
403

Theranostic Gold Nanoparticles  
for CT Imaging

Tamar Dreifuss, Eran Barnoy, Menachem Motiei, and Rachela Popovtzer

1  �Introduction

One of the major aims in nanomedicine is the ability to perform multiple functions 
using the same nanovehicle, that is, the ability to achieve both therapeutic and diag-
nostic imaging capabilities using only a single nanoparticle. The unique physical and 
optical properties of gold nanoparticles (GNPs), along with the well-known biosafety 
of gold [1], make GNPs ideal candidates for various biomedical applications, includ-
ing imaging, therapy, and diagnostic systems. So far, GNPs have been utilized for 
various therapy applications, such as drug delivery, phototherapy, and radiotherapy, 
and as a contrast-enhancing agent for computed tomography (CT) and other imaging 
modalities [2–11]. The wide applications of GNPs and their potential for clinical 
implementation, as well as the high flexibility in terms of size and shape and the abil-
ity to attach multiple types of ligands to their surfaces, have led to varying schemes 
for developing multifunctional GNPs, with multiple capabilities within a single plat-
form [2, 12, 13]. Compared with other methods, treatment plans involving the use of 
multifunctional nanoparticles hold the promise of more accurately targeted treat-
ment, with a higher likelihood of a successful outcome. It is this multipronged 
approach on which many studies have been anchored, since it addresses many issues 
usually associated with the most aggressive aspects of disease, including multidrug 
resistance, radioresistance, and recurrence of tumors. Therefore, GNPs have high 
potential to become the next generation theranostic agents for cancerous diseases. 
A schematic diagram of potential multifunctional gold nanoparticles for theranostic 
applications is presented in Fig. 1. This chapter discusses the main approaches for the 
use of GNPs for both therapy and imaging applications, focusing on multifunctional 
gold nanoparticles for theranostic applications involving CT imaging.
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2  �Gold Nanoparticles as CT Contrast Agents

2.1  �Physical Properties

X-ray based CT is among the most convenient imaging/diagnostic tools in hospitals 
today in terms of availability, efficiency, and cost. CT provides superior visualiza-
tion of bone structures due to the inherent contrast between electron-dense bones 
and the more permeable surrounding soft tissues. CT, however, is limited in distin-
guishing between different soft tissues that have similar densities [14]. CT contrast 
agents were introduced in order to improve vascular contrast and to enable better 
delineation of soft tissue structures with similar or identical contrast properties.

Different tissues provide different degrees of X-ray attenuation, according to Eq. (1):

	
I I e x= -

0 	 (1)

where I0 is the incident X-ray intensity, I is the transmitted X-ray intensity, x is the 
thickness of the absorber medium, and μ is the mass attenuation coefficient. The 
most dominant factor impacting the mass attenuation coefficient is the photoelectric 
effect, which is proportional to the third power of the atomic number of the material 
(Z3). Therefore, in order to provide good contrast in CT images, the key factor in the 
selection of CT contrast agents is high atomic number materials.

Fig. 1  Schematic diagram of multifunctional gold nanoparticles (GNPs). Multifunctional GNPs 
can be prepared by either combining metals with different functionalities or combining functional 
small-molecules through different surface engineering strategies
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Present CT contrast agents are predominantly based on iodine containing mole-
cules, which are effective in absorbing X-rays (Z = 53). However, the atomic number 
of gold (Z = 79) is much higher than that of iodine, and therefore gold can induce 
stronger X-ray attenuation [15]. The ability of gold to induce high CT contrast was 
first demonstrated, inadvertently, by Wilhelm Roentgen, in the first medical imaging 
(Fig. 2). In addition, while iodine containing molecules allow only very short imag-
ing times due to rapid clearance by the kidneys, and are nonspecifically targeted 
because they cannot be conjugated to most biological components or cancer mark-
ers, GNPs can be designed so as to overcome biological barriers and to remain 
confined to the intravascular space for prolonged times [16–18]. In addition, their 
strong binding affinity toward thiol, disulfide, and amine groups, enables binding 
with various targeting agents. Therefore, GNPs are ideal candidates for CT contrast 
agents. Another advantage of GNPs is their ability to be fabricated in a variety of 
shapes and sizes, using simple wet-laboratory techniques. Note that for CT imaging 
the total amount of gold per unit volume (voxel) is the only important parameter 
regardless of the shape of the particles.

Fig. 2  First ever medical 
X-ray image (1895) taken 
by Roentgen. “Hand with 
Ring” print of Wilhelm 
Roentgen’s first “medical” 
X-ray, taken on 22 
December 1895. It 
dramatically showed the 
bones of his wife’s fingers; 
however the real size of her 
finger’s soft tissue could be 
garnered from the clearly 
visible gold ring on her 
finger. Radiology 
Centennial, Inc. 
copyrighted in 1993
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The high-Z nanoparticle contrast agents could also address the important issue of 
relatively high radiation exposure of CT. The new generation CT contrast agents 
that are based on high atomic number materials, such as gold and bismuth, have a 
great potential not only because of their ability to produce contrast higher than con-
ventional iodine-based contrast agents, but even more importantly, because of the 
possibility to lower the overall radiation exposure to patients.

