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Abstract

Gold nanoparticles (AuNP) have been extensively developed as contrast agents, theranostic 

platforms and probes for molecular imaging. This popularity has yielded a large number of AuNP 

designs that vary in size, shape, surface functionalization and assembly, to match very closely to 

the requirements for various imaging applications. Hence, AuNP based probes for molecular 

imaging allow the use of computed tomography (CT), fluorescence and other forms of optical 

imaging, photoacoustic imaging (PAI) and magnetic resonance imaging (MRI), and other newer 

techniques. The unique physico-chemical properties, biocompatibility and highly developed 

chemistry of AuNP have facilitated breakthroughs in molecular imaging that allow the detection 

and imaging of physiological processes with a high sensitivity and spatial resolution. In this 

review, we summarize the recent advances in molecular imaging achieved using novel AuNP 

structures, cell tracking using AuNP, targeted AuNP for cancer imaging, and activatable AuNP 

probes. Finally, the perspectives and current limitations for the clinical translation of AuNP based 

probes are discussed.
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Introduction

Imaging physiological and pathological processes for the early detection of a disease can 

greatly improve patient outcomes by providing key information on the disease 

characteristics or patients’ response to treatments. To address this goal, a wide variety of 

novel probes for molecular imaging has been investigated, ranging from small molecules1 to 

nanoparticles2 and medical devices.3 In particular, gold nanoparticles (AuNP) have shown 

great promises as imaging probes thanks to their ease of preparation, high stability in 

aqueous media, biocompatibility, and ability to provide strong contrast enhancement in 

multiple imaging modalities.4,5

Computed tomography (CT) is a standard imaging modality used routinely in clinics owing 

to its fast operation time, low cost and high spatial resolution.6 This technique is based on 

the measurement of X-ray transmission through the subject, and the tissue dependent 

attenuation rate that can be reconstructed as 3D images, thus providing an anatomical 

representation of the subject. However, imaging soft tissues can be challenging unless using 

a contrast agent; iodinated molecules are typically used as standard of care.7 AuNP have 

been found to be promising alternatives to the commercially available CT contrast agents by 

offering possibilities such as stronger contrast, increased circulation time or disease specific 

imaging.8,9

Fluorescence imaging relies on the sequential irradiation of the sample and delayed photon 

emission from the probe.10 The high sensitivity, resolution and low cost render this 

technique popular for the semi-quantitative analysis of samples, although its low depth 

penetration is a limitation. AuNP based contrast agents in fluorescence imaging mostly 

encompass intrinsically fluorescent nanoclusters11–13 or AuNP conjugated to a fluorescent 

dye that take advantage of the distance dependent quenching of fluorescence.14

Photoacoustic imaging (PAI) is a hybrid modality benefiting from the high acoustic 

resolution of ultrasound, and a high optical contrast at greater depth than other optical 

modalities.15 In addition to being inexpensive, fast to operate and providing anatomical 

information in real time, this imaging modality is non-invasive and does not use ionizing 

radiation. Gold nanorods, gold nanoclusters and other AuNP based nanostructures have 

recently received growing interest for use as contrast agents in PAI, thanks to their tunable 

plasmonic absorbance that is capable of reaching the NIR.16–18

Magnetic resonance imaging (MRI) is a common imaging modality in clinical settings 

where the alignment of protons in water molecules is induced by a magnetic field pulse and 

the radiowaves released upon proton relaxation to the ground state are recorded and 

reconstructed as volumetric images.19 MRI can be operated using either T1 weighted or T2 

weighted sequences, depending on the tissue to be imaged and the diagnostic objectives. 

Although this technique requires longer acquisition time than CT or optical imaging, it 
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offers high soft tissue contrast. A large range of T1 and T2 contrast agents, creating positive 

or negative contrast respectively, have been developed for molecular imaging.20,21 AuNP 

usually serve as carriers for paramagnetic metal complexes such as gadolinium,22 or are 

combined with superparamagnetic materials such as Fe3O4 particles.23

More recently, AuNP based nanoprobes have also been designed to access molecular 

imaging using other imaging modalities such as surface-enhanced Raman scattering (SERS),
24 dark field microscopy (DFM), optical coherence tomography (OCT)25 and so forth, 

although those modalities remain comparatively underexplored.

