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Photoacoustic (PA) imaging is a biomedical imaging modality that provides 
functional information regarding the cellular and molecular signatures of tissue 
by using endogenous and exogenous contrast agents. There has been tremendous 
effort devoted to the development of PA imaging agents, and gold nanoparticles as 
exogenous contrast agents have great potential for PA imaging due to their inherent 
and geometrically induced optical properties. The gold-based nanoparticles that are 
most commonly employed for PA imaging include spheres, rods, shells, prisms, cages, 
stars and vesicles. This article provides an overview of the current state of research in 
utilizing these gold nanomaterials for PA imaging of cancer, atherosclerotic plaques, 
brain function and image-guided therapy.
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Photoacoustic (PA) imaging is a rapidly 
emerging biomedical imaging modality 
based on the PA effect that was first observed 
by Alexander G Bell in 1880 [1]. Through PA 
imaging, it is possible to obtain information 
in real time with a high spatial resolution on 
the anatomical, functional and molecular 
content of diseased tissues in the absence of 
ionizing radiation [2–6]. Compared with fluo-
rescence optical imaging, PA imaging has 
higher spatial resolution (as low as 5 μm) 
and a deeper imaging depth (up to 5–6 cm) 
due to the much weaker scattering of ultra-
sonic signals than light in tissue. Compared 
with ultrasound imaging, whose contrast 
is limited by the mechanical properties of 
biological tissues, PA imaging has better tis-
sue contrast, which is related to the optical 
properties of different tissues. Moreover, the 
absence of ionizing radiation also makes PA 
imaging safer than computed tomography 
and the radionuclide-based imaging tech-
niques of PET and SPECT. Endogenous con-
trast can be used in PA imaging to provide 
functional and even anatomical informa-
tion. In particular, these imaging modes can 

be greatly enhanced by exogenous contrast 
agents and allow for imaging of cellular and 
molecular events. Currently, a great variety of 
PA contrast agents exists, and gold nanopar-
ticles (AuNPs) are one of the most promising 
exogenous PA contrast agents.

Due to their strong and tunable opti-
cal absorption that results from the surface 
plasmon resonance (SPR) effect, AuNPs 
have been widely used as PA contrast agents 
in recent years. The SPR effect occurs when 
free charges on the surface of AuNPs oscil-
late with the electromagnetic field, leading 
to an optical absorption that is several orders 
of magnitude greater than organic dyes 
[7]. When the size and shape of the AuNP 
change, its resonant frequency also changes, 
which enables researchers to exploit the use 
of the wavelength range of the ‘biological 
window’ (650–1100 nm), in which the least 
blood and tissue attenuation occurs. There-
fore, a high visible contrast can be obtained 
with particles absorbing in the ‘biological 
window’ [8], which is very important for the 
PA imaging of targeted areas located deep 
within biological tissues that cannot be real-
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ized by other superficial methods [9]. Moreover, there 
also exists the second near-infrared (NIR) spectral 
window (1100–1350 nm) of minimal water absorp-
tion between water peak maxima [10,11]. At longer NIR 
wavelengths in this region, scattering is reduced due to 
the inverse wavelength dependence from Rayleigh scat-
tering and due to Mie scattering at longer wavelengths. 
Thus, contrast agents absorbing in the second NIR 
spectral window also show their potential in PA imag-
ing. Currently, the research on AuNPs has made it pos-
sible to precisely control their synthesis in terms of size, 
shape and uniformity. Besides the original colloidal 
gold nanospheres (AuNSs) [12], many research groups 
have developed more complicated nanostructures, 
such as gold nanorods (AuNRs) [13], gold nanoshells 
(AuNShs) [14], gold nanoprisms (AuNPrs) [15], gold 
nanocages (AuNCs) [16], gold nanostars (AuNSts) [17], 
gold nanovesicles [18] and rhombic dodecahedra and 
bipyramids (Figure 1) [19].

Therefore, this article aims to overview the cur-
rent research that has incorporated the use of AuNPs 
in PA imaging both in vitro and in vivo. AuNPs have 
been functionalized with different surface modifiers in 
order to further enhance the imaging contrast; how-
ever, this article will limit its scope to PA imaging that 
mainly utilizes the optical properties of AuNPs them-
selves. First, the optical properties of AuNSs, AuNRs, 
AuNShs, AuNPrs, AuNCs, AuNSts and gold vesicles 
are described. Then, the role of these nanostructures 
in the field of PA imaging of cancer, atherosclerotic 
plaques, brain function and PA imaging-based therapy 
guidance are discussed.

PA imaging basics
PA imaging capitalizes on the PA effect, which is sim-
ply the generation of an acoustic wave resulting from 
the absorption of optical energy. Briefly, laser energy 
absorbed by endogenous chromophores or exogenous 
contrast agents causes a rapid thermoelastic expansion 
of tissue, resulting in the generation of a wide-band 
ultrasound wave originated from the photoabsorber. 
The ultrasound wave can be detected with a trans-
ducer that converts the mechanical acoustic waves to 
electric signals, which are then processed to form an 
image [5,20–21]. A typical PA imaging setup consists of 
two main components: a tunable nanosecond pulsed 
laser and a user–system interaction system (Figure 2).

The maximum initial pressure (P
0
) generated 

after thermoacoustic excitation in the photoabsorber 
is described in Equation 1, assuming 1D plane wave 
propagation in a homogeneous medium:

where β represents the thermal coefficient of volume 
expansion, v

s
 represents the speed of sound in tissue, 

C
p
 represents the specific heat capacity of the tissue at 

a constant pressure, μ
a
 is the optical absorption coef-

ficient of the photoabsorber, F
0
 is the laser fluence at 

depth z = 0, Γ is the Grüneisen parameter of the tissue 
and μ

eff
 represents the effective extinction coefficient of 

the tissue, which can be defined in Equation 2 as:

where μ’
s
 is the reduced scattering coefficient of tissue 

[5,20–22].
The spatial resolution in PA imaging is determined by 

the characteristics of an ultrasound transducer [2,20,23]. 
As for deep-penetrating PA imaging, the axial resolu-
tion is inversely proportional to the bandwidth (BW) 
of the transducer, and the lateral resolution is inversely 
proportional to both the numerical aperture and cen-
ter frequency of the transducer. Therefore, a transducer 
with a high BW, large numerical aperture and high 
center frequency yields high-resolution images [2,20].

Laser light penetration and acoustic attenuation in 
the tissue limits the penetration depth in PA imaging. 
The penetration depth is primarily limited by the opti-
cal scattering and determined by the effective extinc-
tion coefficient μ

eff
. At depths greater than 1 mm, the 

laser light diffuses and decays exponentially with the 
exponential constant equal to μ

eff
, and penetration 

depth is strongly wavelength dependent and may reach 
up to several centimeters in the biological window 
(650–1100 nm). Depths of up to 5–6 cm have been 
reported [24–26] by using radiant exposures below the 
maximum permissible exposure, which is imposed by 
the American National Standards Institute for human 
skin (the maximum permissible exposure limit at dif-
ferent wavelengths is 20 mJ/cm2 at 400 < λ < 700 nm, 
20 × 100.002(λ – 700) mJ/cm2 at 700 < λ < 1050 nm and 
100 mJ/cm2 at 1050 < λ < 1500 nm [27]).

