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Photoacoustic Imaging for Cancer Diagnosis 
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Abstract: Photoacoustic imaging (PAI) is a unique modality that overcomes the resolution and depth limitations of 

optical imaging of tissues while maintaining relatively high contrast. In this article, we review the biomedical applications 
of PAI, assisted or unassisted by exogenous photoabsorbers (contrast agents). Representative endogenous contrast 
agents include melanin and hemoglobin, whereas exogenous contrast agents include dyes, metal nanoparticles, and 

other constructs that absorb strongly in the near-infrared band of the optical spectrum and generate strong photoacoustic 
responses. These contrast agents, which can be specifically targeted to molecules or cells, have been coupled with 
photoacoustic imaging for preclinical and clinical applications including detection of cancer cells, sentinel lymph nodes, 

micrometastases, and monitoring of angiogenesis. Multi-functional agents have also been developed that can carry 
medicines or simultaneously provide contrast in multiple imaging modalities. Furthermore, contrast agents are used to 
guide and monitor therapeutic procedures. Overall, photoacoustic imaging has significant potential to assist in diagnosis, 

therapeutic planning, and monitoring of treatment outcome for cancers and other pathologies. 
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INTRODUCTION 

To develop successful therapeutic strategies 

against cancers and prevent tumors from recurring, it is 

essential to thoroughly characterize the structural, 

functional, and metabolic properties of tumors. The 

research efforts devoted toward this goal are not 

limited to development of new treatments and 

discovering the root causes of diseases, but also 

include development of imaging technologies that can 

aid in early detection of cancers and provide 

comprehensive real-time information regarding tumor 

properties. Currently, ultrasound imaging (USI), 

magnetic resonance imaging (MRI), X-ray computed 

tomography (CT), and nuclear imaging techniques like 

positron emission tomography (PET), and single-

photon emission computed tomography (SPECT) are 

being used to detect tumors in patients [1-3]. With the 

development of various targeted contrast agents, these 

imaging techniques are also able to provide molecular 

information about malignant tumor tissues. However, 

optical-microscopic imaging techniques have higher 

resolution (0.1 mm) than USI (1 mm), MRI (1 mm), CT 

(1 mm), PET (8 mm), and SPECT (12 mm), and can 

detect a smaller number of cancer cells [4]. The need 

for an imaging technique that can provide high–optical 

contrast images at microscale resolution and 

reasonable penetration depth has now been met by 

photoacoustic imaging (PAI) [5], also known as 

optoacoustic imaging. 
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In pre-clinical studies, PAI can visualize tumor 

locations deep within a tissue, and is also able to 

provide information about tumor vasculature and 

hemoglobin oxygen saturation [6] and monitor 

angiogenesis [7]. Another advantage of PAI is its 

compatibility with widely available USI techniques [8]; 

when combined, PAI and USI can simultaneously 

provide anatomical and functional information about 

tumors. Hence, PAI has shown tremendous potential to 

simultaneously provide structural, functional, and 

molecular information. 

When a short-pulse laser irradiates biological 

tissues, wideband ultrasonic waves (referred to as 

photoacoustic waves) are induced as a result of 

transient thermoelastic expansion. The magnitude of 

the photoacoustic (PA) waves is proportional to the 

local optical-energy deposition; hence, the waves 

divulge physiologically specific optical absorption 

contrasts. Because optical-energy deposition is related 

to the optical absorption coefficients of pigments, 

concentrations of multiple pigments can be quantified 

for functional imaging by varying the laser wavelength. 

Because ultrasonic scattering is two to three orders of 

magnitude weaker than optical scattering in biological 

tissues, ultrasonic imaging can provide better spatial 

resolution than pure optical imaging when the imaging 

depth is larger than one optical transport mean-free-

path (~1 mm). For the same reason, PA sources can 

be localized with high spatial resolution below ~1 mm 

using a high-frequency focused ultrasonic transducer. 

The ultrasound wave is detected by a transducer that 

converts the mechanical acoustic waves to electric 

signals, and the captured signals are then processed to 

form an image [9]. A typical PAI setup consists of two 

main components: a laser (generally a tunable 
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nanosecond pulsed laser) and a USI system. Most 

ultrasound image-processing techniques translate 

directly to PAI. Other reviews have provided detailed 

information regarding the equations governing the PA 

effect, various PA system configurations, and the 

image-processing algorithms [9, 10].  

