled 3D anatomic reconstructions 
instead of 2D projected images or planar 
radiographs, in which important details 
could be obscured due to shadowing or 

overlapping structures [2]. CT has become 
widely utilized in clinical diagnostic imag-
ing, with an estimated 70 million CT scans 
performed annually in the USA [3], and is 
considered the most important discovery 
in diagnostic x-ray imaging since the dis-
covery of x-rays [4]. Continued incremental 
improvements to CT have included: spiral 
CT in the late 1980s, which improved spa-
tial resolution; multislice imaging in the 
early 2000s, which decreased scan time; 
helical cone-beam CT technologies, which 
are currently emerging for rapid scanning 
at high spatial resolution; and the continu-
ous development of new reconstruction 
algorithms for handling the scanning pat-
terns associated with helical or cone-beam 
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CT [4,5]. Current developments include the clinical 
introduction of dual-energy CT [6] and research into 
spectral (color) CT [7,8].

CT exhibits higher spatial and temporal resolu-
tion [9], but lower sensitivity [10] compared with other 
clinical imaging modalities, such as PET and MRI. In 
addition, CT has lower associated costs and is more 
widely available than MRI. Image contrast in CT is 
derived from differences in the x-ray attenuation of 
tissues. However, the ability to distinguish between 
neighboring tissues can be problematic due to subtle 
differences in the x-ray attenuation of many soft tis-
sues, which results in a low signal-to-noise ratio. The 
signal-to-noise ratio can be increased at lower x-ray 
energies, but not without an increased radiation dose 
and potential health risks for patients [11]. Thus, an 
inherent trade-off exists between image sensitivity (or 
contrast) and radiation dose.

Contrast agents for CT
X-ray contrast agents were introduced in order to 
enhance the contrast between tissues with similar 
and/or low x-ray attenuation by increasing the signal-
to-noise ratio without increasing the radiation dose 
to the patient. X-ray contrast agents used clinically 
include barium sulfate suspensions and iodinated mol-
ecules. Barium sulfate was first introduced as a clini-
cal contrast agent in 1910 [1] and is currently used for 
gastrointestinal imaging after oral administration [12]. 
Barium sulfate suspensions are relatively inexpensive 
and routinely used in an estimated 5 million x-ray pro-
cedures per year in the USA [1]. Thus, barium sulfate 
contrast agents are a mature technology and are not 
presently an active area of research.

Iodinated molecules were first used as a contrast 
agent in 1923 [13] and have undergone significant 
improvements since then. The first water-soluble con-
trast agents utilized sodium iodide, which was toxic 
at the concentrations necessary for imaging contrast. 
Current agents are most commonly low-molecular-
weight iodinated aromatics, which are highly water 
soluble and exhibit low toxicity [14]. Active targeting 
has been enabled by the conjugation of functional 
ligands onto the aromatic rings [15]. Iodinated mol-
ecules are most commonly used as vascular contrast 
agents. However, iodinated contrast agents exhibit a 
relatively short blood circulation time and rapid clear-
ance through the kidneys, leading to a short imag-
ing window, which may require multiple injections. 
A recent clinical report associated sudden exposure 
to high levels of iodinated contrast agents with a risk 
of developing thyroid dysfunction [16], although fur-
ther investigation is necessary to determine a casual 
relationship and the general population risk.

Gold nanoparticles as x-ray contrast agents
Over the last decade, gold nanoparticles (AuNPs) 
have gained attention as an x-ray contrast agent fol-
lowing initial reports by Hainfeld et al. in 2004 and 
2006 [17,18]. Subsequent research and clinical interest, 
as gauged by the annual number of publications on 
AuNPs as x-ray contrast agents, have grown steadily 
due to a number of favorable properties of AuNPs. 
Gold exhibits a relatively high x-ray attenuation coef-
ficient compared with both barium sulfate and iodine, 
especially at the energy levels used for clinical CT [19]. 
Furthermore, AuNPs exhibit a longer vascular reten-
tion time compared with iodinated molecules, due 
to their higher molecular weight, which potentially 
increases the available imaging window [18]. AuNPs 
are readily surface functionalized for enhanced colloi-
dal stability and/or targeted delivery. In fact, a sharp 
increase in the annual number of research publica-
tions on AuNPs as x-ray contrast agents occurred in 
2010, when several groups demonstrated active target-
ing in vivo with surface-functionalized AuNPs, which 
could enable molecular imaging capabilities with 
CT [20–23].

Investigations of AuNPs as an x-ray contrast 
agent can be categorized by three potential applica-
tions in diagnostic imaging [24]: blood pool, passive 
targeting and active targeting (Figure 1). Blood pool 
contrast agents are designed to remain in the blood-
stream for a prolonged amount of time by limiting 
diffusion through the vascular endothelium [25] in 
order to enable a longer imaging window [15]. Pas-
sive targeting relies on the nonspecific accumulation 
of AuNPs within a site of interest by leveraging the 
enhanced permeability and retention effect, in which 
appropriately sized molecules or nanoparticles accu-
mulate more readily in tumor tissues compared with 
normal surrounding tissues [26,27]. Tumor vascula-
ture is described as ‘leaky’ due to a distortion of the 
endothelial layer of blood vessels, allowing AuNPs to 
escape the vasculature and enter the tumor microen-
vironment. Active targeting is the ability to deliver 
and retain a contrast agent at a specific site of inter-
est through surface functionalization with molecules, 
such as peptides or antibodies, which exhibit a specific 
affinity for that site [26,27]. AuNPs have been targeted 
to cancer cells and tumors by exploiting the over-
expression of a number of receptors on cancer cells 
compared with normal cells.

Design of AuNPs as x-ray contrast agents
AuNPs must be designed to meet the necessary func-
tional requirements for a contrast agent in a particular 
clinical or preclinical application. These functional 
requirements include (Figure 2):
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Figure 1. Three applications for the use of gold 
nanoparticles as x-ray contrast agents in diagnostic 
imaging. (A) Blood pool, (B) passive targeting and 
(C) active targeting. Blood pool retention is achieved 
by limiting diffusion through the vascular endothelium, 
while passive targeting is promoted by transport across 
the ‘leaky’ endothelium present in tumors. Passive 
targeting is nonspecific, while active targeting is 
achieved by specific binding interactions between cell 
surface receptors and molecules, such as peptides or 
antibodies, attached to AuNP surfaces. 
AuNP: Gold nanoparticle.  
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Delivery: “Go where we want.” The contrast agent 
must be able to be delivered in vivo and transported to 
the site of interest.

Nontoxic: “Do no harm along the way.” The con-
trast agent must not cause adverse side effects to organs 
during delivery and clearance.

Targeting or localization: “Stay where we want.” 
The contrast agent must accumulate and be retained 
at site(s) of interest (e.g., blood pool, tumor or 
microcalcification, among others).

Contrast enhancement: “Show what we want.” The 
contrast agent must increase the x-ray attenuation of 
the site of interest compared with surrounding tissues.

These functional requirements can be achieved 
by designing nanoparticles to have specific proper-
ties through control over structural characteristics 
(Figure 3). Key properties include the x-ray attenuation 
coefficient, colloidal stability in physiological media 
and during storage, vascular retention time, biodistri-
bution and cytotoxicity. These physical, colloidal and 
biological properties are governed by structural char-
acteristics, including the nanoparticle composition, 
mass concentration, size, morphology and molecular 
functional groups. Similar structural characteristics 
have been put forward as critical design parameters in 
other reviews for a variety of hard and soft nanopar-
ticles [28,29]. Thus, design is achieved by strategically 
controlling these structural characteristics for opti-
mized properties and functional performance, such 
that clinical efficacy is a product of engineering design.

The overall goal of this article is to summarize the 
current state of knowledge regarding AuNP x-ray con-
trast agents within a paradigm of key structure–prop-
erty–function relationships (Figure 3) in order to provide 
guidance for the design of AuNP contrast agents to meet 
the necessary functional requirements in a particular 
clinical or preclinical application. Therefore, this article 
is organized by the structural characteristics that can be 
tailored to meet functional performance requirements 
(Figures 2 & 3). Examples from the literature are used 
to highlight current design trade-offs that exist between 
the different functional requirements. Note that while 
this article focuses exclusively on AuNPs as x-ray contrast 
agents, nearly all of the key structure–property–func-
tion relationships and design trade-offs similarly apply 
to other nanoparticle x-ray contrast agents [1,12,14,25].