There is a trade-off between resolution and imag-
ing depth of PA imaging. When the imaging depth 
increases, frequency-dependent attenuation decreases 
the center frequency and BW of the ultrasound wave, 
resulting in lower spatial resolution [20]. Therefore, a 
PA microscopy system sacrifices imaging depth to 
improve resolution of 50 μm [20,28–30], and a lateral 
resolution as low as 5 μm can be reached for imag-
ing superficial capillaries by using a highly focused 
laser beam [29]. Conversely, macroscopic PA imaging 
systems are promising for tumor detection in deeper 
regions with a resolution on the order of hundreds of 
microns [24–26,31].

The contrast in PA imaging is largely determined 
by the wavelength-dependent optical absorption coef-
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ficient μ
a
. Due to the large variations of endogenous 

chromophores (melanin, oxy-[HbO
2
] and deoxyhe-

moglobin [Hb]) in μ
a
, spectroscopic or multiwave-

length imaging techniques can be used to characterize 
the optical properties of tumor tissue. Thus, different 
wavelength-dependent optical absorption properties 
of HbO

2
 and Hb enable spectroscopic PA imaging in 

order to differentiate between arteries and veins. Due 
to the same optical absorption of HbO

2
 and Hb at 

approximately 805 nm, PA imaging at this and other 
wavelengths can be utilized in order to assess total 
hemoglobin and blood oxygenation. Moreover, PA 
contrast can be enhanced by exogenous contrast agents 

that have distinct and tunable absorption spectra in the 
biological window.

Plasmonic AuNPs
When AuNPs interact with light, the SPR effect 
occurs when the conduction electrons of the metal 
are driven by the incident electric field into collective 
oscillations known as localized SPRs (LSPRs) [32,33]. 
The local field intensities of electromagnetic fields on 
the nanostructure surface resulting from LSPRs can be 
orders of magnitude greater than those of the incident 
field. The electromagnetic fields can enhance both the 
radiative and nonradiative properties of AuNPs, thus 

Figure 1. Scanning electron microscope and transmission electron microscope micrographs of gold nanostructures 
of various shapes and sizes. (A) Nanospheres, (B) nanorods, (C) nanoshells, (D) nanoprismss, (E) nanocages, (F) 
nanostars, (G) nanovesicles, (H) rhombic dodecahedras, and (I) bipyramids..
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Figure 2. Dark-field confocal photoacoustic microscope. 
ADC: Analog-to-digital converter; Nd:YAG: Neodymium-doped yttrium aluminum garnet.
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directly impacting biomedical imaging and therapy. 
Following illumination, plasmons can either decay 
nonradiatively or radiatively, resulting in absorption or 
light scattering, respectively. Thus, the strong extinc-
tion peaks (LSPR) of AuNPs in the visible and NIR 
regions are usually composed of two components of 
absorption and scattering. By changing the size, shape 
and internal structure of the AuNPs, the relative mag-
nitude of light being absorbed and scattered can be 
tuned, and optical absorbing-dominant AuNPs are 
more valuable for PA imaging. Therefore, it is essen-
tial to know both the absorption cross-section (σ

a
) and 

the scattering cross-section (σ
s
) of a nanostructure for 

a specific biomedical application. A technique [34] has 
been developed that combines the well-known Beer–
Lambert law with PA imaging in order to measure σ

a
, 

together with the overall extinction cross-section (σ
e
) 

obtained using a ultraviolet–visible–NIR spectrom-
eter, then the σ

s
 and the contributions of σ

a
 and σ

s
 to 

the optical properties of the gold nanostructures can 
be calculated, which can be well controlled by mod-
ulating the dimensions for AuNRs and AuNCs [35]. 
Due to the low absorption of NIR light by biological 
fluids and greater photon penetration depth attained 
by NIR light with minimal tissue damage, AuNPs 
resonant in this region enable deep tissue PA imaging 
and therapy guidance.

Typical plasmonic AuNPs
Plasmonic AuNPs have been synthesized in a myriad 
of shapes and sizes, each of which possesses unique 
optical characteristics. AuNP synthesis methods vary 
greatly among different types of particles, and there are 
also many routes to obtaining similar shapes. A detailed 
discussion of different synthesis techniques is beyond 
the scope of this article, but they are readily available 
in other articles [36,37]. The following are some typical 
AuNPs with distinct and tunable absorption spectra 
suitable for PA imaging (Figure 3).

AuNSs are the most basic shapes that can be syn-
thesized. It is well known that AuNSs produce a sin-
gle absorption, typically at approximately 520 nm [7], 
which can be tuned to a maximum of approximately 
600 nm when the particle size goes up to 100 nm [38]. 
This is the major disadvantage for the use of AuNSs in 
PA imaging, as contrast is greatly decreased outside of 
the biological window [39]. The optical absorption spec-
trum near 520 nm is similar to that of blood, which 
makes it difficult to distinguish individual particles 
from blood in vivo. However, the hierarchical assembly 
of AuNSs allows one to engineer the LSPR peaks to 
the NIR region owing to a strong plasmonic coupling 
effect between adjacent AuNSs [40]. For the vesicular/
clustered gold vesicle assemblies composed of polyeth-
ylene oxide-b-polystyrene-tethered AuNSs, the LSPR 
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peaks can be tuned in the range of 650–800 nm [41,42]. 
For the biodegradable gold vesicles composed of PEG-
b-poly(ɛ-caprolactone)-tethered AuNSs, the LSPR 
peaks were broadened, and the major peak moved to 
approximately 1000 nm as the AuNS concentration 
increased [43].

AuNRs are extensively applied in PA imaging 
because of their facile synthesis route and tunable 
absorption in the NIR region [44,45]. The cylindri-
cal conformation of AuNRs shows a unique optical 
effect due to the presence of two critical dimensions 
of the long axis and the short axis, and the aspect ratio 
(length:width) is commonly used to identify nanorod 
sizes [46]. The oscillation of the long axes (known as 
the longitudinal band) contributes to characteristic 
specific absorbance wavelengths, while the transverse 
absorption band is sustained at approximately 520 nm, 
which is relatively unaffected by nanorod size [38,47]. 
When the aspect ratio increases, the absorbance of the 
longitudinal band shifts deeper into the NIR region, 
and absorption peaks as high as 1300 nm have been 
attained [44]. However, AuNRs with aspect ratios of 
between 3 and 4 were found to be optimal for PA 
imaging, as their absorption falls within the biologi-
cal window [48–51]. The optical absorbance and scat-
tering cross-sections of AuNRs are a function of size, 
thus larger AuNRs produce increased scattering and 
smaller AuNRs produce increased absorbance. More-
over, small AuNRs with high aspect ratios are expected 
to absorb light, while larger AuNRs with lower aspect 
ratios can scatter light more prominently [7].