Low-to-middle X-ray photon energy (25–120 keV) is used for diagnostic radiol-
ogy, producing significant contrast between bone and other tissues, resulting in high 
quality CT images. However, since most of this energy is being absorbed, it exposes 
the patient to a high dose of radiation. Since the higher energy photons in the energy 
spectrum produced by the X-ray tubes have a much lower interaction cross section 
for soft tissue than the nanoparticles, it is possible that filtering lower energies of the 
X-ray spectrum will lead to lower absorbed radiation dose to the patient. The uptake 
pattern of these particles can be visualized as distinct contrast relative to their soft 
tissue background [14]. Therefore, high-Z nanoparticles as contrast agents may per-
mit CT imaging at lower patient doses, with better sensitivity and good specificity.

Spectral CT (popularly referred to as multicolor CT) is a new promising technol-
ogy that enhances the traditional CT images by using simultaneously different 
energy settings, which enable the differentiation of materials, based on their energy-
related attenuation profiles. The concept of spectral CT exploits the K-edge discon-
tinuity in the photo-electric component of X-ray absorption [19]. Gold has K-edge 
values within the X-ray energy bandwidth of CT, and thus is an excellent candidate 
as contrast agents for spectral CT [20]. Several studies have demonstrated that 
spectral CT can accurately distinguish GNP-based contrast agents from an iodin-
ated contrast agent, tissue, or calcium-rich matter [21–23].

Another important parameter, and indeed a major challenge in the implementa-
tion of high-Z contrast agents—lies in the relatively low sensitivity of the CT to the 
contrast agents’ concentration. For example, for MRI contrast agents, proton relax-
ation must be altered, requiring agents that can perturb the local magnetic field 
around the proton. The perturbing field in MRI of a super-paramagnetic particle is 
effective at up to 50-times its diameter, and therefore influences water protons in 
several cell layers around its location [24]. This phenomenon results in sensitivity 
of the MRI to micromolar contrast agents’ concentration [25]. By contrast, CT con-
trast agents lack such an amplification ability. CT is sensitive to millimolar contrast 
agent concentrations; therefore, in order to induce sufficient contrast in the desired 
organ, a much larger amount of high-Z molecules is needed, since the CT contrast 
is linearly proportional to the total amount of the high-Z molecules in a voxel.

2.2  �GNPs as Blood Pool, Passive and Active Contrast Agents

As blood pool contrast agents, GNPs extended the blood circulation time from sev-
eral minutes (with the clinically used iodine compounds) to hours or even days 
[26–29] and show stronger X-ray attenuation than the currently used iodine-based 
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compounds (under the same clinically relevant conditions) [26, 30]. By taking 
advantage of the progressive permeation through transendothelial pores on tumor 
blood vessels (the EPR effect), GNPs of a certain size range can passively accumu-
late on tumors. This nonselective “passively targeting” approach was demonstrated 
in several studies which showed significant CT contrast enhancement caused by 
accumulation of GNPs within the tumor and in areas surrounding it [9, 31].

Conjugation of GNPs to a variety of ligands, including antibodies, peptides, 
aptamers, or small molecules that possess high affinity toward unique molecular 
signatures found on diseased cells, produces active targeting agents, which can 
selectively accumulate on specific cells or tissues. Molecularly targeted nanoparti-
cles reach tumor tissues through the EPR effect (as in passive targeting). However, 
the active targeting has additive values; the nanoparticles home selectively into spe-
cific tumors and remain at the tumor site for extended durations, thereby increasing 
the local accumulation of the nanoparticles at sites of interest. Studies have shown 
that molecularly targeted GNPs can enhance the visibility of small tumors in CT, 
and that active tumor targeting is more efficient than passive targeting [9, 32–34]. 
This specific interaction between antigen and antibody or receptor and its ligand 
was shown to be an effective strategy to improve the amount and residence time of 
contrast agents in tumors, as well as to provide specific molecular knowledge 
regarding the findings. This new approach of molecularly targeted CT contrast 
agents has changed the concept of CT from diagnosis based on anatomical struc-
tures to diagnosis according to molecular markers.

3  �GNP as Multimodal Imaging Contrast Agents

The idea of multimodality imaging, with two or more imaging modalities, has 
brought new perceptions to the fields of clinical and preclinical imaging. The inte-
gration between different individual imaging techniques allows each to compensate 
for the limitations of the other, thus to achieve synergism and improve the quality 
and accuracy of the diagnostic tool or research platform. GNPs can be utilized as 
multimodal imaging contrast agents, for combining CT with additional imaging 
modalities, as described below.

3.1  �CT and MRI

For the development of nanoparticle-based contrast agents for dual mode CT/MR 
imaging, both CT and MR imaging elements should be incorporated. As the most 
commonly used MRI contrast agents are based on chelates of gadolinium, gadolinium 
(Gd)-chelated Au nanoparticles have been designed for CT/MR dual mode imaging 
in several studies [35–37]. For example, Wen et al. [35] have reported the utilization 
of gadolinium-loaded dendrimer-entrapped gold nanoparticles (GdeAu DENPs) for 
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dual mode CT/MR imaging of the heart, liver, kidney, and bladder of rat and mouse. 
They showed that the GdeAu DENPs have enhanced X-ray attenuation due to the 
entrapped AuNPs, as well as the complexed Gd(III) ions, which enable efficient dual 
mode CT/MR imaging. They further showed that the GdeAu DENPs are non-cytotoxic 
at an Au concentration up to 50 mM, and can be cleared from major organs within 24 h. 
In another study [36], folic acid-modified multifunctional dendrimer-entrapped gold 
nanoparticles loaded with gadolinium have been used for targeted CT/MR imaging of 
cancer in vitro and in vivo via FA receptor-mediated active targeting pathway.