This review summarizes the challenges and possibilities in the design of gold nanoparticles 

for molecular imaging in cells and living systems. Focusing on developments over the past 

five years, we will cover the achievements in molecular imaging permitted by AuNP of 

various shapes, including spheres, rods, stars and so forth. Then, AuNP engineering for in 
vivo cell tracking will be discussed. The surface functionalization of AuNP for passive and 

active targeting of diseased sites and molecular imaging will be reviewed. Furthermore, we 

will cover activatable probes that change their contrast upon reaction with biomolecules of 

interest. Finally, the progress toward clinical translation of AuNP probes will be discussed.

Types of gold nanoparticles

AuNP are commonly obtained by reduction of a gold salt, and coated in an organic26 or 

inorganic27 layer to provide colloidal stability. AuNP are characterized by a localized 

surface plasmon resonance (LSPR), which is due to the collective oscillations of the free 

electrons along the gold lattices in the AuNP core.28 This LSPR can be finely tuned to 

access desired optical properties via different sizes, shapes, coatings and assemblies of 

AuNP. Since the seminal work by Turkevich on the synthesis of spherical AuNP,29 a large 

array of adapted procedures has been reported that adjust the reaction conditions to vary the 

sizes of spherical AuNP.30,31 Modification of the size of AuNP is of particular interest for 

molecular imaging, owing to the greater surface to core ratio available for conjugation of 

targeting moieties or dyes. Moreover, increasing the size of AuNP induces a bathochromic 

shift of their LSPR, which can be beneficial since many optical biomedical techniques are 

performed in the near-infrared region (NIR), i.e. 650–900 nm, a part of the spectrum where 

the absorption of tissue is low.32 On the other hand, the surface to core ratio has no effect on 

the contrast enhancement achieved in CT, and instead affects the pharmacokinetics and 

biodistribution of AuNP, thus granting their utility for different applications in molecular 

imaging.33

Shape variations of AuNP

Procedures have been developed to synthesize AuNP in various shapes. For example, gold 

nanorods (AuNR) have the significant advantage of possessing both transverse and 

longitudinal LSPRs that can be shifted to the NIR by adjusting the length-to-width ratio.34 

Interestingly, miniature AuNR have been reported whose LSPR absorbs in the NIR-II, i.e. 
beyond 900 nm.35 These miniature AuNR allowed a 30 % improvement in tumor 

accumulation, and 4.5 fold enhancement in the PAI contrast in tumor imaging compared to 

larger AuNR. Core-shell AuNR have also been developed that are effective contrast agents 
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for multiple modalities.36 Notably, a spindle-shaped iron oxide core that offers T2 contrast in 

MRI was covered in a gold shell to yield a probe referred to as ‘nanorice’, that allowed 

multimodal imaging by MRI, PAI in the NIR and SERS.37 Other original shape variations 

have been developed to finetune both the optical properties and cellular uptake of AuNP, 

such as prisms, stars and triangles.38 The strong light scattering properties of gold 

nanoprisms make them valuable contrast agents for imaging the microvasculature in skin or 

in melanoma tumors using OCT.39 Stars provide a high surface to core ratio which is 

advantageous for surface functionalization with targeting ligands, and allow molecular 

imaging with SERS,40,41 or CT.42 Furthermore, the effect of the shape of AuNP on their 

accumulation in RAW264.7 macrophages was evaluated comparing stars, prisms and 

triangles. Lin et al. showed triangles accumulate to a larger extent into RAW264.7 

macrophages compared to other shapes, thus allowing higher local contrast enhancement for 

their imaging.38

Assemblies of AuNP

Assembling AuNP in close proximity of each other induces interparticle plasmon coupling 

and shifts their absorption to the NIR.28 To produce AuNP assemblies, inorganic 

nanomaterials such iron oxide nanoparticles (IONP), which provide T2 weighted MR 

contrast, can be used as a template to enable multimodality imaging.43 Similarly, a variety of 

liposomes, micelles and polymers have been used to assemble AuNP and other imaging 

agents into one multifunctional nanoplatform.44,45 Recently, biodegradable assemblies of 

AuNP have received significant interest for their contrast generating properties while 

potentially allowing their degradation and clearance. Cheheltani et al. encapsulated sub-5 

nm hydrophilic AuNP in larger biodegradable PCPP nanospheres to form an agent termed 

Au-PCPP (Figure 1A), which provided significant contrast enhancement in CT (Figure 1B) 

and PAI (Figure 1C).9 Moreover, the intrinsic biodegradability of the PCPP polymer was 

shown to grant the release of single AuNP upon degradation of the nanospheres (Figure 1D). 