AuNShs have also been used as PA imaging con-
trast agents [52,53]. The initial AuNShs used a core–
shell system with an inner Au

2
S core [54], which were 

improved to silica cores covered with gold [14,55–56]. 
Studies on determining the optical tunability of these 
systems indicated that thinner shells over larger cores 
can increase the resonance shift from ultraviolet–vis-
ible spectroscopy to between 800 and 2200 nm [57,58]. 
In addition, another class of AuNShs with a hollow 
inside have also been investigated. In 2002, the Xia 
group developed a new template replacement method 
to synthesize hollow metal nanostructures, which 
significantly improved the ability to form shell walls 
with uniformity and face centered cubic crystallinity 
[59]. However, AuNShs exhibit more scattering than 
absorption and a broad optical spectrum, which makes 
them less effective PA contrast agents than AuNRs [60].

AuNPrs also show promise for PA imaging at longer 
wavelengths [61]. One of the first observations of spec-
troscopically identifiable AuNPrs from a thermal syn-
thesis was made by Malikova et al. [62]. The resulting 
NP solution contained a mixture of plate-like nano-
structures and pseudospherical NPs, and the extinc-

tion spectrum from this mixture showed two distinct 
bands corresponding to the SPRs from the two types 
of particles. The Mirkin group used a seed-mediated, 
surfactant-based system that produced a mixture of 
AuNPrs and pseudospherical NPs, each with relatively 
narrow size distributions (nanoprism edge length: 144 
± 30 nm; NP diameter: 35 ± 2 nm) [15,63]. The syn-
thetic method was subsequently used to control the 
edge length of AuNPrs at between 100 and 300 nm 
by using the nanoprisms themselves as seeds [64]. 
Higher-order plasmon modes have also been observed 
from prisms produced from a synthesis described by 
Ah et al., wherein poly(vinylpyrrolidinone) was used 
as a capping ligand and shape-directing moiety [15]. 
The resulting AuNPrs were single crystals with planar 
widths of 80−500 nm and thicknesses of 10−40 nm, 
exhibiting strong surface plasmon absorption in the 
region of 700−2000 nm.

AuNCs have been developed because they show sim-
ilar optical characteristics to AuNShs, but with much 
smaller sizes [39,65–66]. Recently, research has been car-
ried out in order to synthesize double-shelled AuNCs 
by using different combinations of gold, platinum and 
palladium layers [67]. In addition to the adjustment 
of the amount of HAuCl

4
 used, the size of the silver 

nanocube template can fine tune the SPR properties 
of the AuNCs. More explicitly, SPR of AuNShs can 
be affected by variations in cage size, wall thickness 
and number of truncated corners [68]. The advantages 
of these AuNShs are their reproducibility, their com-
pact nature (NIR absorbance is achieved at small sizes 
[35–40-nm nanocages for 800-nm peak absorbance]), 
their LSPR peaks (which can be easily and precisely 
tuned in the range of 600–1200 nm), their sizes (which 
can be readily varied from 20 to 500 nm with greatly 
enhanced absorbance cross-sections over conventional 
dyes) [68] and their encapsulation abilities [69].

AuNSts are spiked AuNSs that can also be used in 
PA imaging [17,70]. There are two general approaches to 
synthesizing AuNSts [71]. The unusual optical proper-
ties of AuNSts make them ideal candidates for many 
biomedical NIR absorption applications, including 
PA imaging. The branching and sharp tips result in 
a dominating second resonance presence in addition 
to the resonance produced by the core of the particle 
[72]. The peak resonance of AuNSts increases with the 
increase of the number, the length and the tip sharpness 
of the branches, and the second plasmon of AuNSts 
can be tuned into the range of 650–900 nm, while the 
overall AuNSt size is relatively irrelevant [72–74]. Due to 
the larger reactive surface area, biocompatibility and 
feasible optical tunability, AuNSts have encouraged 
researchers to take advantage of these properties in PA 
imaging [75].
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Figure 3. Tunability of plasmon resonances of different gold nanoparticles (see facing page). (A) UV-Vis-NIR 
spectra of AuNSs, PEG-b-PS-tethered gold vesicles, and block-copolymer-tethered biodegradable gold vesicles 
produced by the dialysis of solutions of AuNSs (100, 150, and 250 mg/ml) in THF. The LSPR of the biodegradable 
gold vesicle can be tuned by varying the AuNS concentration. (B) UV–visible–NIR absorption spectra of AuNRs 
synthesized with different amounts of AgNO3 solution (0.0040 M) of 0.050 ml (1), 0.10 ml (2), 0.15 ml (3), 0.20 
ml (4), 0.25 ml (5). The LSPR peak could be precisely tuned by varying the concentrations of AgNO3 in the 
growth solution (aspect ratios of AuNRs). (C) Normalized UV–visible–NIR extinction spectra of gold shell-silica 
core AuNShs as a function of their core/shell ratio (60 nm core radius/different shell thickness). (D) UV-vis-NIR 
absorption spectra of the gold nanoprisms with average width and thickness of 450 ± 29 and 39 ± 4 nm (1), 310 ± 
25 and 28 ± 3 nm (2), 158 ± 13 and 18 ± 3 nm (3), and 96 ± 12 and 14 ± 2 nm (4). Values given as mean ± standard 
deviation. (E) UV-vis-spectra of the AuNCs obtained by titrating the Ag nanocubes with different amounts of 
aqueous HAuCl4 solution. The LSPR of the Au nanocages is tunable by varying the volume of HAuCl4 solution 
added. (F) Absorption spectra of AuNSts with average core size and branch length of 27 ± 2 and 12 ± 2 (1), 27 ± 2 
and 13 ± 3 (2), 31 ± 3 and 15 ± 3 (3), 39 ± 3 and 19 ± 4 (4), 46 ± 4 and 22 ± 5 (5), 57 ± 5 and 28 ± 7 (6). Values given 
as mean ± standard deviation. 
AU: Arbitrary unit; AuNC: Gold nanocage; AuNR: Gold nanorod; AuNS: Gold nanosphere; AuNSh: Gold 
nanoshell; AuNSt: Gold nanostar; BGV: Biodegradable gold nanovesicle; CAgNO3

: AgNO3 concentration; GNP: Gold 
nanoparticle; GV: Gold vesicle; LSPR: Localized surface plasmon resonance peak; NIR: Near-infrared. 
For color figures, see online at www.futuremedicine.com/doi/full/10.2217/NNM.14.169.
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Comparison of plasmonic AuNPs with other PA 
contrast agents
In addition to the plasmonic AuNPs, there are many 
other PA contrast agents, including the NIR-absorb-
ing dyes (indocyanine green) [76], methylene blue [77], 
IRDye® 800CW (Li-Cor Biosciences, NE, USA) [78], 
Alexa Fluor® (Life Technologies, CA, USA) 750 [79]), 
single-walled carbon nanotubes (SWNTs) [80], plas-
monic silver nanoparticles (NPs) [81] and hybrid contrast 
agents [82–85], as shown in Table 1.