Triple-modal imaging with a single nanostructure has also gained attention in 
recent years. Hu et al. [37] have developed hybrid gold–gadolinium nanoclusters 
(NCs), which are suitable for triple-modal NIRF/CT/MRI imaging. The hybrid NCs 
have been effectively accumulated in tumor tissues and quickly cleared by renal 
excretion.

3.2  �CT and Nuclear Imaging

The incorporation of CT with nuclear imaging (PET and SPECT) enables both func-
tional and anatomical information in a single setting. GNPs can be radiolabeled with 
different radioactive tracers in order to supplement CT with nuclear imaging. Indeed, 
coupling of gold to a radiotracer was investigated in a number of studies. A recent 
study [38] reported the integration of 64Cu into the structures of gold nanoparticles. 
In this study, PET/CT image of mouse breast cancer model showed high passive 
tumor targeting and contrast ratios after intravenous injection of those 64CuAuNPs. 
In another study [39], gold nanocages were prepared and radiolabeled with 64Cu, for 
evaluating the pharmacokinetics and in vivo cancer targeting capability in a murine 
EMT-6 breast cancer model. Furthermore, Su et al. [40] have represented theranostic 
iodine-125-labeled cRGD-gold nanoparticles, which act as tumor-targeted radiosen-
sitizer and SPECT/CT imaging agent. The introduction of 125I on the GNP serves as 
both a therapeutic factor and a radiotracer for in vivo nuclear imaging. It is important 
to note that in these aforementioned studies, the use of gold was not aimed to enhance 
CT intensity, but to earn stability and high loading capabilities of gold nanoparticles, 
as well as their pharmacokinetics and biodistribution properties.

3.3  �CT and Fluorescent Imaging

While optical imaging methods suffer in spatial resolution and offer only a limited 
penetration depth, they are very sensitive, fast, and readily distinguish between sev-
eral sources with great soft tissue contrast on cellular and even molecular scales 
[41–43]. Near-infrared radiation (NIR) allows for relatively deep light penetration 
into biological tissues with minimal autofluorescence, providing higher signal-to-
noise ratios than visible light [41, 43, 44]. A property often used in CT-fluorescence 
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dual-modal GNP constructs is that GNPs possess very efficient surface-energy trans-
fer properties that can significantly affect the fluorescence of molecules near their 
surface, both with quenching and with fluorescence enhancement [42, 43, 45–57]. 
Combining the strong spatial resolution and unlimited penetration depth of CT with 
the sensitivity available from fluorescence is a promising and widely explored dual-
modal imaging technique [42, 43].

Zhang et al. [43] packed gold nanoparticles with a fluorescent dye into polymer 
micelles. The dye used possessed the unusual property of aggregation-induced 
emission, so that the aggregated dye was able to produce a signal that overcame the 
quenching effects of the GNPs. The result was a construct with a strong fluorescent 
signal, as well as being an efficient CT contrast agent in tumor sites. Sun et al. [58] 
modified GNPs with glycol chitosan polymers and an NIR fluorescent dye adsorbed 
using a peptide sequence cleavable by a matrix metalloproteinase (MMP). Prior to 
cleavage, the GNPs quenched approximately 95 % of the fluorescence compared to 
the fluorophore alone. Fluorescence was regained proportionally to the concentra-
tion of environmental MMP. GNPs allowed easy imaging of the tumor in CT, while 
the NIR fluorescence signaled strongly starting an hour post injection. Luo et al. 
[44] attached the NIR dye ICG to gold nanorods coated with mesoporous silica. The 
layer of silica protected the ICG from GNP quenching. By injecting the constructs 
into mouse tumors, in addition to the efficient CT images, they witnessed NIR fluo-
rescence up to 12 h post injection. Song et al. [41] coated gold nanospheres with 
mesoporous silica, and inserted the dye IR-783 into the silica pores. The silica shell 
was prepared to prevent quenching. In combination, these constructs proved to be 
strong CT contrast agents with significant fluorescent abilities lasting several hours.

3.4  �CT and Photoacoustic Imaging

In photoacoustic (PA) imaging, short laser pulses are delivered into the subject, 
resulting in local heating which leads to thermoelastic expansion and thus wideband 
ultrasonic emission. GNPs strongly absorb light and thus are potential contrast 
agents for PA. The strategy of using GNPs as dual mode CT/PA contrast enhancers 
has been investigated by Chanda et  al. [59]. They used cinnamon-coated gold 
nanoparticles (Cin-AuNPs) and showed that these particles underwent significant 
accumulation in breast cancer and prostate cancer cells, facilitating detectable PA 
signals. In addition, quantitative analysis of CT values in a phantom model revealed 
that the Cin-AuNPs have reasonable attenuation efficiency. Another recent study, 
published by Jing et al. [60], has utilized Prussian blue-coated gold nanoparticles 
(Au@PB NPs) for simultaneous PA/CT bimodal imaging and photothermal abla-
tion of cancer, applying the theranostic approach. The Au@PB NPs were found to 
be an excellent photoabsorbing agent for both PA imaging and photothermal ther-
apy due to a high photostability and high molar extinction coefficient in NIR region. 
Moreover, a remarkable enhancement of CT values in tumor sites was observed due 
to the Au@PB NPs.
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4  �Therapeutic Gold Nanoparticles

Therapeutic nanoparticles can overcome various limitations of conventional drug 
delivery systems, such as nonspecific targeting, lack of water solubility, poor oral 
bioavailability, and low therapeutic indices [16, 61]. GNPs are highly suitable for 
drug delivery systems, due to their strong binding affinity toward thiol, disulfide, 
and amine groups, which enables binding with various targeting agents and thera-
peutic moieties. In addition, by taking advantage of the inherent unique characters 
of gold itself, GNPs can be exploited to photothermal therapy (PTT) and radiother-
apy in which the GNP itself has the therapeutic value, as will be discussed below.