Furthermore, other biodegradable polymers, such as PLGA, can be used to form assemblies 

with AuNP for tumor imaging by a combination of PAI and CT.46,47

An alternative approach to access AuNP assemblies that provide significant contrast 

enhancement for molecular imaging, while having intrinsic biocompatibility and beneficial 

pharmacological properties, relies on the use of biomimetic coatings.48 Sun et al. assembled 

multiple gold nanoclusters within a ferritin nanocage for passive targeting of kidneys, thus 

allowing their in vivo fluorescence imaging that was corroborated by the higher gold content 

found in the kidneys compared to other major organs.49 AuNP templating along the fibrils of 

human islet amyloid polypeptide can also be achieved in situ by bioreduction of a gold 

precursor, thus allowing their imaging.50 Moreover, AuNP can be assembled in cell 

membranes derived from red blood cells (RBC), platelets and cancer cells.51,52 For example, 

Li et al. showed the self-assembly of pea protein isolate (PPI) and NIR fluorescent gold 

nanoclusters (AuNCs) into hybrids (AuNCs/PPI NPs), which could be encapsulated in RBC 

membranes (AuNCs/PPI@RBC), and intravenously injected into tumor-bearing mice for in 
vivo optical imaging (Figure 2A).53 The core size of AuNCs/PPI NPs (Figure 2B), of 

approximately 100 nm, was found unchanged upon fusion with RBC membrane (Figure 

2C). Stronger NIR fluorescence intensity at the tumor site was observed with RBC-coated 
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nanoparticles (Figure 2D), suggesting that RBC coating can effectively avoid uptake by 

phagocytic cells and grant tumor imaging by enhanced tumor accumulation thanks to longer 

blood circulation. Furthermore, others have shown the in situ synthesis of AuNP in living 

platelets using ultrasound, and demonstrated their contrast properties in vitro by CT and 

PAI.54,55

Overall, AuNP of a wide range of sizes, shapes and coatings can be engineered to change 

their pharmacological properties and contrast generation to meet with the requirements of 

molecular imaging. However, their long-term retention, biodegradation and safety profiles 

will have to be thoroughly evaluated to understand their in vivo behaviors and side effects. 

In the coming decade, we expect to see more progress made in engineering biomimetic 

AuNP with new functions and specialized coatings such as cancer cell membranes, 

membrane proteins, targeting ligands or combinations of different membrane types.

Gold nanoparticles for cell tracking

Fine-tuning the physico-chemical properties of AuNP can also be exploited for optimizing 

the probe loading for cell tracking in evaluation of cell-based therapies. Such therapies 

might offer a better treatment option for diseases where conventional therapeutic 

approaches, such as oncology and regenerative medicine, have shown limitations.56 The 

most widely used cell types in cell-based therapies are stem cells for regenerative medicine, 

and genetically reprogrammed immune cells for immunotherapy.56–59 In both cases, it is 

important that the administered cells migrate, home, and maintain their functionalities at the 

site of interest for prolonged therapeutic efficacy. However, so far the outcome of human 

clinical trials using such therapies have been mixed, partially due to the shortcomings of 

currently used monitoring techniques, such as histopathology and ex vivo biomarker 

analyses.56,59,60 These techniques often require invasive procedures and provide incomplete 

information on the cell fate in the in vivo environment. Direct monitoring by cell tracking 

has been highlighted as a novel method to better understand the behavior of the transplanted 

cells, such as migration and distribution.61–63 Cell tracking can provide this valuable 

information in a noninvasive and real-time manner that can be used to adjust cell type, dose, 

and administration route for optimal therapeutic efficacy and safety profile. Various 

noninvasive imaging modalities are used to track and monitor cells after transplantation, and 

cell tracking using AuNP has been studied with CT imaging.64 Ex vivo direct labeling is 

most commonly used for cell tracking with AuNP. In this approach, the target cells are 

incubated with AuNP in vitro prior to transplantation, allowing AuNP to be internalized in 

the cells. Both the beneficial biocompatibility and the high elemental density of gold in 

AuNP are advantageous for CT cell tracking to maximize the local payload concentration 

due to the relatively low sensitivity of CT, while minimally disrupting the cell viability and 

function.