Composition
The composition of an x-ray contrast agent directly 
affects the number of x-rays that can be attenuated and 
therefore the ability to enhance contrast. The x-ray atten-
uation of a contrast agent is dependent on the atomic 
number, bulk density, x-ray source energy spectrum and 
presence or location of x-ray absorption edges.

Contrast-enhancement
X-ray imaging is based on the absorption or scat-
tering of photons as a collimated x-ray beam passes 
through a specimen. As x-ray photons are absorbed 
or scattered, the intensity (I ) of the x-ray beam is 
reduced as:

where I
o
 is the initial intensity of the x-ray beam, x is the 

thickness of the specimen, μ is the linear x-ray attenu-
ation coefficient (cm-1) of the specimen material or tis-
sue and ρ is the material or tissue bulk density (g/cm3). 
In CT, x-ray attenuation is measured in Hounsfield 

eI I /
o

x= n t-
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Figure 2. Schematic diagram (not to scale) showing the necessary functional requirements for gold nanoparticle x-ray contrast 
agents: delivery, nontoxic, targeting and localization and contrast enhancement. (A) The contrast agent must ‘go where we want’; 
it must be able to be delivered in vivo and transported to the site of interest. (B) The contrast agent must ‘do not harm along the 
way’; it must not cause adverse side effects to organs during delivery and clearance. (C) The contrast agent must ‘stay where we 
want’; it must accumulate and be retained at site(s) of interest (e.g., tumor). (D) The contrast agent must ‘show what we want’; it 
must increase the x-ray attenuation of the site of interest compared with surrounding tissues. 
AuNP: Gold nanoparticle.  
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units (HU) by calibration with water (0 HU) and air 
(-1000 HU) as:

where μ is the linear x-ray attenuation coefficient of the 
material or tissue and μ

water
 is the linear x-ray attenu-

ation coefficient of water. Image contrast is derived 
from differences in the linear x-ray attenuation coef-
ficient and the thickness of two neighboring materials 
or tissues (e.g., muscle and bone, where bone attenu-
ates a proportionally greater number of x-rays, leading 
to a greater degree of incident intensity reduction, or 
greater x-ray attenuation). Materials or tissues with 
high atomic number (Z) and bulk density (ρ) gener-
ally absorb more x-rays. Therefore, high atomic num-
ber elements, such as barium, iodine or gold, exhibit a 
high mass attenuation coefficient (μ/ρ), and are thus 
good candidates for x-ray contrast agents in soft tissues 
(Figure 4). Gold (Z = 79) has a higher atomic number 
compared with iodine (Z = 53) or barium (Z = 56) 
and can thus absorb more x-rays at specific energy 
levels (Figure 4).

X-ray attenuation is also dependent on the x-ray 
photon energy, which governs the initial intensity (I

o
) 

and also independently influences the x-ray attenu-
ation coefficient. The mass attenuation coefficient is 
decreased as incident photon energy from the x-ray 
source is increased (Figures 4 & 5). Differences in the 
x-ray attenuation coefficient between two different 

materials are therefore greater at lower tube poten-
tials (Figure 4), but the radiation dose is also greater 
[11]. The incident x-ray photon energy spectrum is 
controlled by setting the peak tube potential (kVp), 
which corresponds to the maximum photon energy 
in the beam. For example, a 100 kVp tube potential 
results in a spectrum of tube potentials below 100 keV. 
Beam filtration is used to tune the energy spectrum 
by limiting the number of low-energy photons (<15 
keV), and also high-energy photons in mammography, 
using a filter material (commonly aluminum, copper 
or molybdenum, among others). Therefore, the peak 
tube potential range is typically 25–35 kVp in mam-
mography [30], 50–80 kVp in clinical radiography [31] 
and 80–150 kVp in clinical CT [14] in order to achieve 
sufficient contrast while minimizing the radiation 
dose. The high x-ray attenuation coefficient of gold 
compared with both iodine and barium within these 
energy ranges (Figure 4) suggests that gold can enable 
improved contrast enhancement [19].

The mass attenuation coefficient also exhibits a step 
increase, called an ‘absorption edge’, when incident 
x-ray photons possess a greater energy than the bind-
ing energy of the inner-shell electrons of an element in 
the material, such that an electron is ejected and the 
vacancy filled by an outer-shell electron. At the photon 
energy levels utilized in CT and other x-ray imaging 
systems, K-shell electrons may be ejected, resulting in a 
K-edge (Figure 4). The K-edges for iodine, barium and 
gold are located at 33.2, 37.4 and 80.7 keV, respectively 

HU 100
water

water
:n

n n= -
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Figure 3. Key structure–property–function relationships to guide the design of gold nanoparticles as x-ray 
contrast agents for a particular clinical or preclinical application. 
Z: Atomic number
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[19]. Thus, the contribution of absorption edges to x-ray 
attenuation is greatest when the mean energy of the 
source spectrum is near the contrast agent K-edge. 
Moreover, absorption edge subtraction can be used to 
increase the signal-to-noise ratio by subtracting images 
taken at energy levels above and below the K-edge of a 
material or contrast agent [33].

A number of phantom studies have demonstrated 
that AuNPs enabled greater contrast per unit mass 
compared with iodine at various energy levels [20,34–
41], as expected due to the higher atomic number and 
x-ray attenuation coefficient of gold. For example, at 
100 keV, gold enables 2.7-times greater contrast per 
unit mass compared with iodine [18]. However, differ-
ences in the x-ray source energy spectrum result in sig-
nificant differences in the apparent improved contrast 
of gold versus iodine due to the different locations of 
the K-edges for gold (80.7 keV) and iodine (33.2 keV) 
[39,41]. Thus, direct study-to-study or quantitative com-
parisons are only possible using the same imaging sys-
tem or x-ray source spectra. For example, at moderate 
tube potentials (70–90 kVp), there was no detectable 
difference between AuNPs and iodine at equal mass 
concentrations, but AuNPs provided significantly 
greater x-ray attenuation compared with iodine at low 
(40–60 kVp) and high (100–140 kVp) tube potentials 
[39], which are clinically relevant ranges for mammog-
raphy or planar radiography and CT, respectively. 
Therefore, experiments aimed at comparing AuNPs 
with clinically available iodine contrast solutions, or 
any other contrast agent, must consider the resultant 
x-ray energy spectra produced by an imaging system at 
a specific tube potential (kVp) relative to contrast agent 
absorption edges.

AuNPs have also been compared with iodine in vivo 
in blood pool imaging [40,42] and passive targeting of a 
tumor [18]. AuNPs enabled greater vascular and tumor 
contrast compared with iodine at each imaging time 
point in each study after administering an equal-mass 
dose of gold and iodine. Therefore, AuNPs provided 
greater contrast compared with iodine in vivo, dem-

onstrating the clinical potential of AuNPs as an x-ray 
contrast agent. However, the greater contrast provided 
by AuNPs compared with iodine in these in vivo stud-
ies was not likely only due to compositional differences 
in x-ray attenuation, but also differences in the mass 
concentrations of gold or iodine that were able to be 
delivered and retained at the site of interest.

Mass concentration
At the photon energy ranges used in radiography and 
CT (10–140 keV), the x-ray attenuation of high atomic 
number elements is primarily governed by photoelec-
tric absorption due to differences in mass concentra-
tion [19,43–44]. A greater mass concentration will lead 
to greater x-ray attenuation; therefore, the delivery of a 
larger mass payload to the site of interest will increase 
the contrast enhancement. However, large doses of 
exogenous contrast media may cause adverse side effects 
in vivo, including toxicity. Therefore, an appropriate 
dose must be determined in order to enhance contrast 
without inducing cytotoxicity. One of the main limita-
tions of CT compared with other imaging modalities is 
the relatively high mass concentration of contrast agent 
necessary for contrast-enhanced imaging. CT typically 
requires millimolar concentrations, while MRI can 
detect micromolar concentrations [12,45].