4.1  �Drug Delivery

Gold is consistently used in various forms for biological applications owing to ease 
of fabrication and surface modification, as well as gold’s inherent biological com-
patibility [2, 3, 62, 63]. Using simple wet-laboratory techniques, GNPs have been 
fabricated in a variety of shapes and sizes, and used as the core or the shell for 
polymer–metal [62, 63] and metal–metal [64, 65] hybrid nanoparticles. Therapeutics, 
such as proteins, peptides, oligonucleotides, or small drug molecules, can be 
attached to the gold nanoparticle surface directly, via amine or thiol groups [63], or 
indirectly, using a molecule such as bovine serum albumin [66] or the penta-peptide 
with the amino acid sequence CALNN [67].

GNPs have been widely investigated as drug delivery vehicles for cancer treat-
ment, while implementing both passive and active targeting approaches. For exam-
ple, a drug delivery system was developed [68] by tethering doxorubicin onto the 
surface of GNPs with a poly(ethylene glycol) spacer via an acid-labile linkage. The 
doxorubicin-tethered GNPs (DOX-Hyd@AuNPs) achieved enhanced drug accumu-
lation and retention in multidrug resistant MCF-7/ADR cancer cells when it was 
compared with free doxorubicin. It released doxorubicin in response to the pH of 
acidic organelles following endocytosis, and significantly enhanced the cytotoxicity 
of doxorubicin. Therefore, the DOX-Hyd@AuNPs considerably inhibited the growth 
of multidrug-resistant MCF-7/ADR cancer cells. In another study [69], the antitumor 
efficacy of GNPs conjugated non-covalently with three conventional chemotherapy 
drugs (doxorubicin, cisplatin, and capecitabine) was evaluated in vitro. The cellular 
proliferation rates in the presence of the anticancer drugs delivered by the GNPs were 
found to be significantly lower than those of cells exposed to free drugs. In addition, 
these GNPs were also efficient when tested with chemotherapy resistant cells.

To improve the therapeutic outcomes, the active tumor targeting approach is 
implemented by coupling targeting agents to drug-loaded GNPs. Prabaharan et al. 
[70] have synthesized folate (FA)-conjugated amphiphilic GNPs with a poly(L-
aspartate-doxorubicin)-b-poly(ethylene glycol) monolayer (Au-P(LA-DOX)-b-
PEG-OH/FA) that interacts with the FA receptor. They showed that the presence 
of FA enables active tumor targeting abilities, as the cellular uptake of the 
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Au-P(LA-DOX)-b-PEG-OH/FA micelles into cells overexpressing the FA recep-
tor was higher than that of micelles without folate. In addition, Conjugation of 
DOX onto the NPs and the pH-sensitive properties of its linkage to the NP, greatly 
reduce the chance of premature drug release during circulation in the bloodstream, 
offering a potential DOX carrier. In another study [71], Paciotti et al. developed a 
colloidal GNP that targets the delivery of tumor necrosis factor (TNF) to solid 
tumors. TNF is an antitumor cytokine that is prone to systemic toxicity when 
administrated as a free drug. While conjugated to the GNP (which was coated also 
with PEG-THIOL), it was less toxic and more effective in reducing tumor burden, 
since maximal antitumor responses in tumor bearing mice were achieved at lower 
doses of drug. In this study, the TNF served both as antitumor and targeting ligand.

4.2  �Gene Delivery

As DNA is not efficiently translocated through the cell membrane [72], designing 
effective synthetic vectors for transporting nucleic acids, including plasmid DNA, 
small interfering RNA, or antisense oligonucleotides, is also a challenge which can 
be addressed using gold nanoparticles [73–76]. Ghosh et al. [77] have demonstrated 
that coating GNPs with lysine-based headgroups produces effective transfection vec-
tors, without any observed cytotoxicity. They further showed that DNA delivery effi-
ciency strongly depends on the structure of headgroups and their concomitant ability 
to condense DNA. Importantly, these amino acid-based nanoparticles were respon-
sive to intracellular glutathione levels, during in vitro transfection, providing insight 
into their mode of activity, as well as a tool for controlled release and concomitant 
expression of DNA. Guo et al. [78] reported charge-reversal functional GNP as car-
rier for gene delivery. In this study, Lamin A/C, an important nuclear envelope pro-
tein, was effectively silenced by lamin A/C-siRNA delivered by the charge-reversal 
functional GNPs, whose knockdown efficiency was better than that of commercial 
Lipofectamine 2000. The charge reversion under an acidic environment facilitated 
the escape of GNP/nucleic acid complexes from endosome/lysosome and the release 
of functional nucleic acids into the cytoplasm. Another example of using GNPs for 
gene silencing was recently presented by Conde et al. [79], who synthesized a library 
of multifunctional GNPs, aimed to deliver siRNA and specifically silence the c-myc 
protooncogene. The efficiency of the GNPs was evaluated using a hierarchical 
approach including three biological systems of increasing complexity (cultured cells, 
invertebrate, and mammal). After fine-tuning of multiple structural and functional 
moieties, the most active formulation was selected, consisting of siRNA, which is 
either covalently or ionically linked to the nanoparticles. Another interesting study 
[80] has reported proof of concept for the selective release of two different DNA 
oligonucleotides from two different gold nanorods. DNA was loaded onto the 
nanorods via thiol conjugation, and selective release was specifically induced by 
melting of gold nanorods via laser irradiation at the nanorods’ longitudinal surface 
plasmon resonance peaks. The released oligonucleotides remained functional.
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4.3  �Photothermal Therapy