An abundance of previous studies has demonstrated the significance of physiochemical 

parameters of AuNP, such as size, shape, and surface chemistry, in maximizing their cellular 

uptake with minimal cell impairment.65–68 A recent study by Chhour et al. investigated the 

effect of size and surface chemistry in AuNP uptake by monocytes.69 The effect of both the 

coating and the size of AuNP on their cellular uptake was evidenced using AuNP 
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formulations with core diameter ranging from 15 to 150 nm and functionalized with various 

organic coatings. AuNP formulations with methoxy-PEG coatings showed greater uptake 

with increasing diameter, while coating with PEG bearing a terminal carboxylic group 

induced a maximized uptake for formulations of 50 and 75 nm rather than smaller or larger 

diameters. The time of incubation and concentration of AuNP are also important 

considerations for the optimization of cell tracking as demonstrated by Betzer et al. using 

glucose-coated, 20 nm diameter AuNP.70 Another study by Sun et al. further demonstrated 

the importance in considering the dependence of cellular uptake on nanoparticle 

formulations, labeling parameters, and cell types.71 Moreover, recent studies have also 

emphasized the effect of serum protein corona on nanoparticle-cell interaction and further 

internalization.72–74 The nature of protein coronas is directed by both the size and surface 

chemistry of AuNP and accordingly changes their cellular uptake.75–77 Therefore, 

considering the variability among findings of previous studies and the large number of 

parameters to review, it is essential to investigate the best AuNP formulation and optimize 

the labeling conditions for each cell tracking application. The synthetic control over AuNP 

morphology (i.e. size and shape) and their extensive surface modification possibilities make 

their optimization for specific applications more facile.

With better understanding of AuNP uptake in various cell types, many studies have used 

selected AuNP formulations to demonstrate tracking of non-phagocytic cells upon labelling 

in small animals using CT imaging.78–81 In a recent study, Kim et al. coated 40 nm in 

diameter AuNP with poly-l-lysine (PLL), covalently functionalized with the rhodamine B 

isothiocyanate (RITC) dye, to monitor human mesenchymal stem cells (hMSCs) in rat 

brains (Figure 3A,B).82 Owing to the well-established role of PLL as a cationic transfection 

agent, the labeling efficiency of smaller and non-phagocytic hMSCs was improved using 

PLL coated AuNP (AuNP-PLL), at gold concentration of 0.2 mg.mL−1 and upon 12 hours 

of incubation (Figure 3C). Hence, labeling hMSC with AuNP-PLL reached more than 600 

pg/cell and did not impair cell viability, proliferation, or differentiation capabilities. 

Suspension of those labeled hMSCs produced strong attenuation in CT imaging that was 

linearly proportional to the concentration of internalized AuNP (Figure 3D). Transplants 

containing as low as 2 × 105 cells could be visualized with CT in rat brains (Figure 3E) and 

confirmed by immunofluorescence microscopy thanks to the RITC functionalized AuNP 

(Figure 3F). In the case of primary human T-cells that are genetically engineered against 

melanoma-specific T-cell receptors, Meir et al. used glucose coating to enhance the labelling 

efficiency of 20 nm AuNP.83 Optimal in vivo labeling conditions of 60 minutes incubation 

time at gold treatment concentration of 0.75 mg.mL−1 did not significantly impair the 

labeled cells’ function or viability. After intravenous injection into tumor-bearing mice of 16 

× 106 of the labeled cells, distinct CT attenuation was observed at the tumor site as early as 

24 hours.