Contrast enhancement
Phantom studies have shown that the x-ray attenua-
tion of AuNPs increases linearly with mass concentra-
tion [22,32,34–36,41,46–48], indicating that the delivery 
of a greater mass concentration to the site of interest 
will enable greater contrast enhancement (Figures 5 
& 6A). A differential contrast (ΔHU) of at least 30 HU 
has been suggested to be necessary for visibly appar-
ent contrast enhancement in clinical CT [49]. The 
minimum detectable mass fraction of a contrast agent 
within a given matrix can be calculated by the change 
in the mass attenuation coefficient per change in the 
mass fraction of the contrast agent [50]. Thus, a matrix 
with a high background x-ray attenuation (e.g., bone) 
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Figure 4. Energy-dependent differences in the mass 
x-ray attenuation coefficient (μ/ρ) of gold compared 
with current clinical contrast agents (BaSO4 and iodine) 
and tissues. The peak tube potential (kVp) used in 
clinical mammography and CT systems is shown (gray 
shading) to highlight the potential advantage of 
gold nanoparticles due to exhibiting a greater x-ray 
attenuation compared with both barium sulfate and 
iodine at the energy levels used for clinical imaging. 
Note the presence of a K-shell absorption edge for 
iodine, barium and gold at 33.4, 37.4 and 80.7 keV, 
respectively. 
BaSO4: Barium sulfate; CT: Computed tomography. 
Data taken from [19].
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will require a higher mass fraction of gold for the same 
increase in contrast compared with a low-attenuating 
background (e.g., a tumor). Specifically, assuming 
that a differential contrast of 30 HU is necessary for 
detection at 80 keV, the mass concentration of AuNPs 
delivered to bone would need to be 0.34 versus 0.18 
wt% delivered to soft tissue. Therefore, the dose of 
AuNPs necessary for contrast enhancement may differ 
greatly depending on the background signal at the site 
of interest.

Deliverability & targeting
The delivery of a high mass concentration of AuNPs 
to a site of interest enables greater contrast, due to the 
linear relationship between mass concentration and 
x-ray attenuation (Figures 5 & 6A) described above, but 
is not guaranteed simply by increasing the initial dose 
of AuNPs. A number of factors impact the delivery 
of a sufficient mass concentration for x-ray imaging, 
including the surface chemistry of AuNPs and the 
 targeted site of interest.

In vitro cell labeling studies demonstrated that the 
mass concentration of nontargeted AuNPs internalized 
by cells increased with the initial mass concentration 
or dose of AuNPs, but a saturation point was reached 
(Figure 6B & Table 1) [36,51]. Nonspecific adsorption of 

proteins on the surface of citrate-stabilized AuNPs was 
demonstrated to facilitate uptake of AuNPs in cells 
through a receptor-mediated endocytosis pathway [51]. 
This mechanism depends not only on the number of 
AuNPs, but also the density of active receptors on the 
cell membrane [52]. Therefore, once the number of 
active receptors is saturated, a further increase in the 
dose of AuNPs no longer facilitates an increase in the 
mass concentration delivered and thus x-ray attenu-
ation (Figure 6). A saturation point in the cellular 
uptake of nontargeted AuNPs also appears be depen-
dent on the AuNP size [53] and surface chemistry [54], 
as well as the cell line and specific culture conditions 
[55,56]. Therefore, dosing studies are important for eval-
uating the functional performance of a given AuNP 
formulation within a given model system [53].

The delivery of actively targeted AuNPs is even more 
complex and the mass concentration of delivered AuNPs 
further depends on the binding affinity of the targeting 
molecule and the prevalence of receptor or binding sites 
available on the cell, tissue or other substrate [62]. In vitro 
cell labeling studies demonstrated that cells positive for 
the targeted receptor were able to internalize a greater 
mass of AuNPs compared with cells without the recep-
tor or when treated with nontargeted AuNPs [47–48,61,63–
72]. AuNPs targeted to mineral surfaces were shown to 
reach a saturation point in the surface density of AuNPs 
labeling mineral surfaces in vitro [32,73], similar to the 
saturation point observed for the nontargeted delivery 
of AuNPs to cells. Whether or not a similar saturation 
point exists for the targeted delivery of AuNPs to cells 
does not yet appear to be known.

Understanding the effects of the initial dose is particu-
larly important in vivo, as the initial dose not only affects 
the mass concentration delivered to the site of interest 
and resultant contrast enhancement, but also the mass 
concentration of AuNPs accumulated in other organs. 
In fact, one study has shown that the mass concentration 
of AuNPs in blood did not increase as the concentration 
of the administered dose increased, but the mass accu-
mulated in other organs did increase proportionally to 
the administered dose [74], which could be problematic 
for blood pool imaging applications. This adds further 
weight to the importance of dosing studies to determine 
the minimum effective dose for x-ray imaging.

Toxicity
Although a high mass concentration at the site of 
interest may be desired for contrast enhancement, the 
required dose of AuNPs could result in toxicity or other 
adverse side effects. In general, AuNPs are considered 
to be nontoxic based on a multitude of in vitro and 
in vivo studies, which are reviewed elsewhere [55,56]. In 
particular, studies investigating AuNPs as an x-ray con-
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Figure 5. Mean linear attenuation coefficient (μ) in 
Hounsfield units (HU) measured by micro-computed 
tomography at 45 and 70 kVp for chloroauric acid 
(HAuCl4) and gold nanoparticles with a mean diameter 
of 5, 13, 35 and 76 nm dispersed in distilled water at 
gold concentrations ranging from 0 to 54 mM (∼0 to 
10.6 mg/ml). Error bars show one standard deviation 
of the mean (n = 5 per data point). Error bars that 
are not shown lie within the data point. The x-ray 
attenuation of gold nanoparticles imaged at 45 kVp 
was significantly greater than the x-ray attenuation 
of the same gold nanoparticles imaged at 70 kVp 
(p < 0.0001, generalized linear model), as expected. 
However, the x-ray attenuation was not influenced 
by gold nanoparticle size (p > 0.85, generalized linear 
model). 
HAuCl4: Chloroauric acid; HU: Hounsfield unit.   
Data taken from [32].
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trast agent have shown AuNPs to be nontoxic in vitro 
at concentrations up to 500 mM (∼98.5 mg/ml) [20] 
and in vivo at doses up to 2700 mg/kg (Figure 7) [17,18]. 
However, it should be noted that very small AuNPs 
(1.9 nm) were used at the highest in vivo dose and were 
rapidly cleared by the kidneys [17,18]. AuNPs larger than 
1.9 nm were shown to be nontoxic in vivo at doses rang-
ing from 79 to 500 mg/kg while enabling successful 
contrast-enhanced imaging (Table 2).

Despite broad consensus on the low cytotoxic-
ity of AuNPs in vitro, a few less favorable reports in 
the literature give pause for caution. For example, 
AuNPs were shown to alter the in vitro cell morphol-
ogy of human dermal fibroblasts at a concentration of 
0.4 mM (∼0.08 mg/ml) [75]. Changes in the cellular 
cytoskeleton could impact cell proliferation, migra-
tion and adhesion. In addition, the number of cells 
undergoing apoptosis were reported to increase with 
increased AuNP concentration in vitro [76]. Whether 
these reports are outliers or causes for concern is not yet 
known. In a thorough review on the topic, Khlebtsov 
et al. [55] suggested that AuNPs are nontoxic in vitro as 
long as the concentration of AuNPs is below 1012 parti-
cles/ml, which corresponds to approximately 0.05 mM 
(∼0.01 mg/ml) for 10 nm AuNPs, approximately0.8 
mM (∼0.16 mg/ml) for 25 nm AuNPs, approximately 
6.4 mM (∼1.3 mg/ml) for 50 nm AuNPs, approxi-
mately 21.6 mM (∼4.3 mg/ml) for 75 nm AuNPs and 
approximately 51.3 mM (∼10.1 mg/ml) for 100 nm 
AuNPs (Figure 7).