The NIR-absorbing dyes are typically small molecules 
with sizes in the order of 1 nm, which can be quickly 
cleared from the body through the renal system and 
therefore do not provide sufficient time for them to label 
their molecular targets. They also suffer from photo-
bleaching and can permanently degrade in several min-
utes under normal PA imaging conditions [93]. Moreover, 
compared with AuNPs, these dyes have an absorbance 
that is orders of magnitude lower than that of AuNPs.

Nonplasmonic NPs of SWNTs absorb over a broad 
spectrum, including the optical window, resulting in a 
large PA signal [80]. However, the broad absorption spec-
tra without distinct peaks limit their application in SPR 
peak wavelength-dependent PA imaging. Plasmonic sil-
ver NPs with tunable SPR peaks have been introduced 
as PA contrast agents [81]; however, the tunability of the 
SPR peaks by sizes and shapes is much weaker than that 
of AuNPs.

Moreover, some PA imaging-based hybrid contrast 
agents were developed in order to act as contrast agents 
in two or more imaging modalities. These hybrid con-
trast agents can provide further detailed molecular 
information with an enhanced contrast (indocyanine 
green-enhanced SWNTs [82]) or can be used to provide 
contrast for multiple imaging modalities (gold-coated 
SWNTs [83], iron oxide–AuNShs [84] or magnetic NPs 
[MNPs] and gold-coated SWNTs [85]).

AuNP-based PA diagnostic imaging
Cancer imaging
Primary tumor imaging
AuNP-based PA imaging is well suited to detecting vari-
ous types of tumors because these plasmonic AuNPs can 
be accumulated in tumors through the enhanced per-
meability and retention effect or be functionalized in 
order to accumulate through receptor-mediated binding, 
which can be used to indicate the presence of a tumor.

It was reported that AuNSs could be utilized to 
detect human breast cancer tumor xenografts at a wave-
length of 532 nm [94]. AuNCs were also utilized in PA 
imaging in order to detect B16 melanomas at 778 nm 
(Figure 4A–C) [95] and U87 brain tumors [96]. It was also 
reported that the passive accumulation of silica-coated 
AuNRs in a xenografted tumor can be monitored 
through spectroscopic PA imaging, which is capable of 
visualizing the presence of exogenous contrast agents 
in vivo through obtaining PA signals at multiple wave-
lengths and finding a map of different optical absorbers 
(Figure 4D–G) [97,98].

The feasibility of using AuNRs with different absorp-
tion spectra and multiplex targeting moieties to image 
multiple types of cancer has been demonstrated both 
ex vivo [99,100] and in a mouse model [101]. PEGylated 
AuNPrs were also successfully used as signal amplifiers 
in multispectral optoacoustic tomography to visualize 
gastrointestinal cancer. In order to specifically target 
overexpressed integrin α

v
β

3
 on the tumor neovascula-

ture, cyclic Arg–Gly–Asp (RGD) peptide-conjugated 
AuNSts (RGD-AuNSts) were designed in PA imaging 
for highly sensitive angiography (Figure 4H & I) [102]. 
Anti-HER2-conjugated AuNRs with an absorption 
peak at 810 nm have also been successfully used for 
cancer detection [103].

Recently, an anisotropic, branched, gold nanoarchi-
tecture of gold tripods with sizes of less than 20 nm 
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were shown to have great promise as contrast agents for 
in vivo PA imaging of cancer [104]. Intravenous injec-
tion of cyclic Arg–Gly–Asp–d-Phe–Cys peptide-con-
jugated gold tripods to U87MG tumor-bearing mice 
showed threefold higher PA imaging contrast than that 
of the blocking group.

Circulating tumor cell imaging
Death in patients with cancer often results from met-
astatic spread from the primary tumor, and so the 
highly sensitive detection of circulating tumor cells 
would greatly enhance overall patient survival.

The feasibility of using targeted AuNSs to label 
breast cancer cells in human blood was demon-
strated by a PA flow cytometry system with a detec-

tion threshold of ten breast cancer cells [105]. AuNSs 
have also shown the capability of detecting circulating 
prostate cancer cells [106] and melanoma cells [107] with 
improved PA effect in a static system over wavelengths 
of 470–550 nm (with a maximum increase of 41% at 
500 nm). Targeting molecules of HER2- and EGFR-
conjugated AuNRs with absorption peaks at 800 and 
1064 nm were successfully utilized for performing 
multiplexed imaging of OECM1 oral squamous cell 
carcinoma cells and Cal27 squamous cell carcinoma 
cells, respectively [108].

Recently, a AuNP and MNP-based magnetomo-
tive PA (mmPA) imaging technology was reported to 
greatly increase the sensitivity and specificity of sens-
ing targeted cells or molecular interactions, whose 

Table 1. Typical exogenous contrast agents for photoacoustic imaging.

Contrast agent Size (nm) Peak absorption 
wavelength/imaging 
wavelength (nm)

Extinction coefficient (M-1 cm-1) Ref.

Gold nanospheres 2–100 520–600 (3.61 ± 0.08) × 106–(6.06 ± 0.03) × 109 (d 
= 4–40 nm)

[43,86]

Gold nanorods Diameter of 10–20 by 
aspect ratio of 2–10

650–1300 3.3 ± 0.3 × 109 (length = 44.8 ± 4.1 nm; 
width = 19.8 ± 2.9 nm; λpeak = 675 nm) 5.5 
± 0.3 × 109 (length = 51.0 ± 4.4 nm; width 
= 14.1 ± 2.1 nm; λpeak = 850 nm)

[47,53]

Gold nanoshells 50–500 700–2200 8.3 × 109 (diameter = 30.4 ± 4.4 nm; 
thickness = 7.8 ± 2.2 nm)

[40,87]

Gold nanoprisms Thickness of 10–40 by 
planar width of 80–500

700–2000 – [15]

Gold nanocages 20–500 600–1200 4.34 × 1010 (outer edge length = 45.0 nm; 
wall thickness = 5.8 nm)

[34,69]

Gold nanostars Core size of 20–60 by 
branch length of 10–30

650–900 – [42]

Gold nanovesicles 200–300 650–1000 – [38,45]

ICG <2 618, 668 0.8 × 105–1.8 × 105 [76,88]

Methylene blue <2 677 7.4 × 104 [77,89]

IRDye® 800CW (Li-Cor 
Biosciences, NE, USA)

<2 710–890 2.4 × 105 [78,90]

Alexa Fluor® (Life 
Technologies, CA, USA)

<2 350–790 1.9 × 104–2.6 × 105 (λpeak = 346–782 nm) [79,91]

SWNTs 1 by 50–300 690 4400 ± 1000 [80,92]

Silver nanoplates Thickness of 10–30 by 
planar width of 20–220

550–1100 – [81]

Gold-coated SWNTs 11 by 100 900 – [82]

ICG-enhanced SWNTs 1.2 by 150 780 – [83]

Iron oxide–gold 
nanoshells

30–40 660–900 – [84]

MNPs and gold-coated 
SWNTs

12.8 by 91.7 639, 850 – [85]