Optical absorption changes as a function of 

wavelength for a variety of endogenous chromophores, 

including melanin, oxy-(HbO2), and deoxy-hemoglobin 

(Hb). The spectroscopic or multi-wavelength imaging 

techniques are used to characterize optical properties 

of tumor tissue. For example, HbO2 and Hb have 

different wavelength-dependent optical absorption 

properties, which allows spectroscopic PAI to 

differentiate between arteries and veins. Furthermore, 

HbO2 and Hb have the same optical absorption (~805 

nm); therefore, PAI at this and other wavelengths can 

be used to assess total hemoglobin and blood 

oxygenation. PA contrast can also be enhanced by 

exogenous contrast agents (e.g. dyes or nanoparticles) 

that have distinct and tunable absorption spectra in the 

near-infrared (NIR) optical window (600–1100 nm), 

where endogenous chromophores such as hemoglobin 

and water have low absorption. In this review article, 

we summarize recent reports regarding cancer 

detection by PAI with endogenous contrast and 

exogenous contrast agents. 

Cancer Detection with Endogenous PA Contrast 

Cancer detection using PAI with endogenous 

chromophores is an area of active research. For 

example, PAI has been used to monitor melanoma 

tumor growth over the course of two weeks, with optical 

contrast provided by a higher concentration of melanin 

in the tumor relative to the surrounding tissue [11]. PAI 

has also been used to detect skin melanoma [6, 11-18]. 

Those studies indicate that PAI has the potential to 

identify, visualize, and track tumors and their 

associated vasculature at high resolution. 

Using the natural contrast provided by high melanin 

concentrations in melanoma, PA can be used to 

monitor the presence of tumor cells in lymph nodes. 

For example, one group developed a PA method that 

probes entire intact nodes by placing three 

piezoelectric acoustic detectors near the lymph node to 

detect PA pulses generated within it [14]. When as few 

as 500 melanoma cells were injected into the tissue, a 

PA response could be detected, whereas control (i.e., 

normal) lymph nodes exhibited no response. Thus, PA 

generation allows detection of melanoma 

micrometastases in sentinel lymph nodes, potentially 

guiding further histologic study of tumor-proximal nodes 

and increasing the overall accuracy of sentinel lymph-

node biopsies. 

Micrometastases in lymph nodes could also be 

evaluated using PA tomography (PAT). Such a 

technique was first applied to the ex vivo multi-

wavelength imaging of pig lymph nodes into which 

melanoma cells had been introduced to simulate 

micrometastases [17]. Based their experiences with 

this animal model, the authors then proceeded with 

imaging of a suspect human lymph node, and validated 

the PAI results by comparing a reconstructed slice with 

a histopathological section through the node. In 

another study of the applicability of PA tomographic 

imaging as an intraoperative modality for examining 

resected lymph nodes, six suspect lymph nodes from 

patients undergoing lymphadectomy for metastatic 

melanoma were subjected to multiple-wavelength PA 

[18]. Histopathological examinations revealed that 

three of the nodes contained melanoma cells 

(malignant nodes), whereas three lacked tumor cells 

(benign nodes). The resulting PA images were 

compared with histological and anatomical features, 

revealing that multiple areas containing melanoma cells 

could be identified due to the distinct imaging behavior 

of the tumor cells: malignant nodes exhibited higher PA 

responses than benign nodes, and responded 

differently to increases in excitation wavelength. 

Furthermore, anatomical differences between the two 

classes of nodes could be detected. In the future, the 

developers of this technique plan to improve specificity 

by implementing an adjusted illumination scheme and 

introducing depth correction for photon fluence. 

Together, the results obtained to date using PAT 

indicate that it has the potential to develop into an 

intraoperative imaging modality that could be used to 

detect melanoma metastases of resected sentinel 

lymph nodes.  

Another critical stage of metastasis, the movement 

of tumor cells through the circulatory system, can also 

be monitored by PA via exploitation of the endogenous 

thermoelastic properties of melanoma cells [13]. In this 

method, PA excitation is coupled with a detection 

system capable of determining the presence of 

disseminating cells within the blood in vitro. Based on 

the results to date, this approach could enable 

clinicians to assay healthy and metastatic patients for 

the presence of migrating melanoma cells using simple 

blood draws, an unprecedentedly powerful method for 

routine cancer screening. 
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Endogenous PA contrast has also been used to 

image cells at extremely high resolution via PA 

microscopy (PAM). By taking advantage of the 

properties of fluorescent and nonfluorescent 

endogenous pigments, in vivo subwavelength-

resolution PAM (SW-PAM) has been developed [15]. 