In vivo cytotoxicity has not been rigorously evaluated 
within studies focused on the use of AuNPs as x-ray 
contrast agents. General investigations into the in vivo 
cytotoxicity of AuNPs have reported responses rang-
ing from no evidence of toxicity [74,77], to minor liver 
inflammation [78,79] to noticeable weight loss and early 
death in mice [80], all at doses below the range utilized in 
studies investigating AuNPs as an x-ray contrast agent 
(Figure 7). The varied responses suggest that the admin-
istered dose may not be the only factor determining the 
in vivo toxicity of AuNPs. There is evidence that the 
delivery route can also impact toxicity: oral and intra-
peritoneal delivery were reported to result in higher tox-
icity compared with intravascular delivery [77]. Further-
more, the AuNP size and surface chemistry may also 
directly affect the delivery of the administered dose and 
the in vivo performance of AuNPs, as discussed below.

Size & morphology
AuNPs of varying size and shape can be readily syn-
thesized using various methods, which are reviewed 
in detail elsewhere [81]. Therefore, AuNPs spanning a 
wide range of sizes and shapes have been investigated 
as x-ray contrast agents, heightening the importance of 

fundamental understanding for the effects of AuNP 
size and shape on functional performance.

Contrast enhancement
The size and morphology of AuNPs is well known to 
influence the absorption and scattering of visible light 
[82,83], which likely enticed researchers to investigate 
similar effects on x-ray absorption and scattering, but 
no such effect exists for x-ray imaging. Initial reports 
presented conflicting data, with one showing that the 
x-ray attenuation exhibited by smaller AuNPs (4 nm) 
was greater than larger particles (20, 40 and 60 nm) 
at the same concentration [36], and another showing 
no difference in x-ray attenuation between AuNPs of 
various sizes or shapes (spheres of ∼4, 6 and 25 nm, 
and rods of ∼30 nm diameter and ∼63 nm length) [84]. 
However, a recent report proved that x-ray attenuation 
is not influenced by AuNP size [32] by directly compar-
ing the x-ray attenuation of AuNPs over a wide range 
of mean particle diameters (5, 13, 35 and 76 nm), 
including aqueous solutions of chloroauric acid com-
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Figure 6. Schematic diagram showing critical effects 
of the mass concentration of gold nanoparticles on 
contrast enhancement and passive delivery to cells. 
(A) X-ray attenuation increases linearly with an increase 
in the mass concentration of AuNPs, as demonstrated in 
a number of imaging phantom studies (e.g., Figure 5). 
However, (B) the number or mass concentration of 
AuNPs delivered to cells in vitro is initially increased 
with an increase in the initial mass concentration or 
dose of AuNPs delivered, but reaches a saturation 
point (gray shading), where a further increase in the 
initial dose of AuNPs does not lead to a greater mass 
concentration of AuNPs delivered or additional contrast 
enhancement. 
AuNP: Gold nanoparticle; HU: Hounsfield unit; 
NP: Nanoparticle.  
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prising gold ions with atomic-scale dimensions, and a 
wide range of gold concentrations up to approximately 
50 mM (∼10 mg/ml; Figure 5). The x-ray attenuation 
of AuNPs and chloroauric acid solutions increased lin-
early with increasing gold concentration, as expected, 
but was independent of the particle diameter.

At the photon energy levels used in radiography 
and CT (10–140 keV), the x-ray attenuation of high 
atomic number elements is governed by photoelectric 
absorption due to differences in mass concentration, 
while scattering processes, which could be partially 
influenced by differences in specific surface area, are 
insignificant in comparison [19,43–44]. Thus, there 
should be no measurable effect of nanoparticle size 
on x-ray attenuation in x-ray absorption imaging sys-
tems. Any increase in x-ray attenuation with decreased 
AuNP diameter, such as that previously reported [36], 
is most likely to be due to colloidal instability. Col-
loidal instability of AuNP solutions comprising larger 
particle diameters results in a decreased mass concen-
tration in solution and thus artificially low x-ray atten-
uation, due to the linear relationship discussed above 
(Figures 5 & 6A). Therefore, investigators should always 
carefully characterize the colloidal stability of AuNPs 
in media, as discussed further below, and verify gold 
concentrations using spectroscopic techniques [32].

The morphology of AuNPs was also shown to have 
no effect on x-ray attenuation at an equal mass concen-
tration [84], as should be expected from the preceding 

discussion. However, various Au nanostructures and 
shapes (nanorods, nanoshells and nanocages, among 
others) have important utility in multifunctional 
applications, such as drug delivery and multimodal 
imaging [46,83,85]. For example, gold nanorods were 
used for simultaneous x-ray contrast and photothermal 
therapy, due to exhibiting a high absorption cross-sec-
tion in the near-infrared region [46]. The design of mul-
tifunctional nanoparticle systems is an emerging area 
of research with significant current activity focused on 
theranostic nanoparticle agents [86].

Although the size and shape of AuNPs does not 
affect the x-ray attenuation for a given mass concentra-
tion, size and shape can significantly impact the deliv-
ery of a high mass concentration and thus contrast 
enhancement at the site of interest. For example, larger 
AuNPs (38 nm) that were targeted to lymph nodes 
in vivo enabled greater x-ray contrast compared with 
smaller targeted AuNPs (28 nm) [23]. The effects of 
AuNP size and shape on in vivo delivery and targeting 
are discussed in detail below.

Deliverability
The size of AuNPs affects colloidal stability, blood 
retention time and biodistribution, all of which govern 
the delivery of AuNPs in vivo. The colloidal stability of 
AuNPs is typically assessed by monitoring dispersion 
in solution by measuring the hydrodynamic diameter 
using dynamic light scattering, the location of the sur-
face plasmon resonance peak using ultraviolet–visible 
spectroscopy and the ζ-potential (Figure 8). Each of 
these properties can also be measured over time and 
in response to changes in the in vitro environment 
(pH, temperature, medium and ionic strength) to 
investigate the potential for in vivo colloidal stability. 
Various media may include water, phosphate buffered 
saline and fetal bovine serum, among others. Colloi-
dal stability is typically more difficult to achieve with 
increased AuNP size [32,87–88]. In classical Derjaguin–
Landau–Verwey–Overbeek theory, colloidal stability 
is achieved when repulsive Coulomb forces (F

r
) exceed 

attractive van der Waals forces (F
a
) [89,90]. Attractive 

van der Waals forces are minimized with decreased 
particle diameter [87,89]. A systematic evaluation of 
AuNPs exhibiting various particle diameters with sur-
face chemistry held constant demonstrated that 20 and 
40 nm AuNPs were stable in physiologic media for over 
48 h, while 80 nm AuNPs aggregated by 24 h [88].

Blood retention times must be sufficiently long to 
ensure passive or targeted delivery of AuNPs to the site 
of interest [34,35]. Long blood retention times may also 
be desirable for extending the available imaging win-
dow compared with iodinated agents [34,35]. The renal 
system exhibits a 6 nm cutoff diameter for glomerular 
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filtration such that AuNPs less than this size are rapidly 
excreted through the kidney, typically within 5 min 
[18,91]. AuNPs larger than 10 nm have been detected 
in the blood 24 h after intravenous injection, indicat-
ing sufficient blood retention [92,93]. AuNPs with mean 
particle diameters of 15 and 50 nm exhibited greater 
retention in blood compared with 100 and 200 nm 
AuNPs after 24 h in mice [92]. However, another study 
reported that 100 nm AuNPs exhibited the greatest 
mass concentration in blood compared with 10, 50 
or 250 nm AuNPs after 24 h in rats [93]. Differences 
in surface functionalization most likely account for 
these seemingly confounding results. The latter study 
investigated citrate coated AuNPs [93], while the former 
study suspended AuNPs in a sodium alginate solution 
to aid dispersion [92]. In both studies, AuNPs were 
already accumulated in other organs by 24 h. There-
fore, differences in blood retention at this time point 

may not be critical for passive or targeted delivery. 
Thus, the blood retention time of AuNPs should be 
sufficient for adequate delivery as long as the diameter 
is greater than the glomerular filtration cutoff and the 
particles are stable in vivo.