In the case of photothermal therapy (PTT), GNPs are advantageous because of their 
ability to strongly absorb light (orders of magnitude higher than organic dye mole-
cules) [3], and then convert the absorbed light into heat via a nonradiative processes. 
This process occurs on a time scale on the order of picoseconds, leading to intense 
localized heating and irreparable damage to the cell [81, 82]. In many cases gold by 
itself has served as the photosensitizer. On the other hand, GNPs enable delivery of 
exogeneous photosensitizers to cells in high enough concentrations [83]. Moreover, 
the ability to easily add targeting moieties to the GNP surface enables preferential 
uptake into the malignant cells, for selective heating of the targeted cells, while 
leaving the neighboring cells intact.

Consequently, GNPs have been most frequently exploited for PTT, in compari-
son to options involving other metal, dye–polymer or carbon-based nanoparticles. 
The exceptionally high extinction coefficient of gold (1 × 1019 M−1 cm−1 for 20 nm 
gold nanoparticles) [84] is orders of magnitude higher than that of strongly absorb-
ing organic dyes (e.g., Coomassie blue, 4.3 × 104 M−1 cm−1) [85], which makes gold 
an ideal PTT mediator. Also, the localized surface plasmon resonance of GNPs is 
highly dependent on the morphology of the nanoparticles and can be easily tuned 
during the fabrication process [84]. Typically, the absorption of GNPs is tuned to be 
in the range between 600 and 1000 nm, the so-called therapeutic window in which 
the interaction of light with biological tissues is low, that is, attenuation and scatter-
ing effects are at a minimum.

Nanoparticle-mediated PTT is especially well suited for treating cancer owing to 
the increased heat sensitivity associated with cancer cells, as well as a tumor’s 
inability to efficiently dissipate heat as a result of its poor vasculature networks. To 
date, various cancer cell lines, including breast [5], epithelial [86, 87] and colon 
[12] cancers, have been successfully treated by GNP-mediated PTT, both in vitro 
and in vivo. Recently, a study that builds on work by Qian et al. [88] has success-
fully achieved controlled surface engineering of gold nanoparticles, using multiple 
ligands [PEG 5K, (RGD)4 and NLS (nuclear localization signal) peptides] for effi-
cient delivery into cell nuclei [89]. The nanoparticles were then utilized in PTT 
studies. One motivation for this study [89] was to investigate the likely advantages 
of directly heating the nucleus of cancer cells, advantages stemming from the fact 
that the nucleus has a smaller target volume, a lower heat capacity and an increased 
likelihood of causing irreparable damage to the cell’s DNA. A stark reduction in the 
survival curves of the cells that had GNPs located predominantly in the nucleus, as 
opposed to cells that had nanoparticles located predominantly in the cytosol, was 
observed for cells that were treated under the same conditions, that is, the same 
GNP concentration and treatment time. Another recent study involving both in vitro 
and in vivo PTT studies was reported by Yuan et al. [90]. They detailed the fabrica-
tion of surfactant-free gold nanostars and their use for both in vitro and in vivo 
studies of nanoparticle tracking, via plasmon enhanced two-photon photolumines-
cence, and for PTT of breast cancer cells. Yuan and his colleagues found that 3 min 
of treatment yielded successful cell kill, and 5 min of treatment gave the best results. 
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Control measurements involving cells that were exposed to the laser, but had not 
been incubated with nanostars, showed that these cells were still viable after 5 min 
of illumination. For the in  vivo studies, PEGylated nanostars were injected into 
CD-1 nude mice that were previously implanted with small dorsal window cham-
bers. After 10 min of PTT, visual confirmation of photo-ablation was indicated by 
the release of the gold nanoparticles out of the ruptured vessels; scarring occurred 1 
week later. One major research area aimed at improving GNP-mediated PTT is the 
utilization of gold clusters or aggregates [91–94], as the corresponding maximum 
absorption is red-shifted toward the near-IR range of the “therapeutic window,” 
resulting in less concern regarding unwanted interaction with the surrounding 
healthy tissues. It should be noted that, despite the multitude of promising out-
comes, the variability among the results has continued to encourage further studies 
aimed at elucidating the mechanisms of heat generation and thermolysis (e.g., 
shockwaves, micro- and nano-bubbles, and nanoparticle destruction [93, 95, 96]).