λ
peak
: Peak wavelength; d: Diameter; ICG: Indocyanine green; MNP: Magnetic nanoparticle; SWNT: Single-walled carbon nanotube.
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Figure 4. Photoacoustic imaging of tumor vasculature with and without contrast agent. (A) Volumetric morphological PA image of 
B16 melanoma (yellow) and its surrounding blood vessels (BVs; red). The melanoma was imaged using the PA macroscope at 778 nm 
(ultrasonic frequency = 10 MHz), and the surrounding vasculatures were obtained using a PA microscope at 570 nm (ultrasonic 
frequency = 50 MHz). (B) PA maximum amplitude projection mapping of hemoglobin oxygen saturation (SO2) of BVs surrounding the 
melanoma using two optical wavelengths of 564 and 570 nm. The white dotted line shows the tumor boundary. (C) Statistical analysis 
of the average SO2 in normal mice skins and tumor hypoxic area. (D) US, (E) US/PA, and (F) US/sPA of gelatin phantoms containing 
cells and two different types of molecularly targeted silica-coated nanorods. (G) Distinct absorption spectra of the nanorods used to 
simultaneously detect the different molecular expressions. PA angiography in vivo. (H) Sequential PA maximum intensity projection 
frames captured before, 2, 6, and 24 h postinjection of the RGD-GNS (upper panel), RAD-GNS (middle panel) and GNS-PEG (lower 
panel) through tail vein. (I) Time course of region of interest quantification of PA signal. 
*p = 0.01. 
AU: Arubitrary unit; AuNR: Gold nanorod; BV: Blood vessel; GNS: Gold nanostar; OD: Optical density; PA: Photoacoustic; 
RAD: Arg-Ala-Asp; RGD: Arg–Gly–Asp.
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Figure 5. Photoacoustic imaging of circulating tumor cells. (A) Illustrations of the multifunctional nanoparticle and photoacoustic 
imaging system for CTC detection. Trapping and imaging gold nanorod-silica-magnetic nanoparticle-folic acid labeled HeLa cells at 
1 cell ml-1 concentration. (B) 12 representative time-lapse US/photoacoustic images of the trapped HeLa. (C) Total PA signal within the 
tube region (dashed rectangle in the first frame) plotted as a function of time. 
AU: Arbitrary unit; CTC: Circulating tumor cell; NHS: N-hydroxysuccinimide; NP: Nanoparticle; US: Ultrasound.
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primary advantage is the suppression of background 
signals through magnetic enrichment/manipulation 
with the simultaneous PA detection of magnetic con-
trast agent-targeted objects. An example of a compos-
ite mmPA contrast agent consists of a MNP with a 
25-nm diameter coated with a gold shell (MNP–gold 
core–shell) with a gap between the MNP core and the 
AuNSh of approximately 3 nm and a shell thickness of 
1–5 nm, whose SPR extinction peak ranged from 660 
to 900  nm, enabling maximal light penetration into 
tissue for PA imaging [84].

Another composite mmPA contrast agent combines 
a AuNR core with a silica coating layer (Figure 5), 
which provides a structural scaffold for MNP attach-
ment and increases the PA stability of the AuNR core, 
whose characteristic SPR peak depends on the AuNRs 
[109–111]. Results from phantom and in vitro studies 
using these contrast agents demonstrate the capability 
of mmPA imaging to trap and sensitively detect tar-
geted cells (HeLa cells mimicking circulating tumor 
cells) at the concentration of a single cell per milliliter 
of blood [109].

Due to the promises of stem cell therapy for mus-
culoskeletal diseases such as muscular dystrophy, 
including the regeneration of myofibers, silica-coated 
AuNRs as contrast agents were recently used for the 
PA imaging and quantitation of mesenchymal stem 
cells in rodent muscle tissue, which enabled the imag-
ing of 100,000 cells in vivo with a spatial resolution 
of 340 μm a the temporal resolution of 0.2 s [112]. 
Moreover, AuNCs as contrast agents were also suc-
cessfully used to label human mesenchymal stem cells 
for both in vitro and in vivo long-term tracking using 
two-photon microscopy and PA microscopy [96].

Lymph node mapping & cancer cell metastasis 
imaging
Malignant tumor cells are metastasized through the 
lymphatic system in most developed cancers; there-
fore, the reliable detection of metastatic cancer cells 
in the sentinel lymph node (SLN) can play an impor-
tant role in diagnosing and treating cancer, and sev-
eral studies have demonstrated the capability of using 
AuNP-enhanced PA imaging to map lymph nodes 
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and identify the metastasis of cancer cells through the 
lymphatic system.

It was shown that AuNRs could act as lymph node 
tracers for noninvasive in vivo spectroscopic PA SLN 
mapping in a rat model due to their good biocompat-
ibility, high optical absorption and easily tuned SPR 
peak wavelength [113]. Gold-coated SWNTs were also 
shown to be able to identify the SLN in a selected 
area of the mesenteric region of a mouse [82]. In vivo 
PA imaging was shown to be capable of SLN mapping 
by using AuNCs as lymph node tracers in a rat model 
(Figure 6) [114], and the SLN as deep as 33 mm below 
the skin surface could be imaged with good spatial res-
olution. Moreover, the principles of PA flow cytometry 
can be extended to enable in vivo assessment of migrat-
ing cancer cells within lymphatics, and the utility of 
AuNRs and AuNShs as cellular markers was demon-
strated [115,116]. Recently, AuNSts were also utilized 
for the PA imaging of the SLN in rats after footpad 
injection [75], and differential images demonstrate that 
AuNSts can be used for noninvasive in vivo mapping of 
the lymphatic system.

Imaging of atherosclerotic plaques
When atherosclerotic plaques progress, macrophages 
are recruited into the arterial wall, then low-density 
lipoprotein and other debris is phagocytized by macro-
phages, resulting in foam cell formation and the devel-
opment of a necrotic core. Therefore, macrophages can 
provide a logical delivery target for exogenous contrast 
agents.

Combined intravascular ultrasound (IVUS) 
and intravascular PA (IVPA) imaging of AuNS-
labeled macrophages was demonstrated using both 
in vitro phantom models and ex vivo artery samples 
(Figure 7) [117,118]. Endocytosed AuNSs within athero-
sclerotic regions were differentiated from colloidal par-
ticles by spectroscopic PA imaging, which provides a 
method for the IVPA imaging of phagocytically active 
macrophages within atherosclerotic plaques. In addi-
tion to the targeting of macrophages as a cellular target 
for the delivery of exogenous contrast to atherosclerotic 
lesions, several inflammatory molecular targets have 
also been explored by using AuNP-based PA imag-
ing. ICAM-1, a biomarker that is overexpressed on the 
endothelium and macrophages at sites of inflamma-
tion, was conjugated with AuNRs for in vitro PA imag-
ing [119]. These results were later expanded through 
the PA imaging of similar anti-VCAM-1-conjugated 
AuNRs [120] and AuNShs [9] within a mouse inferior 
vena cava.