The liver accumulates the highest concentration of 
AuNPs after intravenous delivery in vivo, regardless of 
the size of AuNPs [55]. Decreasing the size from approx-
imately 250 to 10 nm increased the overall distribution 
of AuNPs to other organs, including the spleen, lungs, 
heart, kidneys and brain [88,92–93]. Moreover, AuNPs 
of up to 20 nm in diameter have been shown to cross 
the blood–brain barrier [92,94], which has been hypoth-
esized to be due to a 20 nm gap formed between the 
astrocytic end-feet and capillary endothelium [95], but 
this has not been verified experimentally. However, 
no matter whether crossing the blood–brain barrier is 
viewed as a concern or desirable for targeted delivery 

Table 1. The effects of gold nanoparticle size on passive targeting to cells in vitro and active 
targeting to mineral substrate in vitro. 

Study (year)   AuNP size 
(nm)

Number of AuNPs/cell  ng AuNPs/cell†   AuNP description Ref. 

Passive targeting to HeLa cells        

Chithrani et al. 
(2006)

14 3·103 8.31·10-8 Citrate-stabilized 
AuNPs

[51] 

 30 4.5·103 1.23·10-6  

 50 ‡6·103 7.58·10-6  

 74 4·103 1.64·10-5  

 100 2·103 2.02·10-5  

Xu et al. (2010) 4 1·107 6.46·10-6 2-mercaptosuccinic 
acid-stabilized 
AuNPs

[36] 

 20 1·105 8.08·10-6  

 40 2·104 1.29·10-5  

 60 1·104 2.18·10-5  

Active targeting  
to mineral substrate 

Number of AuNPs/g 
mineral§   

mg AuNPs/g mineral

Ross et al. 
(2014)

5 9.3·1015 11.0 Bisphosphonate-
functionalized 
AuNPs

[32] 

 13 5.1·1014 11.3  

 35 7.0·1013 29.3  

 76 1.6·1013 62.5  
†The mass of AuNPs delivered per cell was estimated from the reported number of AuNPs per cell, assuming perfectly spherical, monosized 
AuNPs and the bulk density of gold (19.3 g/cm3).
‡Maximum values for the number and mass of delivered AuNPs are shown in italics. In each case, the largest AuNP size enabled delivery 
of the greatest mass concentration, but the smaller AuNP sizes enabled delivery of a greater number of AuNPs. Thus, since x-ray contrast 
is directly dependent on the mass concentration delivered and not the AuNP size, the metric for evaluating AuNPs as x-ray contrast agents 
should be the mass, and not the number of AuNPs delivered.
§The number of AuNPs delivered per mineral mass was estimated from the measured mass of AuNPs per mineral mass, assuming the mean 
particle dimensions and the bulk density of gold (19.3 g/cm3).
AuNP: Gold nanoparticle.
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to brain tissue, a distinction must be made between 
AuNPs that actually penetrate the blood–brain barrier 
and accumulate in the brain tissue versus AuNPs that 
are retained in the cerebral intravascular network [94].

Only a few relevant studies have investigated the 
effects of AuNP morphology on delivery and biodis-
tribution. Gold nanorods and nanoshells were shown 
to accumulate in the organs of the reticuloendothe-
lial system after intravascular delivery [96], similar to 
AuNPs. Gold nanorods were shown to accumulate 
more rapidly in cells than AuNPs in vitro [51], which 
may be important for multimodal applications, such 
as drug delivery.

Targeting
AuNP size affects targeting or localization to the site 
of interest. A number of studies have investigated 
the influence of AuNP size on in vitro cellular inter-
nalization [36,51,97–98]. AuNPs can be internalized 
by cells through phagocytosis, micropinocytosis or 

receptor-mediated endocytosis [52]. The specific route 
for internalization is dependent on the surface chem-
istry, which will be discussed below, more than the 
AuNP size. However, receptor-mediated endocytosis 
of AuNPs was shown to be governed by the size of 
AuNPs. AuNPs with a 50 nm mean particle diameter 
were internalized at a faster rate compared with smaller 
(15 or 30 nm) and larger (74 or 100 nm) AuNPs, 
resulting in a greater number of AuNPs per cell [51]. 
However, it is also important to note that, for the tar-
geted delivery of AuNPs as an x-ray contrast agent, the 
distinction between cellular internalization versus sur-
face receptor binding may not be as critical compared 
with drug delivery applications.

The most important consideration of size in the 
targeted delivery of AuNPs as an x-ray contrast agent 
is to enable delivery of the greatest possible mass con-
centration of AuNPs to the site of interest, since x-ray 
attenuation is primarily dependent on mass concen-
tration and not nanoparticle size. For example, the 

Table 2. Summary of doses and toxicity for in vivo investigations of gold nanoparticles as an x-ray contrast agent.

Study (year)  AuNP dose 
(mg/kg) 

AuNP size 
(nm)

Surface Model Delivery 
method  

Contrast 
enhancement

Toxicity Ref.

Hainfeld et al. 
(2004)

2700, 1350 1.9 Citrate Mouse iv. Tumor None, 
≤12 months

[17]

Hainfeld et al. 
(2006)

2700 1.9 Citrate Mouse iv. Tumor and 
vasculature

None, 
≤12 months

[18]

Cai et al. (2007) 492†  10 PEG Mouse iv. Vasculature None, 
≤6 months‡  

[34]

Guo et al. 
(2010)

492†  2–4 Acetylate 
dendrimer

Mouse iv. Vasculature None, 
immediately 
after delivery

[37]

Peng et al. 
(2011)

394†  2–3 Acetylate 
dendrimer

Mouse iv. Vasculature None, 
immediately 
after delivery

[42]

Peng et al. 
(2012)

393, 315†  2–4 PEG dendrimer Mouse, 
rat

iv. Vasculature None [57]

Kim et al. 
(2007)

133, 233† 
  

30 PEG Rat iv. Heart and liver 
tumor

None, 
≤1 month

[35]

Alric et al. 
(2008)

120† 
24, 72†

2.4 Gd chelate Mouse 
Rat

iv. Vasculature None, 
≤6 weeks

[58]

Boote et al. 
(2010)

86–99 20 Gum arabic Pig iv. Liver and spleen None§  [59]

Cole et al. 
(2014)

80 13 Bisphosphonate Mouse imam. Microcalcifications None [60]

Peng et al. 
(2013)

79† 
  

3.1 Folic acid, PEG 
dendrimer

Mouse ip., iv. Tumor None¶  [61]

†Dose estimated from reported methods assuming 25 and 250 g body weights for mice and rats, respectively.
‡No evidence of inflammatory cell infiltration, cell swelling or tissue necrosis among the nine organs evaluated.
§No abnormalities detected during inspection of the dissected liver and spleen.
¶No morphological changes in the heart, lungs, liver, spleen, kidneys or intestines upon histological evaluation 1 month after delivery.
imam.: Intramammary; ip.: Intraperitoneal; iv.: Intravenous.
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Figure 7. Summary of published data for the toxicity 
of gold nanoparticles. Studies are grouped by 
investigations on (A) cells in vitro and (B) animals 
in vivo, showing the range of Au concentrations and 
administered doses, respectively, examined by contrast-
enhanced x-ray imaging studies versus toxicity-focused 
studies. There have been no observations of toxicity at 
the concentrations or doses of Au nanoparticles used 
for successful contrast-enhanced x-ray imaging, but 
these concentrations or doses are also typically greater 
than those investigated in toxicity-focused studies, 
suggesting a disconnect and the need for further study.  
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mass of gold delivered to cells and the number AuNPs 
per cell can be calculated assuming perfectly spheri-
cal, monosized AuNPs and the bulk density of gold 
(19.3 g/cm3). In two noteworthy studies investigating 
the effects of AuNP size on passive delivery [36,51], the 
maximum gold mass delivered per cell occurred at the 
largest particle size, while the maximum number of 
AuNPs delivered per cell occurred at a smaller particle 
size (Table 1). Therefore, the metric for the delivery of 
AuNPs as x-ray contrast agents should be the mass of 
gold delivered per cell, not the number of AuNPs per 
cell. This size effect has also been measured quantita-
tively for the active targeting of AuNPs to a noncellular 
inorganic substrate by comparing the binding affinity 
of differently sized AuNPs using Langmuir adsorp-
tion isotherms [32]. Larger AuNPs (76 nm) exhibited 
a greater binding affinity for the substrate compared 
with smaller AuNPs (5, 13 or 35 nm), resulting in a 
greater mass of AuNPs delivered per substrate mass 
despite a smaller number of AuNPs delivered per 
substrate mass (Table 1).