The use of AuNP as probes for cell tracking is not limited to CT imaging, and engineered 

AuNP have been effectively visualized upon cell internalization with other imaging 

modalities, such as photoacoustic imaging.35 For instance, Comenge et al. recently 

demonstrated the tracking of mesenchymal stem cells that were labeled with gold nanorods 

using PAI.84 Alternatively, by incorporating radionuclides on AuNP before cell labeling, cell 

tracking with radionuclide imaging can be performed as well. Lee et al. demonstrated the 
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feasibility of cell tracking via PET imaging with radiolabeled AuNP, using dendritic cells 

labelled with core-shell AuNP incorporating iodine-124.85 Optical coherence tomography 

can also be used for tracking in living systems circulating tumor cells that were labelled with 

gold nanorods.86

AuNP have advantageous features for cell tracking with CT owing to their high density, 

biocompatibility, X-ray attenuation properties and the large array of AuNP shape and 

surface functionalization, and therefore have been the focus of numerous studies using CT to 

monitor cell-based therapies. However, recent studies suggest the possibility of cell tracking 

with AuNP probes for photon-counting CT, which can provide additional benefits to CT cell 

tracking, such as specific visualization of contrast generated from AuNP and non-invasive 

AuNP quantification with high accuracy.87,88

Targeted gold nanoparticles based nanoprobes

Passively targeted AuNP

The unique pathophysiological properties and structures of the tumor tissue, i.e. the “leaky” 

tumor vasculature and impaired lymphatic drainage, allow the passive targeting of tumors by 

AuNP thanks to the enhanced permeability and retention (EPR) effect.89–91 Enhanced 

retention of AuNP with appropriate sizes and coatings is advantageous for tumor imaging 

and cancer detection.92–94 Ashton et al. evidenced such passive targeting with spherical PEG 

coated AuNP of 29.9 nm hydrodynamic diameter, that were injected into mice bearing 

primary lung tumors.95 Sykes et al. observed different tumor accumulation profiles in a 

breast cancer model when studying AuNP ranging in size from 15–100 nm, with the highest 

AuNP tumor accumulation occurring for the AuNP that had the smallest diameter.96 This is 

likely due in part to the longer circulation half-lives of smaller AuNP, thus enhancing the 

probability of AuNP entering the tumor from the blood.97 Moreover, small AuNP have been 

used for brain tumor imaging via passive targeting.98,99 Hence, Smilowitz et al. suggested 

that AuNP intravenously injected can effectively accumulate in both an intracerebral main 

tumor mass and migrated tumor cells, thus having potential for imaging glioblastoma.100 In 

addition to size, the shape and surface chemistry of AuNP significantly affect their 

distribution and cell uptake,9,38,101,102 and accordingly play important roles in passive 

tumor-targeting efficacy.103 Modification of AuNP with PEG coating has been extensively 

investigated to enhance their blood circulation time and thus the EPR effect to facilitate 

tissue-specific imaging.104–106 For instance, PEG-AuNP show a 3-fold higher concentration 

in blood and greater tumor accumulation 3 hours after intravenous injection for tumor 

imaging with CT, compared to tiopronin coated AuNP.107 Furthermore, passive targeting of 

AuNP in the tumor is valuable to access multi-modality imaging (e.g. CT and PAI) for both 

tumor imaging and image guided therapy.108–111

Actively targeted AuNP

As opposed to passive targeting, active targeting is achieved by functionalizing the surface 

of AuNP with molecules that specifically bind to cell surfaces or other biomolecules.112,113 

Actively targeted AuNP are expected to strongly interact upon encountering their target in 
vivo, therefore directing AuNP to pathological sites by other mechanisms in addition to the 
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EPR effect. Conjugating cell receptor targeting moieties to AuNP based probes has received 

extensive interest for cancer imaging, and therefore a large variety of targeting ligands has 

been investigated, such as cetuximab (C225) to target epidermal growth factor receptor 

(EGFR), herceptin to target the human epidermal growth factor receptor 2 (HER2),114,115 

and so forth.116 Alternatively, AuNP coated with hyaluronic acid (HA) and manganese 

chelates that take advantage of the inherent CD44 receptor targeting ability of HA, granted 

tumor imaging by CT and MR dual-mode imaging.117 Moreover, Dinish et al. reported 

AuNP labeled with NIR active organic molecules and targeted with anti-EGFR antibodies, 

which could image cancer by bimodal PAI and SERS imaging (Figure 4).118 Peptide coated 

AuNP have found broad application in the field of molecular imaging and image guided 

therapy for photodynamic therapy of tumors, optical and CT imaging of thrombus, and so 

forth.119–121 Notably, Avvakumova et al. developed gold nanocages conjugated to 

neuropeptide Y (NPY) for image guided photothermal therapy of prostate tumor.122 Peptide 

functionalized AuNP can also be used for targeting and imaging tumor-associated 

macrophages (TAMs) and lung cancer cells by CT.123 Furthermore, glycol-chitosan-coated 

AuNP appended with fibrin-binding peptides enabled the detection of cerebrovascular 

thrombi.124

In summary, thanks to the intense research interest on targeted AuNP as probes for 

molecular imaging and disease detection, a large array of variations has been reported to 

adapt the imaging properties to the requirements of multiple diseases. By strategically 

controlling the physical properties and surface functionalization of AuNP, both passive and 

active targeting strategies can be accessed for molecular imaging, and has found additional 

applications for image guided therapy.