Moreover, multiplexed PA imaging was demon-
strated in vitro by using AuNRs with distinct peaks 
at 715 and 800 nm conjugated with antibodies against 

ICAM-1 and E-selectin, which are overexpressed on 
endothelial cells during inflammation [121]. These 
results indicate the possibility for PA imaging of 
AuNP-labeled inflammatory biomarkers for athero-
sclerosis and suggest the potential for labeling multiple 
targets by tuning a contrast agent’s absorption spec-
trum and bioconjugation. Recently, Yeager et al. [122] 
demonstrated that PEGylated AuNRs preferentially 
label atherosclerotic regions and that the AuNRs can 
be subsequently detected using combined IVUS/IVPA 
imaging in the presence of luminal blood. Due to the 
tendency of the AuNRs to extravasate at sites with 
dysfunctional endothelium, IVPA imaging may be 
utilized to identify the location of acute inflammation 
within atherosclerotic plaques.

Brain functional imaging
AuNP-based PA imaging has also been utilized to 
image brain vasculature and functionality in small ani-
mals. This concept was first demonstrated through the 
intravenous injection of PEGylated AuNShs with silica 
cores [52] for PA imaging within the NIR region in order 
to improve contrast of the vasculature of a rat brain rela-
tive to background tissue. The images present a gradual 
enhancement of the optical absorption in the brain ves-
sels by up to 63% after three sequential administrations 
of AuNShs. By using PEGylated AuNCs as effective 
NIR contrast agents, the vasculature of the rat brain fol-
lowing the intravenous injection of AuNCs was imaged, 
the PA images demonstrated that the rat brain vascula-
ture could be imaged with greater clarity and enhanced 
contrast and the enhancement of blood absorption had a 
peak value of 81% over the intrinsic contrast at approxi-
mately 2 h after the injection, which is better than the 
63% enhancement when AuNShs were used at similar 
doses, due to their more compact sizes and larger optical 
absorption cross-sections (Figure 8A–D) [66]. Moreover, 
PEGylated hollow AuNShs (HGNs) with an absorption 
peak at 800 nm as exogenous agents were also evalu-
ated the through PA imaging of the living nude mice 
brain vasculature. Images of the mouse brain vascula-
ture after intravenous injection of PEGylated HGNs 
showed greater clarity and more detailed structures 
than those without contrast, and brain blood vessels as 
small as approximately 100 μm in diameter could be 
clearly seen [123].

Recently, AuNS-based trimodality MRI–PA imag-
ing–Raman imaging NPs have also seen success as 
diagnostic agents for brain cancer. AuNSs were used 
not only as PA agents, but also to deliver gadolinium 
for preoperative MRI detection and surgical planning, 
as well as to simultaneously deliver PA and Raman 
imaging agents for delineating tumor margins with at 
least picomolar sensitivity (Figure 8E & F) [124].
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Figure 6. Photoacoustic imaging of sentinel lymph nodes. (A) Experimental setup for PA signal measurements 
from SLNs and gelatin phantoms containing nanocages. (B) PA signal from the gelatin phantom containing 
nanocages with various concentrations (0-8 nM). All measured values were scaled down to 0 decibel gain. Errorbar 
indicates standard deviation. (C)Ex vivo photoacoustic images and photographs of dissected SLNs containing 
Au nanocages for PA signal measurement. A PA image (1) and a corresponding photograph (2) of the highly 
accumulated SLN. A PA image (3) and a corresponding photography (4) of the low accumulated SLN. In the 
photographs, dark blue represents the accumulation of nanocages. 
Data points and error bars represent in (B) are given as means ± standard deviation. 
AU: Arbitrary unit; PA: Photoacoustic; SLN: Sentinel lymph node.
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AuNP-based PA imaging for therapy 
guidance
AuNP-based PA imaging has shown potential for 
aiding therapies by providing sequential monitoring 
of tumor functional properties, such as changes in 
tumor vasculature before, during and after therapeutic 
procedures.

PA imaging can help determine the location of the 
tumor, monitor heterogeneities in the vasculature 
within it and monitor the therapeutic agent accumula-
tion. Cui and Yang used PA microscopy to visualize 
AuNRs accumulated at a tumor site in a mouse model 
in order to guide the application of high-intensity 
focused ultrasound for therapy [125]. Taruttis et al. 
demonstrated the real-time imaging of circulating 
AuNRs in blood vessels in the neck region of a mouse 
injected with NPs [126]. By using the multispectral 
technique, a 10 frame per second acquisition system 
was used for collecting signals from a 64-element 
ultrasound detector array with the mouse illuminated 
from multiple directions in order to obtain multiple 
wavelength images [127]. Golden carbon nanotubes 

conjugated with an antibody specific to lymphatic 
endothelial hyaluronan receptor-1 have been used to 
visualize heterogeneities of endogenous low-absorbing 
mesenteric structures in nude mice [82]. The PA image 
provided information on the heterogeneous accumula-
tion of targeted golden carbon nanotubes in order to 
guide photothermal therapy (PTT) to cause spatially 
specific thermal damage to the lymphatic walls [82]. It 
is worth noting that continuous wave lasers are often 
used for PTT, which are different from those used for 
PA imaging (i.e., expensive Q-switched lasers). The 
relatively low optical power of continuous wave lasers 
delivered to the targeted tissue results in extremely 
weak acoustic waves and a low signal-to-noise ratio of 
the detected signals.

The use of AuNPs as drug carriers has been pro-
posed for many applications [128]. Cancer drugs, such as 
recombinant human TNF [129] and silicon phthalocya-
nine [130], have been bound to AuNSs; thus, PA imag-
ing with AuNSs as contrast agents could be used to 
track drug delivery agents in real time. PA imaging can 
also aid in the customized delivery of drugs with the 
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Figure 7. Darkfield reflectance optical images of intact murine macrophages. (A) Murine macrophages loaded 
with gold nanoparticles (B). The diagram (C) and the IVUS image (F) of the tissue mimicking phantom. The 
dynamic ranges of IVUS and IVPA images were 50 and 17 decibel, respectively. The IVPA images of the same 
cross-section of the phantom were taken at 532 nm (D) and 680 nm wavelength (G). The combined IVUS and IVPA 
images of the phantom (E; 532 nm wavelength and H; 680 nm wavelength) indicate the origin of the PA responses 
in IVPA images. 
IVPA: Intravascular photoacoustic; IVUS: Intravascular ultrasound; NP: Nanoparticle.
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use of AuNP-based multifunctional NPs. Controlled 
and customized drug delivery can be realized by using 
light-triggered nanoconstructs containing the drug 
paclitaxel encapsulated in hollow AuNSs; the light 
dose can be adjusted depending on the concentration 
of hollow AuNSs in the tumor in order to enable suf-
ficient release of paclitaxel [131]. Recently, Ce6-loaded 