The localization of AuNPs within a tumor mass 
in vivo is highly dependent on AuNP size due to a 
100–200 nm diameter of transvascular pores and fen-
estrations [91]. Therefore, AuNPs should be smaller 
than 100 nm for passive or active tumor targeting. 
Passively targeted AuNPs exhibited greater tumor 
uptake when 20 nm in size compared with either larger 
(40–80 nm) or smaller (4 nm) AuNPs [88]. However, 
another study reported that 20 nm AuNPs exhibited 
the lowest tumor accumulation compared with 40, 60, 
80 and 100 nm AuNPs [99]. The discrepancy in these 
two studies is most likely due to differences in surface 
functionalization resulting in rapid blood clearance of 
the 20 nm AuNPs compared with the other sizes in the 
latter study [99], which will be discussed in the surface 
functionalization section.

Toxicity
AuNPs of less than 2 nm in size are more likely to 
induce toxicity than larger AuNPs (≥3 nm) [55–56,100–
102], due to the ability of nanoparticles of less than 
2 nm in size to irreversibly bind to biomolecules, 
including DNA [102]. AuNPs of greater than 3 nm in 
size are considered to be nontoxic in vitro and in vivo 
[55,56]; however, long-term toxicity is dependent on the 
accumulation of AuNPs in specific organs. Recall that 
10–20 nm AuNPs exhibit the broadest biodistribution, 
resulting in more organs being exposed to AuNPs. On 
the other hand, larger AuNPs enable the delivery of 
a greater mass concentration but lower number of 
nanoparticles. Thus, systemic evaluations of the long-
term toxicity of various sized AuNPs are needed at 
both the cellular and tissue level. Moreover, emphasis 

should be placed on evaluating potential liver toxicity, 
due to the liver exhibiting the greatest accumulation of 
AuNPs, regardless of size.

Gold linkages for surface functionalization
A significant advantage of AuNPs compared with 
other nanoparticles is their facile molecular surface 
functionalization [81] to promote colloidal stability and 
enable active targeting. Thiol [103–106], amine [103,107–
109], disulfide [110,111], carboxylate [112] and phosphine 
[103,109,113–114] ligands, among others, have been used 
to form linkages with AuNP surfaces. Amine ligands 
are water soluble, form weak covalent bonds with gold 
and enable direct conjugation of amino acids for pos-
sible bioconjugation [107–109,115]. AuNPs of extremely 
small size (1–1.9 nm) can be synthesized with great 
control using phosphine ligands [113]. However, thiol 
ligands have been most widely used due to their strong 
covalent bonding with gold (30–40 kcal/mol) [116,117].

Giersig and Mulvaney introduced AuNP stabi-
lization with alkanethiols, demonstrating that the 
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Figure 8. Common methods for characterizing the size and colloidal stability of gold nanoparticles. (A) TEM 
is used to measure the physical particle size, morphology and size/morphology distributions. (B) DLS is used to 
measure the hydrodynamic particle diameter. (C) The surface charge or ζ-potential is measured using DLS and 
other techniques. For example, AuNPs surface functionalized with poly-L-lysine (black) and 6-amino-1-hexanethiol 
(gray) exhibit significant differences in the isoelectric point (dashed lines). Error bars show one standard deviation 
of the mean and error bars that are not shown lie within the data point. (D) UV-vis is used to measure the SPR 
peak, which is indicative of size, shape and aggregation. Note that DLS and UV-vis are particularly useful for 
investigating the effects of time, pH, medium and surface functionalization, as shown. 
AuNP: Gold nanoparticle; DI H2O: Distilled water; DLS: Dynamic light scattering; FBS: Fetal bovine serum; 
PBS: Phosphate-buffered saline; SPR: Surface plasmon resonance; TEM: Transmission electron microscopy; 
UV-vis: Ultraviolet–visible spectroscopy.  
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spacing between monolayers of AuNPs was depen-
dent on the length of the alkanethiol [104]. Subse-
quently, the Brust method for single-phase synthesis 
of thiol-stabilized AuNPs significantly impacted the 
field due to the ease of synthesizing thermally stable 
and air-stable AuNPs that could be dried and redis-
persed in a range of solvents [105,106]. The thiol–gold 
bond strength and molecular structure is well char-
acterized on bulk gold surfaces with the formation of 
self-assembled monolayers [116]; however, the chemi-
cal stability of ligands on the highly curved surfaces 
of AuNPs likely differs from the bulk properties. 
For amine–gold linkages, a finite number of amine 
ligands were able to be adsorbed onto the surface 
of AuNPs, and the ligand density decreased with 
increased AuNP diameter [107].

Dendrimers provide another approach for linking 
molecules to AuNPs. Poly(amidoamine) dendrimers 

have been most commonly used and act as templates 
for forming dendrimer-entrapped AuNPs systems 
[118–120]. Dendrimer-entrapped AuNPs can be further 
surface functionalized through the modification of the 
dendrimer molecules for improved cytocompatibil-
ity [42,121], colloidal stability [57] and active targeting 
[61,71,122–123]. The advantages of dendrimer-entrapped 
AuNPs include colloidal stability over a wide range 
of environmental conditions (pH, ionic strength and 
temperature) due to the protective dendrimer arms, 
and the ability to conjugate known quantities of bio-
molecules on the terminal arms of the dendrimers 
[81]. Dendrimer-entrapped AuNPs may have greater 
potential for cytotoxicity due to the positively charged 
amine-terminated arms of poly(amidoamine) den-
drimers, although acetylation has been used to neu-
tralize the charge and reduce toxicity [121]. The AuNP 
size in dendrimer-entrapped systems used as x-ray 
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contrast agents has been quite small (≤8 nm) [37–

38,40,42,57,61,71,121–125], with no indication of whether or 
not larger AuNPs could be used to deliver a greater 
mass concentration and no measurements of the 
hydrodynamic particle diameter. Finally, note that the 
use of dendrimer-entrapped AuNPs as x-ray contrast 
agents was not distinguished from other AuNP sys-
tems elsewhere in this article, since the design of these 
soft nanoparticles [126] involves the same key structural 
characteristics (Figure 3).

Surface functionalization
Many different types of molecules can be attached to 
the surface of AuNPs, using the linkages described 
above, in order to improve colloidal stability and enable 
active targeting. Surface functionalization of AuNPs 
with PEG has been the most widely studied. The addi-
tion of PEG onto AuNP surfaces improves colloidal 
stability by reducing the nonspecific adsorption of 
serum proteins and preventing agglomeration through 
steric interactions of the PEG brushes [127]. Other mol-
ecules that have been investigated for improving col-
loidal stability include gum arabic [59,128], polyacrylic 
acid [63], polysaccharides [20,48] and polyvinyl alcohol 
[32,73,84,129–131]. AuNPs have been surface functional-
ized with peptides [21,72], antibodies [23,47,63–64,69–70], 
saccharides [20,48,66–67], lipoproteins [22,132] and numer-
ous small molecules [32,61,71,73,122–123,125,129–131] for 
active targeting. Molecular ligands can be strategically 
chosen for target-specific binding to a site of interest, 
including cancerous cells or tumors [21,33,47–48,61,63–

72,122–125], the liver [20], lymph nodes [23], atherosclerotic 
plaque [22] and bone or mineral deposits [32,60,73,129–131]. 
Active targeting to a site of interest enables specific 
contrast enhancement (Figure 9). AuNP surfaces can 
also be functionalized with combinations of molecules 
designed for promoting both colloidal stability and 
active targeting capabilities [20,23,47,61,64,69,133].