Activatable AuNP based nanoprobes

Aiming at enhancing the probes’ selectivity for molecular imaging, the concept of 

activatable probes has bloomed, encompassing careful engineering to locally change the 

probe’s imaging signal as a response to biomolecules.125–127 This signal switch improves 

the diagnostic’s specificity and precision by enabling visualization of biomolecules and 

pathological phenomena.128 The broad possibilities for the surface modification of AuNP, 

and the variety of available responsive motifs, render activatable nanoparticles promising 

probes for molecular imaging.129

Distance dependent fluorescence quenching of AuNP functionalized with dyes

Owing to the optical properties of AuNP, they can act as dark quenchers for fluorescent 

moieties located close to the metal core.130 Therefore, AuNP conjugated with a fluorescent 

moiety through a biomolecule-responsive linker allow the specific and local release of the 

dye for turning-on the probe’s signal in fluorescence imaging. This concept has been used to 

image a wide array of biomolecules with AuNP based nanoprobes, namely pH,131,132 ROS,
133,134 proteins,135 enzymes,136,137 RNA,138–140 metal ions,141,142 and other metabolites.
143,144 Intracellular pH regulation is critical to living cells and can be used as one of the 

hallmarks of cancer metabolism for early diagnosis.145 Recently, several studies have 

demonstrated the possibility of imaging pH variations at the cellular level using engineered 
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AuNP based nanoprobes.146–149 For example, Yu et al. constructed a pH-sensitive AuNP 

functionalized with fluorescent dyes, one responsive to acidic pH and the other to basic pH, 

and such a system can be used for mapping brain pH variations very finely using 

fluorescence imaging.150 Notably, Kwon et al. reported the use of silica coated AuNP 

functionalized with a thrombin-cleavable fluorescent peptide as an activatable probe for 

bimodal thrombus imaging in fluorescence and CT.120 In vitro, the fluorescence increased 

by 30% upon thrombin exposure thanks to the probe activation. In vivo, the thrombus could 

be visualized both by thrombin triggered signal enhancement in fluorescence imaging, and 

by CT imaging thanks to the size dependent accumulation in the diseased area by EPR 

effect. Alternatively, a caspase responsive multicolor nanoprobe was developed for 

monitoring in real-time the mechanism of caspase cascade occurring during cell apoptosis.
151 In this aim, three different peptides, cleavable upon exposure to either caspase-3, −8 or 

−9, were functionalized on one end with three different fluorescent dyes, and conjugated to 

AuNP via their other end. This nanoprobe showed signal quenching in the absence of 

caspase, and effective caspase dependent signal turn-on in fluorescence, without interference 

from other biomolecules. Then, the sequential caspase activation on HeLa cells treated with 

staurosporine, an apoptosis inducer, could be visualized by fluorescence with high precision 

and selectivity, as a proof-of-concept for further drug mechanistic investigations.

Interparticle coupling in AuNP assemblies

The interparticle plasmon coupling that occurs when multiple AuNP are located in a close 

vicinity, induces bathochromic shift of their LSPR, potentially into the NIR, and can be 

reverted upon disassembly of the structure for the release of single AuNP.28 This reversible 

behavior can be used in the development of activatable probes by biomolecule mediated 

assembly or disassembly, to change the imaging signal in the diseased area. Numerous 

synthetic strategies have been explored to access plasmonic assemblies of AuNP,152,153 and 

used for drug delivery154 or theranostic applications.155,156 However, their use as probe for 

molecular imaging is less explored, and most studies focus on indirect biomolecule imaging 

by in situ AuNP aggregation triggered by the biomolecule of interest. Hence, Zn2+ ions that 

are involved in carcinogenesis and neural signaling, were imaged by zinc-induced peptide 

folding at the surface of AuNP, and triggered AuNP aggregation for indirect multiphoton-

induced luminescence imaging of Zn2+.157 Similarly, pH changes associated with cancer 

were imaged by PAI thanks to the pH-induced protonation of the coating of AuNP and their 

subsequent electrostatic aggregation.158 In order to image pH variations in brain tumors for 

image guided surgery, AuNP were coated with a gadolinium complex for MRI, a pH 

cleavable hydrazone modified PEG shielding coating, and an inner coating capable of in 
vivo copper-free click reaction to bind AuNP in clusters.159 The pH triggered aggregation of 