polyethylene oxide-b-polystyrene–gold vesicular 
assemblies were developed for cancer imaging-guided 
therapy. The strong NIR absorption (650–800 nm) 
resulted from plasmon coupling between adjacent 
AuNPs, and the capability of encapsulating active 
compounds in gold vesicles enabled NIR fluorescence–
thermal–PA trimodality imaging-guided synergistic 
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Figure 8. Noninvasive photoacoustic imaging of a rat’s cerebral cortex. (A) Before the injection of nanocages and (B) about 2 h after 
the final injection of nanocages, which is the peak enhancement point. (C) A pixelwise differential image (image B-image A). (D) An 
openskull photograph of the rat’s cerebral cortex. Three successive injections were administrated in these results. Triple-modality 
detection of brain tumors in living mice with MPRs. (E) Two-dimensional axial MRI, PA and Raman images. The postinjection images 
of all three modalities showed clear tumor visualization (dashed boxes outline the imaged area). (F) A 3D rendering of magnetic-
resonance images with the tumor segmented (red, top), an overlay of the three-dimensional PA images (green) over the MRI (middle) 
and an overlay of MRI, the segmented tumor and the PA images (bottom) showing good colocalization of the PA signal with the 
tumor. 
PA: Photoacoustic.
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photothermal/photodynamic therapy with improved 
efficacy [41]. Moreover, Campardelli et al. synthesized 
a stimuli-responsive drug delivery model system by 
encapsulating NIR-sensitive HGNs together with the 
molecule to be released into biodegradable polylactic 
acid (PLA) submicron particles [132]. The rapid heating 
of the HGNs inside PLA particles caused by NIR radi-
ation enabled the use of the PLA–HGN composites 
as a phototriggered drug release system. The release 
rate from the composite particles could be controlled 
by easily tunable variables, such as HGN load, laser 
intensity and duration of the NIR irradiation, which 
makes the composite PLA–HGN submicron particles 
promising vectors for photothermally controlled drug 
delivery [132].

AuNPs can also act as PTT agents, while contrast-
enhanced PA imaging can be used to monitor the out-
come of therapy. This post-therapy image may be com-
pared with the original diagnostic image in order to 
evaluate the efficacy of treatment, presenting a promis-
ing area in the future development of PA imaging. In 
PTT, efficient optical absorbers are used to heat the tis-

sue to higher temperatures, causing thermal damage. 
A tumor loaded with AuNRs showed significant tem-
perature elevations in response to laser irradiation [133]. 
Both PA imaging and ultrasound (US) imaging can 
be used to obtain temperature maps of the tumor dur-
ing PTT. PA-based thermal imaging in the presence 
of strong optical absorbers has a higher signal-to-noise 
ratio when compared with US-based thermal imaging 
[134]. Theranostic hollow AuNSs were also examined 
in an orthotopic glioma model by targeting integrin 
receptors via RGD peptides, imaging via photoacous-
tic tomotgraphy and treatment via PTT. Highly spe-
cific tumor diagnosis was achieved, and a decrease in 
tumor volume for up to 3 weeks post-NIR laser treat-
ment was observed [135]. Another theranostic platform 
based on biodegradable PEG-b-poly(ɛ-caprolactone) 
block-copolymer graft-capped gold nanovesicles was 
developed for PA imaging and PTT (Figure 9) [43]. The 
strong NIR absorption induced by plasmon coupling 
resulted in high photothermal conversion efficiencies 
of up to 37%, which enables simultaneous thermal/
PA imaging and enhanced PTT efficacy and improved 
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Figure 9. Photothermal and photoacoustic imaging of tumors injected with biodegradable gold nanovesicles. (A) Thermal images of 
MDA-MB-435 tumor-bearing mice exposed to an 808-nm laser for 5 min after the injection of PBS or BGVs. (B) Heat curves of tumors 
upon laser irradiation as a function of irradiation time. (C) PA signals of BGVs and GNRs as a function of optical density. (D)In vivo 2D 
US and PA images and 3D PA images of tumor tissues before and after the injection of BGVs. Arrows indicate the location of BGVs. 
(E) PA intensities of tumor tissues following the intratumoral administration of the same amount of GVs or BGVs. 
Data points and error bars represent in (B, C & E) are given as means ± standard deviation. 
BGV: Biodegradable gold nanovesicle; GNR: Gold nanorod; GV: Gold vesicle; OD: Optical density; PA: Photoacoustic; PBS: Phosphate-
buffered saline; US: Ultrasound.
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clearance of the dissociated particles after the comple-
tion of PTT due to the polycaprolactone melting point 
of approximately 60°C [43]. One ‘on-spot’ theranos-

tic platform combining hemispherical PA imaging 
(HPAI) with RGD–AuNSts was developed in order to 
image and inhibit tumor angiogenesis and monitor the 
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tumor response [102]. RGD–AuNSt-enhanced HPAI 
provided the PA signal for tumor neovasculature visu-
alization with high imaging specificity and nanomolar 
sensitivity. The high absorption-to-scattering ratio of 
RGD–AuNSts in the NIR region enables photother-
mal ablation to neovessels in the tumor by laser irradia-
tion, and the therapeutic effect can be noninvasively 
monitored by HPAI. Recently, IVUS/IVPA imaging 
has been demonstrated to be a novel imaging modal-
ity that is capable of visualizing both the morphology 
(via IVUS) and cellular/molecular composition (via 
IVPA) of atherosclerotic plaques by using silica-coated 
AuNRs as exogenous contrast agents. The IVPA signal 
intensity of silica-coated AuNRs absorbing within the 
NIR optical wavelength range is shown to have a lin-
ear relationship with temperature change. Therefore, 
IVUS/IVPA imaging can provide a platform for the 
detection and temperature monitoring of atheroscle-
rotic plaques through the selective heating of AuNPs 
[136]. The examples provided in this section clearly 
indicate the potential of PA imaging with AuNPs as 
contrast agents for guiding and monitoring therapeutic 
procedures.

Challenges of AuNP-based PA imaging for 
biomedical applications
AuNP-based PA imaging holds the promise of becom-
ing a valuable tool in multiple clinical areas due to the 
inherent and geometrically induced optical properties 
of AuNPs. In addition to the mentioned advantages, 
there are still many challenges to overcome.

The SPR peaks of AuNPs can be fine tuned by 
manipulating their shapes and sizes, among other fac-
tors. However, except for AuNSs, AuNRs and AuNCs, 
the precisely controlled synthesis of other AuNPs 
with excellent reproducibility still needs to be fur-
ther improved for wavelength-dependent PA imaging. 
In the meantime, the issues of scale-up synthesis of 
AuNPs with good reproducibility that are required for 
in vivo work should also be addressed.

Another concern for PA contrast agents is their 
photostability. During PA imaging, some plasmonic 
AuNPs can change their shapes because high laser 
energies will make anisotropic NPs more spherical [137]. 
This results in a corresponding shift in the absorption 
spectra of the particles, resulting in a decreased PA sig-
nal and inconsistent images over time. Although the 
stability of plasmonic NPs can be enhanced by coat-
ing them with a thin layer of silica [138], more reliable 
contrast agents should be developed that retain their 
efficacy throughout the entire imaging session.

The ability to produce sufficient PA imaging signals 
or therapeutic efficacies with a relatively low dose of 
injected AuNPs will also have to be carefully studied. 

With some agents, insufficient amounts of signal are 
delivered to the target site(s) because of the limit of 
the total injectable mass that is nontoxic to the subject.