4.4  �Radiation Therapy

The use of targeted radiosensitizers in cancer treatment is intended to increase 
tumor sensitivity to radiation, while sparing normal healthy tissue the effects of 
x-radiation, thereby increasing the therapeutic window. Lately, several studies have 
suggested that the administration of GNPs into tumors may improve radiosensitiv-
ity. GNPs are an ideal candidate to be used as radiosensitizing agents, since high 
atomic number (Z) materials increase radiation sensitivity owing to their greater 
absorption of photons and release of secondary energy in the form of photoelec-
trons, auger electrons, and X-rays into surrounding tissue [30, 97]. The close prox-
imity of GNP to nuclear DNA increases the probability of creating DNA strand 
breaks, the primary mechanism of radiation-induced cytotoxicity [98, 99]. When 
GNPs specifically target cancer cells (e.g., via antibody–antigen interaction), large 
amounts of gold atoms accumulate in the tumor, leading to an enhancement of the 
radiation effect on the tumor. Chattopadhyay et al. [100] tested the effect of molecu-
larly targeted GNPs on tumor radiosensitization both in vitro and in vivo. In vitro, 
they combined X-ray exposure with targeted AuNPs (Au-T) and non-targeted 
AuNPs (Au-P), and found that DNA damage was increased by 1.7- and 3.3-fold in 
comparison to X-radiation alone, for Au-T and Au-P, respectively. In vivo, the com-
bination of Au-T and X-radiation resulted in regression of human breast cancer 
tumors by 46 % as compared to treatment with X-radiation. No significant normal 
tissue toxicity was observed. The mechanism underlying cell death in GNP-induced 
radiation sensitivity is unclear and several theories have been proposed. The main 
suggested hypothesis includes an increase in apoptosis, increased generation of 
intracellular reactive oxygen species or direct DNA damage causing DNA double 
strand break [98]. Roa et al. [101] found that GNP may sensitize radiotherapy by 
regulating the cell cycle. They showed that it induced the acceleration of the G0/G1 
phase and cell accumulation in the G2/M phase, which were accompanied by down-
regulation of p53 and cyclin expression and upregulation of cyclin B1 and cyclin E.
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4.5  �Photodynamic Therapy

Photodynamic therapy (PDT) in cancer treatment involves the uptake of a photosen-
sitizer by cancer tissue followed by photoirradiation [102]. Photoirradiation in the 
appropriate wavelength excites the photosensitizer to produce reactive oxygen spe-
cies (ROS), which causes damage to tumor cells. GNPs hold the promise to be highly 
efficient as photosensitizer carriers, and their use for PDT applications was investi-
gated in several studies. Wieder et al. [103] presented a comparison between silica 
and gold nanoparticle systems. They argued that photosensitizer-coated GNP is pref-
erable over an encapsulated photosensitizer, in that the generated singlet oxygen 
would not need to diffuse out of the porous particle structure to elicit cell kill. Hone 
et al. [104] reported the preparation of GNPs coated with a phthalocyanine (Pc) pho-
tosensitizer and their use as delivery vehicle for photodynamic therapy. The nanopar-
ticles, consisted of three components (photosensitizer/gold/phase transfer reagent), 
were shown to generate singlet oxygen with enhanced quantum yields as compared 
to the free Pc. In addition, the association of the transfer reagent promoted the solu-
bility of the surface-bound hydrophobic sensitizer in polar solvents, facilitating their 
systemic injection. In another study, Cheng et al. [105] have developed PEGylated 
gold nanoparticle conjugates with a reversible PDT drug adsorption, which act as a 
water-soluble and biocompatible “cage” that allows the delivery of the hydrophobic 
drug to its site of PDT action. This delivery mode greatly improved the transport of 
the PDT drug to the tumor relative to conventional drug administration.

5  �The Theranostic Approach: Combined Imaging 
and Therapy

Co-delivery of the above therapeutic and imaging functions by specifically tailored 
theranostic gold nanosystems can considerably improve medical treatment, particu-
larly in oncology. Diagnosis, treatment, and monitoring response to treatment can 
be reached with a single approach [5], thus enhancing personalized medicine. We 
present here prominent recent publications that combine different therapeutic strate-
gies with CT imaging. The data is summarized in Table 1.