AuNP in brain tumor allowed for the indirect pH imaging by signal enhancement in MRI as 

well as SERRS by interparticle ‘hotspot’ formation. This system was used as both 

preoperative agent for delimiting the tumor margins by MRI, and intraoperative tumor 

excision agent by bimodal MRI and SERRS imaging.

On the other hand, signal changes induced by in situ AuNP disassembly can be used for 

biomolecule imaging. For example, glutathione (GSH), a redox active biomolecule, can be 

imaged thanks to its ability to cleave a dithiol linker that forms an AuNP aggregate, resulting 
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in dis-aggregation of AuNP and turn-on of fluorescence.160 Moreover, radical oxygen 

species (ROS), a hallmark of inflammation and cancer, could be imaged with ROS 

degradable AuNP-polyphosphazene nanoprobes due to loss of PA signal upon degradation 

(Figure 5A).161 Sub-5 nm AuNP display strong PA signal thanks to interparticle plasmon 

coupling when loaded in the polyphosphazene spheres (Figure 5B), while their exposure to 

ROS induced polyphosphazene degradation (Figure 5C) and significantly decreased the PA 

signal. This activatable nanoprobe allowed ROS imaging by PA signal decrease in inflamed 

RAW264.7 macrophages, and differentiation from normal macrophages where the 

nanoprobes maintained a high PA contrast (Figure 5D,F). CT was used in combination with 

PAI to permit the imaging of endogenous ROS since its signal is dependent on the gold 

concentration and not affected by its environment (Figure 5E).

Metal etching in AuNP based inorganic composites

AuNP based molecular imaging can be achieved by designing core-shell particles and alloys, 

where a responsive shell covers the gold core and quenches its optical properties. Then, a 

biomolecule mediated galvanic exchange at the surface of the composites decreases the gold 

quenching for turning-on the signal in optical imaging. Hence, Au-Ag alloys were shown to 

etch upon cyanide exposure, therefore granting a cyanide detection in pollutes as low as 1 

nM, in zebra fish.162 Similarly, gold nanorods covered in silver were shown to etch in 

response to superoxide radicals (O2
•–), thus shifting the nanoprobe plasmon resonance 

scattering and allowing real-time imaging of O2
•– and of the associated autophagy process.

163 Kim et al. have applied a similar principle using gold nanorods covered in a silver layer 

(Au/AgNR) as an activatable probe where the PA signal is quenched unless silver gets 

oxidized by ROS to release silver ions and restore the PA signal (Figure 6).164 Such Au/

AgNR could be used as a theranostic platform, allowing the simultaneous release of silver 

ions for antibacterial therapy in mice, in addition to self-report silver ion delivery in a non-

invasive manner.

Overall, AuNR based activatable nanoprobes have shown significant progress in the field of 

molecular imaging, evolving toward more specific detection by signal change. Hence, the 

versatility of AuNP synthesis and the large range of designs available, has greatly advanced 

the field by using biomolecule responsive coatings or triggered assembly and disassembly 

processes to shift their optical properties. Yet, translation to clinical trials of activatable 

nanoprobes based on AuNP has yet to be explored.