Due to the photothermal effect as a result of SPR, 
AuNPs can also act as PTT agents, and PA imaging 
in order to visualize molecular interactions could be 
used to monitor the outcomes of therapy, present-
ing a promising area in the future development of PA 
imaging. However, typical AuNPs possess relatively 
low photothermal conversion efficiencies, so it is still 
necessary to develop more AuNP-based photothermal 
agents with higher photothermal conversion efficien-
cies in order to further improve the therapeutic efficacy 
of PTT.

AuNP-based PA imaging is a rapidly emerging 
field because of the advantages described earlier. For 
these NPs to move into the clinic, it is important that 
more safety studies are conducted for each type of 
NP. Therefore, AuNP biodistribution, target binding, 
clearance, potential toxicity and/or interference with 
other medical tests after administration into the body 
must be further addressed.

Conclusion & future perspective
PA imaging shows great promise for use in a wide 
array of medical procedures, ranging from diagnosis 
to therapy guidance. It can be used to guide common 
procedures as well as cutting-edge techniques. This 
versatility, coupled with its real-time and nonionizing 
nature, promises to make PA imaging a valuable tool in 
research and in the clinic.

The unique shapes of NPs, ranging from nano-
spheres, nanoshells, nanorods, nanoprisms, nanocages, 
nanostars and vesicles, enbue AuNPs with characteris-
tic properties based on their size, symmetry, asymme-
try, internal voids and sharp points. In particular, their 
SPR peaks can be fine tuned by manipulating these 
characteristics during synthesis. Therefore, the utility 
of AuNPs in terms of these optical properties, as well as 
gold’s intrinsic properties of photothermal conversion 
efficiency and biocompatibility, have made AuNPs 
suitable exogenous contrast agents for PA imaging.

PA imaging with AuNPs as exogenous contrast 
agents has enabled cellular and molecular imaging and 
enhanced functional imaging with applications rang-
ing from molecular diagnosis and specific treatment of 
disease to image-guided delivery and release of targeted 
nanosized drug carriers for the monitoring of therapy 
outcome. Due to their distinct and tunable absorption 
spectra in the tissue optical window (650–1100 nm), 
AuNPs can be used to identify multiple cell types 
within heterogeneous tissue, indicating their promis-
ing application in multiplexed PA imaging in vitro and 
in vivo. Moreover, AuNP-based AuNP–MNP com-
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Executive summary

Background
•	 Photoacoustic (PA) imaging is a biomedical imaging modality that provides functional information regarding 

the cellular and molecular signatures of tissue in real time in the absence of ionizing radiation.
•	 Due to their strong and tunable optical absorptions as a result of the surface plasmon resonance effect, gold 

nanoparticles (AuNPs) with different sizes, shapes and surface modifiers have been widely used as PA contrast 
agents.

PA imaging basics
•	 PA imaging capitalizes on the PA effect, which is simply the generation of an acoustic wave resulting from the 

absorption of optical energy.
•	 The wavelength of laser illumination limits the penetration depth in PA imaging, and the contrast in 

PA imaging is largely determined by the wavelength-dependent optical absorption coefficient of the 
photoabsorber.

Plasmonic AuNPs
•	 By changing the size, shape and internal structure of the AuNPs, the relative magnitude of light being 

absorbed and scattered can be tuned, and optical absorbing-dominant AuNPs in the near-infrared region are 
more valuable for PA imaging.

•	 Typical AuNPs of gold nanospheres, gold nanorods, gold nanoshells, gold nanoprisms, gold nanocages, gold 
nanostars and gold nanovesicle with distinct and tunable absorption spectra in near-infrared region are 
suitable for PA imaging.

•	 Besides the plasmonic AuNPs, there are many other PA contrast agents.
AuNP-based PA diagnostic imaging
•	 AuNP-based PA imaging is well suited to detecting various types of tumors because these plasmonic AuNPs 

can be accumulated in tumors through the enhanced permeability and retention effect or be functionalized 
to accumulate through receptor-mediated binding.

•	 AuNP-based PA imaging has been demonstrated as a potential means for imaging atherosclerotic plaques 
through both extravascular and intravascular PA imaging.

•	 AuNP-based PA imaging has also been utilized for imaging the brain vasculature and functionality in small 
animals with greatly enhanced contrast and sensitivity.

AuNP-based PA imaging for therapy guidance
•	 AuNP-based PA imaging can aid with the determination of the location of the tumor, monitor the 

heterogeneities in the vasculature within it and aid in therapeutic agent accumulation.
•	 After AuNPs are bound with cancer drugs, PA imaging with AuNPs as contrast agents can be used to track 

drug delivery agents in real time.
•	 AuNPs can also act as a photothermal therapy (PTT) agent, and PA imaging in order to visualize molecular 

interactions could be used to monitor the outcomes of PTT.
Challenges of AuNP-based PA imaging for biomedical applications
•	 The issues of scale-up synthesis of AuNPs with good reproducibility should be addressed.
•	 More reliable AuNPs should be developed that retain their efficacy throughout the entire imaging session.
•	 The ability to produce sufficient PA imaging signals or therapeutic efficacies with a relatively low dose of 

injected AuNPs will have to be carefully studied.
•	 AuNP biodistribution, target binding, clearance, potential toxicity and/or interference with other medical 

tests after administration into the body must be further addressed.
Conclusion & future perspective
•	 Due to their intrinsic properties of fine-tunable SPR peaks by shape and size, photothermal conversion 

efficiency and biocompatibility, AuNPs show promise as suitable exogenous contrast agents for PA imaging 
and image-guided therapy.

•	 AuNP-based AuNP–magnetic nanoparticle composites and triple-modality MRI–PA imaging–Raman imaging 
nanoparticles can enhance contrast for PA imaging in combination with other imaging modalities, which show 
promise for enabling more accurate tumor imaging.

•	 As AuNPs can also act as cancer drug carriers or PTT agents, AuNP-based PA imaging could be used for the 
specific treatment of disease through the image-guided delivery and release of targeted drug carriers and the 
monitoring of therapy outcomes.

•	 The clinical translation of AuNPs will also be impeded by several fundamental limitations.

posite NPs and trimodal MRI–PA imaging–Raman 
imaging NPs can enhance the contrast for PA imaging 

in combination with other imaging modalities, which 
show promise for enabling more accurate tumor imag-
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ing. AuNPs might also play an important role in PA 
imaging-assisted treatment modalities.

AuNPs used for molecular PA imaging can also 
function as drug delivery carriers; thus, drug delivery 
and release is an active and expanding area of PA imag-
ing with AuNPs as exogenous contrast agents. AuNPs 
can also act as PTT agents, and PA imaging to visual-
ize molecular interactions could be used to monitor the 
outcome of therapy, which may be compared with the 
original diagnostic result in order to evaluate the effi-
cacy of treatment, presenting a promising area in the 
future development of PA imaging.

Although the clinical translation of AuNPs is still 
be impeded by some limitations, further developments 
in tailoring the surface chemistry, morphology and 
optical properties of AuNPs will open up opportuni-
ties for AuNP-based PA imaging in disease detection, 

treatment surveillance and targeted therapy in a range 
of pathologies.
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