5.1  �Combining Drug Delivery with CT Imaging

Chemotherapy success requires delivery of drugs to the tumor cells at concentra-
tions above a therapeutic threshold. This is affected not only by the accumulation 
level in the tumor but also by drug distribution in the tumor stroma, which can often 
vary among different tumor regions, disease stages, and patients [106]. This issue 
can be addressed by image-guided drug delivery, which enables monitoring drug 
distribution in the tumor, as well as in the whole body.
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For this purpose, several studies were conducted in which drugs were loaded 
onto or into gold nanoparticles for visualization by CT imaging. Kim et al. [107] 
reported a multifunctional GNP for targeted molecular CT imaging and therapy of 
prostate cancer. For targeting, the GNP surface was functionalized with a prostate-
specific membrane antigen (PSMA) RNA aptamer that binds to PSMA.  In vitro 
experiments showed that the PSMA aptamer-conjugated GNP induced more than 
fourfold greater CT intensity for a targeted LNCaP cell than that of a nontargeted 
PC3 cell. Moreover, after loading the targeted GNP with doxorubicin (approxi-
mately 615 Dox molecules per GNP), drug release experiments showed that approx-
imately 35 % of Dox was released within 1  h, and the particle potency against 
targeted LNCaP cells was significantly higher than against nontargeted PC3 cells. 
Another multifunctional theranostic GNP for targeted CT imaging and drug deliv-
ery was developed by Zhu et al. [108]. They reported dendrimer-entrapped GNPs 
(Au DENPs) covalently linked with α-tocopheryl succinate (α-TOS), which can 
induce apoptosis of various cancer cells, inhibit the cell cycle, and disrupt the neces-
sary autocrine signaling pathways of tumor growth [109, 110], while not affecting 
the proliferation of most normal cells [111, 112]. The practical use of free α-TOS is 
limited due to poor water solubility and bioavailability. In this study, the GNP plat-
form has been found to improve these limitations, without compromising α-TOS 
therapeutic activity (there was an even higher therapeutic efficacy than that of free 
α-TOS). Au DENPs were also modified with folic acid (FA) for targeting to cancer 
cells overexpressing FA receptors (FAR). In vivo experiments with a xenografted 
tumor model demonstrated that CT images and corresponding CT values of the 
tumor site did not show an enhancement at 2 h post-injection of both targeted and 
nontargeted Au DENPs. However, at 24 h post injection, significant CT enhance-
ment in the tumor was observed for mice injected with targeted Au DENPs, com-
pared to that injected with non-targeted Au DENPs (Fig.  3a). In the therapeutic 
aspect, the tumor growth rate of mice injected with targeted Au DENPs was much 
slower than that of mice treated with saline, free α-TOS, and non-targeted Au 
DENPs (Fig. 3b). Following this work, Zhu et al. [113] reported multifunctional Au 
DENPs, also modified with α-TOS, but with another targeting ligand: arginine–gly-
cine–aspartic acid (RGD) peptide. These multifunctional Au DENPs were able to 
target cancer cells overexpressing αvβ3 integrin and specifically inhibit the growth of 
the cancer cells. Likewise, via the specific RGD-mediated targeting, αvβ3 integrin-
overexpressing cancer cells were specifically detected by CT imaging.

5.2  �Combining Photothermal Therapy with CT Imaging

The potential of simultaneous utilization of GNPs for CT imaging along with the 
emerging and highly promising treatment, photothermal therapy, has been widely 
studied in recent years. Maltzahn et al. [5] developed PEG–protected gold nanorods 
(PEG-NRs) for both photothermal heat generation and tumor CT imaging. After intra-
tumoral administration, Maltzahn et al. fused PEG-NR biodistribution data derived 
via noninvasive X-ray computed tomography, with four-dimensional computational 
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heat transport modeling to predict photothermal heating during irradiation. The 
PEG-NRs exhibited ~2-fold higher X-ray absorption than a clinical iodine contrast 
agent, and enabled destruction of all irradiated human xenograft tumors in mice. 
Recently, Qin et al. [114] developed gold nanorods (GNRs) as a theranostic platform 
for CT imaging and PTT of inflammatory macrophages. In this study, in vitro experi-
ments showed that the GNRs exhibited a significant cell-killing efficacy of macro-
phages, even at relatively low concentrations of GNRs and low NIR powers. In 
addition, in vivo therapeutic experiments demonstrated that the GNRs could image 
and use PTT of inflammatory macrophages in the femoral artery restenosis of an 
apolipoprotein E knockout (Apo E) mouse model. In another study, Deng et al. [115] 
presented a gold assembly structure as a potential photothermal therapeutic and CT 
contrast agent. Two different amphiphilic polymers were anchored onto the GNP, 
yielding a smart hybrid building block for self-assembly. By varying the ratio of 
these mixed polymer brushes, a series of amphiphilic nanocrystals was obtained, 
while an increase in the hydrophobic/hydrophilic ratio resulted in different assembly 
structures, from a normal monolayer vesicle to large compound micelle (LCM). Due 
to the strictly packed structure of LCM, the LSPR peaks of GNPs could be tuned to 
NIR region, for enhanced PTT. In vitro and In vivo studies showed efficient treat-
ment of optimum gold assemblies as a PTT and CT contrast agent (Fig. 4).

Fig. 3  (a) Representative transverse CT images (top) and CT values (bottom) of U87MG tumor 
xenografts in nude mice before and after intravenous injection of Au-TOS-FA (1) and Au-TOS (2) 
DENPs for 2 and 24 h, respectively. The white star indicates the location of the tumor. (b) The growth 
of U87MG xenografted tumors after various treatments. Reprinted with permission from Ref. [108]
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Multifunctional GNPs can serve also for a combination of PTT and multimodal 
imaging for theranostic applications. For example, incorporation of a radioactive 
tracer on GNP for dual mode SPECT/CT imaging and PTT was presented by Jang 
et al. [116]. Likewise, simultaneous photoacoustic/CT bimodal imaging and PTT of 
cancer using GNPs was presented recently in formulations of graphene oxide modi-
fied PLA microcapsules containing gold nanoparticles [117], and core–shell 
nanoparticles of Au@Prussian blue (Au@PB) [60]. Additional recent studies have 
demonstrated gold nanostars (GNS) as theranostic probes for PTT and multimodal 
imaging of cancer [118, 119].