Deliverability
Surface functionalization affects the deliverability of 
AuNPs through improved colloidal stability, longer 
blood retention and a wider biodistribution compared 
with bare AuNPs. The stability of citrate-stabilized 
AuNPs is dominated by repulsive electrostatic forces 
between the equally charged citrate molecules present 
near the surface [89]. However, these repulsive forces 
can be shielded due to the ionic strength of the physio-
logical media, resulting in agglomeration due to attrac-
tive van der Waals forces [53,55,89]. In addition, changes 
in pH can alter the surface charge of AuNPs and lead 
to agglomeration [90,134]. Therefore, additional surface 
modification is necessary in order to stabilize AuNPs 
through means other than electrostatic interactions. 

PEG improves stability through steric effects [135], as 
evidenced by a shift in ζ-potential to a more neutral 
charge compared with the highly negative charge of 
citrate-stabilized AuNPs [88,136]. The steric stabiliza-
tion of PEGylated AuNPs enables in vitro colloidal 
stability in solutions of high ionic strength and over a 
wide range of pH and temperature [57,61,88,125,133].

PEGylation increases the blood half-life of AuNPs 
in vivo [91]. When injected into the bloodstream, bare 
AuNPs are quickly marked by opsonin proteins for 
phagocytosis by macrophages [137]. Rapid blood clear-
ance dramatically reduces the utility of AuNPs as an 
x-ray contrast agent by limiting the mass concentra-
tion that is able to reach the site of interest. Therefore, 
preventing opsonization of AuNPs is critical, and one 
strategy is to coat the surface with a polymer, such 
as PEG, which blocks electrostatic or hydrophobic 
interactions with serum proteins [137]. A longer half-
life can be achieved with increased PEG chain length. 
For example, 18 nm AuNPs coated with 2 kDa PEG 
molecules exhibited a half-life of approximately 4 
h compared with approximately 51 h with 10 kDa 
PEG molecules [91,99]. For reference, a clinically avail-
able iodine-based contrast agent, Ultravist® (Bayer 
Healthcare, NJ, USA), exhibits a blood half-life of 
<10 min [35,49].

An increased retention time is advantageous not 
only for blood pool imaging, but also for passive and 
active targeting. For blood pool imaging applica-
tions, enhanced vascular retention increases the avail-
able imaging window, which is a known limitation 
of iodine-based contrast agents [49]. Both passive and 
active targeting rely on the accumulation of AuNPs 
within the site of interest, whether nonspecific or spe-
cific, respectively. Accumulation is dependent on suf-
ficient circulation of AuNPs in the bloodstream [91], as 
well the kinetics of the dynamic exchange of AuNPs 
being taken up by cells/tissues and cleared back into 
the bloodstream [138]. The longer that AuNPs can 
circulate without being removed from the blood-
stream by macrophages, the greater the likelihood of 
accumulation at the site of interest.

The overall biodistribution of surface-functionalized 
AuNPs is also dependent on improved colloidal stabil-
ity and increased vascular retention. Surface-function-
alized AuNPs are more widely distributed compared 
with bare AuNPs due to a longer blood half-life [91], 
although the effects of AuNP size must also be con-
sidered, as discussed above. The surface functionaliza-
tion of AuNPs was initially intended to decrease the 
accumulation of AuNPs in the liver and increase accu-
mulation within the site of interest through passive or 
active targeting. However, the largest accumulation 
of surface-functionalized AuNPs is still in the liver or 
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Figure 9. 2D slices and 3D computed tomography 
reconstructions showing microcalcifications in murine 
mammary glands (white arrows) before and 48 h 
after intramammary delivery of bisphosphonate-
functionalized gold nanoparticles in vivo. BP-
AuNPs enabled contrast-enhanced detection of 
microcalcifications (red arrows) due to specific binding 
interactions, retention in the microcalcification site and 
clearance from the contralateral control site [60]. 
BP-AuNP: Bisphosphonate-functionalized gold 
nanoparticle.  
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spleen, although surface functionalization appears to 
increase the time required for AuNPs to accumulate in 
these organs [21,55].

Targeting
Surface functionalization is a powerful tool to enable 
passive or active targeting of AuNPs to a site of inter-
est. The most commonly investigated site of interest 
has been tumors. Passive targeting relies on the ‘leaky’ 
vasculature of tumors and the enhanced permeability 
and retention effect for the accumulation of AuNPs in 
a tumor [26]. AuNPs can escape vessels and enter the 
tumor through transvascular pores formed by a distor-
tion of the endothelial layer of blood vessels feeding 
the tumor. Surface-functionalized AuNPs increase the 
blood circulation time, which increases the probability 
of AuNPs accumulating within a tumor [91]. Passive tar-
geting of surface-functionalized AuNPs to tumor xeno-
grafts resulted in an approximately two-fold increase in 
the x-ray attenuation of the tumor compared with before 
the delivery of AuNPs [35,57,69,136].

Many in vitro studies have shown that actively tar-
geted AuNPs are internalized by cells that are positive 
for the receptor in greater amounts compared with non-
targeted AuNPs [61,63,66–67,69,71–72,125] or when incubated 
with cells that lack the receptor [47–48,61,64,68,125]. Actively 
targeted AuNPs have also exhibited site-specific accu-

mulation and enabled contrast-enhanced radiographic 
imaging in vivo (Table 3). For example, EGFR-targeted 
AuNPs enabled a 5.6-fold greater contrast enhancement 
compared with nontargeted AuNPs in tumors [69]. Hep-
arin-functionalized AuNPs enabled 12.6- and 3.2-fold 
increases in the x-ray attenuation of the liver compared 
with saline or iodine, respectively, due to the specificity 
of heparin for Kupffer cells [20]. Thus, targeted AuNP 
x-ray contrast agents provide a means to utilize CT for 
molecular imaging. Molecular imaging is the visual-
ization of molecular processes through the use of bio-
markers. Current molecular imaging techniques utilize 
PET, SPECT, optical imaging (e.g., fluorescence and 
bioluminescence, among others) and MRI. However, 
the surface functionalization of AuNPs for active tar-
geting could enable a transformational shift in CT from 
an anatomic imaging modality to a combined anatomic 
and molecular imaging modality.

Toxicity
The effect of surface functionalization on toxicity is 
related to the altered biodistribution of surface-function-
alized AuNPs compared with bare AuNPs. However, as 
mentioned previously, the majority of AuNPs adminis-
tered in vivo accumulate in the liver. A goal of active tar-
geting is to reduce the accumulation of AuNPs in non-
targeted organs. Unfortunately, this goal has not been 
realized for the intravascular delivery of targeted AuNPs. 
For example, targeted AuNPs exhibited improved tumor 
accumulation compared with nontargeted AuNPs, but 
the accumulated mass of AuNPs delivered to the site of 
interest was still an order of magnitude lower than that 
in the liver or spleen [91]. Localized delivery (e.g., intra-
tumoral and intramammary) has notably improved the 
accumulation in the site interest relative to other organs 
[60,71–72,139] and may offer an alternative means for deliv-
ering the necessary mass concentration to the site of 
interest while reducing liver accumulation.

Conclusion & future perspective
Over the last decade, there has been significant progress 
in the design of AuNP x-ray contrast agents to meet 
the necessary functional requirements (Figures 2 & 3) 
for blood pool imaging, passive targeting and active 
targeting applications (Figure 1). However, there is still 
much work to be done if AuNP x-ray contrast agents are 
to be clinically translated. Current x-ray imaging tech-
niques provide high spatial and temporal resolution, but 
lower sensitivity compared with PET and MRI, and 
no ability for molecular imaging. Therefore, efforts to 
improve sensitivity should continue to focus not only 
on improvements in instrumentation (e.g., dual-energy 
CT and spectral CT) and reconstruction algorithms, 
but also new and optimized x-ray contrast agents. Stud-
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Table 3. Chronological summary of investigations reporting contrast enhancement (ΔHU) by actively targeted gold 
nanoparticles in vivo.

Study (year)  AuNP 
size (nm)

Surface 
functionalization

AuNP dose 
(mg/kg)

Delivery 
route

Target ΔHU†  Time 
point 
(h)

Ref.