Conclusion

Overall, significant development in the field of AuNP based probes has been achieved over 

the past five years, seeing more complex and specific probes appear. This intense 

development arises from the challenges in molecular imaging requiring the detection of 

biomolecules that are often present in disease sites at sub-millimolar concentrations, and 

despite the complex environment in living systems. In particular, AuNP based probes have 

shown remarkable results in molecular imaging both at the cellular level and as contrast 

agents for in vivo imaging. Although the research around AuNP based nanoprobes has 

bloomed over the timeline covered herein, only a small number of AuNP based biomaterials 
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are currently being investigated in clinical trials, notably AuroLase, and no AuNP has yet 

been approved for use in patient care.165–167 This discrepancy between research interests 

and translation to human can in part be explained by the lack of comparable information 

related to their biodistribution, degradability, systemic toxicity and concerns related to their 

excretion profile and possible long-term accumulation in the body.168 Accordingly, 

systematic investigation of such parameters using comparable techniques should greatly 

favor the better understanding of optimal physico-chemical and pharmacological parameters 

of AuNP for eventual clinical translation. While new technical developments in gold 

nanoparticle synthesis and use in imaging are welcome, it will be important for the field to 

focus more on clinical translation in the coming years. Excretion of gold nanoparticles will 

be key in most applications to achieve approval for clinical use, so the use of gold 

nanostructures that can be excreted (such as sub-5 nm AuNP or assemblies of such AuNP 

that can be degraded) should receive more attention in the future. Moreover, in this field, as 

in many others, clinical translation will be facilitated if researchers take care to obtain 

intellectual property on their agents, from companies to commercialize their agents and seek 

funding to gather investigational new drug status enabling data in order to proceed to clinical 

trials. In summary, in the next five years, we expect that there will be more exciting new 

discoveries, as well as more progress on clinical translation, to bring the benefits of gold 

nanoparticles to preclinical and clinical imaging.
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Figure 1. 
A) TEM of biodegradable PCPP nanospheres loaded with small gold nanoparticles. In vivo 
imaging with B) CT and C) PAI. D) Degradation of PCPP nanospheres loaded with either 

glutathione-coated gold nanoparticles (Glu-Au-PCPP) or 11-mercaptoundecanoic acid 

(11MUA-Au-PCPP) in 10% serum at 37 °C. Adapted with permission from reference [9].
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Figure 2. 
A) Schematic for gold nano-assemblies preparation and subsequent in vivo fluorescence 

imaging. TEM micrographs of B) free AuNCs/PPI NPs and C) AuNC/PPI@RBC 

complexes. Scale bar = 50 nm. D) In vivo fluorescence imaging of mice injected with 

different nanoparticle formulations to show prolonged circulation time and enhanced tumor 

accumulation from RBC coated nanoparticles. Adapted with permission from reference [53].
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Figure 3. 
A) Schematic depiction of AuNP-PLL complex. B) TEM of AuNP complexed with PLL and 

RITC. C) TEM of internalized AuNP in hMSC. D) In vitro microCT images of 1 × 106 

hMSCs labeled with different concentration of AuNP-PLL complex. E) In vivo microCT 

images of labeled hMSCs injected in the striatum at different cell doses: (1) 5 × 105 cells, 

(2) 2 × 105 cells, (3) 6 × 104 cells, (4) 2 × 104 cells (HU = 76), (5) brain parenchyma, and 

(6) skull. F) Immunofluorescent images of the injection site (1) in panel (E). Left: 

transplanted hMSCs; middle: RITC in AuNP-PLL complex; right: overlay image of left and 

middle images. Scale bar = 200 μm. Adapted with permission from reference [82].
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Figure 4. 
A) In vivo non-background-corrected maximum intensity projection (MIP) PA images of a 

mouse at t = 6 and 24 h post-injection of both targeted and non-targeted AuNP. 

Corresponding PA signal intensity values at various time points from B) targeted AuNP and 

C) non-targeted AuNP. Adapted with permission from reference [118].
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Figure 5. 
A) Schematic of the production of plasmonic nanogels and their degradation triggered by 

ROS. Representative TEM images of the PPB NP B) maintaining their structure in H2O, C) 

degraded upon exposure to H2O2. Influence of stimulation induced ROS overproduction in 

macrophages upon incubation with the ROS sensitive PPB NP and the control PCPP NP by 

D) PAI, E) CT contrast, F) contrast enhancement expressed as percentages in CT (blue) and 

PAI (red). Adapted with permission from reference [161].
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Figure 6. 
Schematic and representative TEM images of A) synthesized AuNR, B) Au/AgNRs upon 

Ag deposition, C) AuNR following Ag+ etching. Comparative ultrasound (gray scale) and 

photoacoustic (red scale) images of mice injected with D) Au/AgNR followed by silver 

etchant, and E) Au/AgNR. Adapted with permission from reference [164].
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