5.3  �Combining Radiation Therapy with CT Imaging

Image-guided RT (IGRT) relies on the ability to localize tumors in order to optimize 
the therapeutic outcomes. GNPs may represent an efficient theranostic adjuvant for 
CT-guided RT treatment, due to their radiosensitive properties and the ability to 
enhance CT contrast. Accordingly, they are currently being studied in this theranostic 
role, and have thus far shown great potential in clinical applications. Joh et al. [120] 

Fig. 4  Schematic representation of assemblies composed by polymer grafted GNPs and their 
potential application in photothermal therapy and CT imaging of cancer. Reprinted with permis-
sion from Ref. [115]
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have investigated the therapeutic and diagnostic value of PEG-modified GNPs 
(P-GNPs) combined with RT for sarcoma. Their experimental techniques included 
intravenous administration of the P-GNP, CT imaging of mice with engrafted sar-
coma tumors for RT treatment planning, and precision-targeted RT delivered using a 
Small Animal Radiation Research Platform (SARRP). The results demonstrated that 
P-GNP in conjunction with RT enhanced CT imaging, caused increased RT-induced 
DNA damage, and led to significantly reduced clonogenic survival of tumor cells, 
compared to RT alone, while minimizing radiation dose to normal tissues. Jølck et al. 
[121] have developed a nanogel based on colloidal gold in a sucrose acetate isobutyr-
ate gelating matrix, for IGRT. They investigated the induced CT contrast and the 
stability of the nanogel over a period of 12 weeks. It was demonstrated that once 
injected, the nanogel remained at the injection site and provided excellent CT-contrast 
as visualized by micro-CT imaging. In addition, in vitro and in vivo experiments 
showed that the nanogel was stable over time both in terms of geometry, volume, and 
GNP content. Minor degradation was observed after 12 weeks, suggesting an accept-
able degradation profile for image guidance in patients undergoing fractioned RT, as 
the treatment is typically conducted within a 6 weeks time frame. Another nanoplat-
form that could simultaneously generate a CT image contrast and serve as a radiosen-
sitizer was developed by Zaki et  al. [122]. They prepared gold-loaded polymeric 
micelles (GPMs), which provided blood pool contrast for up to 24 h following intra-
venous injection, and improved the delineation of tumor margins via CT. In combina-
tion of GPMs with radiation, tumor-bearing mice exhibited a 1.7-fold improvement 
in the median survival time compared with mice receiving radiation alone (Fig. 5).

Multifunctional theranostic GNPs for combination of RT with dual-mode 
SPECT/CT were also presented by Su et  al. [40], who used targeted 125I-labeled 
cRGD-GNPs, and by Kao et al. [123], who used 131I-labeled EGFR-targeted GNPs.

5.4  �Combining Multimodal Therapy with CT Imaging

Today, treating patients with a broad-spectrum approach is preferable among most 
clinicians. Multimodal therapy (MMT) combines different therapeutic strategies to 
improve treatment outcomes. GNPs have been investigated in several studies as 
both CT contrast agents and MMT enhancers. Huang et al. [124] have designed a 
multifunctional nanoprobe of folic acid-conjugated silica-modified GNR with the 
aim of investigating the feasibility of their use as X-ray/CT imaging-guided target-
ing dual-mode RT and PTT. The prepared nanoprobes showed highly selective tar-
geting, enhanced RT and PTT effects on MGC803 gastric cancer cells, and also 
exhibited strong X-ray attenuation for in vivo X-ray and CT imaging. In another 
study, Park et  al. [125] have reported multifunctional hollow GNPs (HGNP) 
designed for triple combination therapy and CT imaging. The shell thickness of 
HGNPs can tune the surface plasmon resonance to the near infrared light, resulting 
in a photothermal ablation of tumors, whereas the hollow cavity within a HGNP is 
able to accommodate a high payload of chemotherapeutic agents. This study uti-
lized HGNPs for CT imaging and combined drug delivery (of doxorubicin), thermal 
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therapy, and radiotherapy. Synthesized Dox-HGNPs exhibited better response to 
radiation for CT imaging and cancer therapy. It was shown also that Dox-HGNPs 
were capable of triggering Dox release by NIR laser, converting light to heat for 
photothermal ablation and enhancing radiosensitization of the tumor. In vivo exper-
iments showed that the triple treatment effects of Dox, heat, and radiation dramati-
cally enhanced tumor growth delay by a factor of 4.3.
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Fig. 5  (a) Representative 
CT images in the axial 
plane prior to injection 
(precontrast) and 30 min, 
24 h, and 48 h 
postinjection of GPMs or 
AuroVist (individual 
1.9 nm GNPs). Tumor 
boundaries are indicated 
by white arrows. (b) 
Quantitative analysis of CT 
images. (c) Kaplan-Meier 
survival analysis for 
tumor-bearing mice 
receiving no treatment 
(dotted gray line), GPMs 
only (dotted black line), 
irradiation only (solid gray 
line), or irradiation 24 h 
after retro-orbital injection 
of GPMs (solid black line). 
Reprinted with permission 
from Ref. [122]
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6  �Conclusions and Future Perspectives

The aforementioned studies, both for imaging and therapy, demonstrate that GNPs 
are highly favorable candidates for various therapeutic and diagnostic implementa-
tions, each one separately, or together in a multimodal approach. Furthermore, the 
unique physicochemical properties of GNPs, along with their biocompatibility and 
low toxicity, have led to excellent performance in the few clinical trials involving 
GNPs [126]. In the theranostic field, which is based on the “all-in-one” approach, 
the broad possible range of structures, hybridizations, coatings, and capacities 
marks GNPs as the next generation of theranostic agents. The concept of theranos-
tics with multifunctional GNPs has a great potential to enhance the medical area 
towards personalized medicine. However, a broad and thorough evaluation of the 
long-term toxicity of GNPs is still required in order to translate them to the clinic.
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