Sun et al. 
(2009)

20 Heparin 250 iv. Liver 447 vs PEG control 2 [20]

Chanda et al. 
(2010)

16–18 Bombesin 12‡ 
  

ip. Prostate tumor 
cells

150 vs predelivery 1 [21]

Cormode et 
al. (2010)

3.1 High-density lipid 500 iv. Atherosclerotic 
plaque 
 

Detectable vs 
iodine and calcium 
phosphate

24 [22]

Eck et al. 
(2010)

28 
38

Anti-CD4-PEG 56‡ iv. Lymph nodes 35 vs PEG control 
55 vs PEG control

1 
48

[23]

Hainfeld et al. 
(2011)

15 Anti-HER-PEG 1100 iv. HER2+ tumor 8.3 vs 6.2% ID for 
HER2- tumor control

20 [47]

Reuveni et al. 
(2011)

30 Anti-EGFR-PEG 200‡ 
  

iv. Skin tumor 112 vs PEG control 6 [69]

Peng et al. 
(2013)

3.1 FA–PEG–DEN 79‡ 
  

it., ip. HeLa cell tumor 20 vs PEG–DEN 
control

6 [61]

Wang et al. 
(2013)

3.1 FA–DEN 79‡ 
  

ip. 
iv. 
it.

Lung cancer cells 20 vs predelivery 
25 vs predelivery 
150 vs predelivery

6 [71]

Liu et al. 
(2013)

6.5 FA–DEN 92‡ 
  

iv. HeLa cell tumor 10 vs DEN control 1 [123]

Chen et al. 
(2013)

4.0 FA–PEG–Gd–DEN 158‡ 
  

iv. HeLa cell tumor 60 vs PEG–Gd–DEN 
control

24 [125]

Sun et al. 
(2014)

20 Glycol chitosan 200‡ 
  

it. Colon cancer cells Δμ = 1.222 cm-1 vs 
heparin

2 [48]

Shilo et al. 
(2014)

20 Insulin–PEG 240 iv. Insulin receptors in 
the brain

5 vs 0.5% ID for PEG 
control

2 [94]

Cole et al. 
(2014)

13 Bisphosphonate 80 imam. Microcalcifications 135 vs no microcal 
65 vs predelivery

48 [60]

†The maximum ΔHU for each study is reported, but most reported contrast for more than one control group and multiple time points.
‡Dose estimated from reported methods assuming 25- and 250-g body weights for mice and rats, respectively.
AuNP: Gold nanoparticle; DEN: Dendrimer; EGFR: EGF receptor; HU: Hounsfield unit; FA: Folic acid; Gd: Gadolinium; ID: Injected dose; imam.: Intramammary; 
ip.: Intraperitoneal; it.: Intratumoral; iv.: Intravenous; μ: linear x-ray attenuation coefficient (cm-1).

ies comparing different x-ray contrast agents must take 
care to consider the effects of the x-ray source energy 
spectra relative to contrast agent absorption edges 
(Figure 4) and potential differences in mass concentra-
tion due to differences in colloidal stability and deliv-
ery. Considering these effects, AuNPs are a promising 
x-ray contrast agent for CT and mammography.

The most critical factor governing contrast enhance-
ment is the mass concentration of AuNPs delivered 
and retained at the site of interest. Therefore, future 
research should focus on improving the in vivo delivery 
and targeting of AuNPs to the site of interest. Sim-
ply increasing the administered dose does not guar-
antee accumulation of a higher mass concentration of 

AuNPs at the site of interest [74]. Once active receptors 
or the targeted substrate become saturated, the increase 
in mass concentration delivered with increased initial 
dose diminishes (Figure 6) [32,36,51]. However, this effect 
is not well understood, especially for the targeted deliv-
ery of AuNPs, and should be a focus for fundamen-
tal research. An increased dose is also more likely to 
cause adverse side effects, including toxicity [55]. There 
appears to be a growing consensus regarding the low 
cytotoxicity of AuNPs in vitro, but there has been lim-
ited rigorous evaluation of the in vivo cytotoxicity of 
AuNP x-ray contrast agents (Figure 7 & Table 2), partic-
ularly for the liver and spleen, which typically accumu-
late the highest concentrations of AuNPs after delivery 
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[55]. Therefore, dosing studies are critical for determin-
ing the minimum dose required to enhance contrast 
without inducing cytotoxicity in a given application 
and model.

The size and surface chemistry of functionalized 
AuNPs do not have a direct effect on contrast enhance-
ment (Figure 5), but are critical for delivery, targeting 
and toxicity. The AuNP size should be greater than 
approximately 3 nm for nontoxicity [100–102], greater 
than approximately 6 nm to avoid renal filtration [18,91] 
and achieve a sufficient blood retention, and less than 
the diameter of transvascular pores (∼100 nm) for pas-
sive or active tumor targeting [91]. Decreased AuNP size 
generally results in a broader biodistribution to nontar-
geted organs and tissues [88,92–93], while increased size 
enables the delivery of a greater mass concentration but 
lower number of AuNPs per targeted cell or substrate 
(Table 1). Evaluations of AuNPs as x-ray contrast agents 
should use the mass concentration, and not the num-
ber of AuNPs delivered per targeted cell or substrate 
as the figure of merit. Thus, the AuNP size for x-ray 

contrast agents should be as large as possible in order 
to maximize the delivered mass concentration, but not 
too large so as to compromise colloidal stability, blood 
retention, cellular uptake or targeting.

The facile surface functionalization of AuNPs pro-
vides a seemingly unlimited toolbox for manipulat-
ing colloidal stability and targeted delivery. PEGylated 
AuNPs have been most commonly utilized for achiev-
ing robust colloidal stability in physiological media 
through steric stabilization and extending the blood 
retention time for imaging and delivery [91,127,135]. Vari-
ous molecular ligands have enabled targeted delivery 
and contrast enhancement at sites of interest, including 
cancerous cells or tumors, organs and mineral deposits 
(Table 3). On the other hand, surface functionalization 
strategies have not yet solved the challenge of decreasing 
the nontargeted accumulation in organs such as the liver 
and spleen while increasing accumulation within the 
targeted site of interest. Surface-functionalized AuNPs 
have the potential to be the enabling technology for 
molecular imaging with CT (Figure 9), but concerted 

Executive summary

Background 
•	 Computed tomography enables 3D anatomic imaging at high spatial resolution, but requires delivery of an 

x-ray contrast agent in order to distinguish tissues with similar or low x-ray attenuation.
•	 Gold nanoparticles (AuNPs) have gained recent attention as an x-ray contrast agent due to exhibiting high 

x-ray attenuation, nontoxicity and facile synthesis and surface functionalization for colloidal stability and 
targeted delivery.

•	 Design of AuNPs is achieved by strategically controlling key structural characteristics (composition, 
mass concentration, size, shape and surface functionalization) for optimized properties and functional 
performance.

Composition
•	 The composition of an x-ray contrast agent governs x-ray attenuation at a given photon energy level and 

therefore the ability to provide contrast enhancement.
•	 Materials or tissues with high atomic numbers and bulk densities, such as gold, generally absorb more x-rays.
•	 AuNPs have provided significantly greater x-ray attenuation compared with iodine at low (40–60 kVp) tube 

potentials and especially above the gold K-edge at the high (100–140 kVp) tube potentials that are relevant to 
clinical computed tomography.

Mass concentration
•	 X-ray attenuation increases with mass concentration; therefore, delivery of a larger mass concentration of 

AuNPs to the site of interest will increase contrast enhancement.
Size & morphology
•	 The size and shape of AuNPs does not directly affect x-ray attenuation, but does influence the delivery of a 

high mass concentration and thus contrast enhancement at the site of interest.
•	 The AuNP size for x-ray contrast agents should be as large as possible in order to maximize the delivered mass 

concentration, but not too large so as to compromise colloidal stability, blood retention, cellular uptake or 
targeting.

Surface functionalization
•	 Facile synthesis and molecular surface functionalization to promote colloidal stability and enable active 

targeting is a significant advantage of AuNPs compared with other nanoparticles.
•	 A nearly limitless variety of molecules can be attached to the surface of AuNPs, commonly using thiol, amine, 

disulfide, carboxylate and phosphine ligands to form linkages with AuNP surfaces.
•	 The most widely studied modification has been the surface functionalization of AuNPs with PEG for colloidal 

stability.
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research and development efforts will be required in 
order to meet this goal.
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