SW-PAM provides exquisitely high optical-absorption 

contrast at an optical resolution approaching the 

ultimate diffraction limit, and is thus capable of 

resolving subcellular organelles. In conjunction with 

scaled-up macroscopy, the only technology capable of 

measuring the same contrast origin over such wide 

length scales, SW-PAM could potentially accelerate 

translation from fundamental microscopic research to 

clinical applications. PAM has also been used to 

monitor melanoma cells inside three-dimensional (3D) 

porous scaffolds more than 1 mm thick, with the 

specific goal of evaluating the effects of seeding and 

culture on spatial distribution and temporal proliferation 

[16]. In that study, PAM imaging could successfully 

resolve the spatial distribution of cells within the 

scaffold, and the concomitantly obtained volumetric 

information allowed quantitative assessment of the 

number of cells in the scaffold, which was validated by 

MTT assay. 

PAM can also be used in vivo, as now 

demonstrated in multiple animal-model studies. In nude 

mice, dual-wavelength reflection-mode PAM has been 

used to non-invasively obtain 3D images of 

subcutaneous melanomas and their surrounding 

vasculature in living animals [12]. Reflection-mode 

PAM was has also been used to monitor melanoma 

cells growing in the brain, a model of metastatic 

melanoma [11]. In that study, melanoma cells were 

implanted in the brain of a mouse, and PAM was used 

to scan the region of implantation over time and 

monitor tumor growth until the death of the animal. The 

results demonstrated that PAM can noninvasively 

detect and monitor growth of melanoma in the brain of 

a living organism. 

The use of melanin as an endogenous contrast 

agent may be limited to studies of melanoma, but other 

features are more widely shared among types of 

cancer. In particular, compared to normal tissue, 

malignant tumors have dense and unorganized 

vasculature. From this viewpoint, it has been possible 

to use endogenous hemoglobin–based PA to assess 

multiple tumor types. PA also enables in vivo label-free 

functional imaging of hemoglobin oxygen saturation 

(sO2) in vessels down to single capillaries of mouse ear 

(Figure 1) [19]. The high density of blood vessels in 

tumors enhances PA image contrast, due to the 

properties of endogenous hemoglobin, thereby 

enabling tumor detection [6, 7, 20-25]. For example, 

PAI was used to monitor tumor neovascularization 

following subcutaneous inoculation of pancreatic tumor 

cells into rats [7]. The images, collected over a 10 day 

period, were obtained from ultrasound generated by 

absorption of short laser pulses (1064 nm wavelength) 

by hemoglobin. The resulting 3D data allowed 

visualization of blood vessel development, as well as 

quantification of the extent of individual tumor-proximal 

blood vessels, blood concentration changes within the 

tumor, and growth in the depth of the neovascularized 

region.  

 

Figure 1: With dual-wavelength measurements (561 nm and 
570 nm), PAM can also reveal the hemoglobin oxygen 
saturation (sO2) of the whole-ear vasculature at the capillary 
level. Adapted with permission from [19]. Copyright (2011): 
The Optical Society of America. 

In a mouse model of breast cancer, PAI was used 

to monitor the progress of vascularization during early 

tumor growth [20]. Measurements were taken over a 20 

day period following subcutaneous inoculation of breast 

cancer cells into mice. In the PA images, the 

morphology of the tumor proximal vasculature was 

clearly resolved, allowing changes in structure and 

increases in vessel density to be unambiguously 

identified. Furthermore, the average PA signal strength 

of the vasculature in the tumor region, which is highly 

correlated with the total blood hemoglobin 

concentration, was enhanced during the early stages of 

tumor growth. Thus, it should be feasible to use PAI to 

detect early-stage tumors and monitor the progress of 

anti-angiogenic therapy. Another animal-model study 

explored the feasibility of PAT for noninvasive imaging 
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Figure 2: In vivo imaging of a subcutaneously inoculated B16-melanoma in a nude mouse using fPAM at 584 nm and 764 nm. 
(a) Photograph of the melanoma. (b) A composite of the two maximum amplitude projection (MAP) images projected along the z 
axis, where an MAP image is formed by projecting the maximum photoacoustic amplitudes along a direction to its orthogonal 
plane. Here, blood vessels are pseudocolored red in the 584 nm image and the melanoma is pseudo-colored brown in the 764 
nm image. As many as six orders of vessel branching can be observed in the image as indicated by numbers 1–6. (c) Three 
dimensional rendering of the melanoma from the data acquired at 764 nm. Two MAP images at this wavelength projected along 
the x and y axes are shown on the two side walls, respectively. The composite image shown in a is redrawn at the bottom. The 
top surface of the tumor is 0.32 mm below the skin surface, and the thickness of the melanoma is 0.3 mm. (d) An enlarged 
cross-sectional (B-scan) image of the melanoma parallel with the z-x plane at the location marked with a dashed line in a. (e) 
Hematoxylin and eosin (HE) stained section at the same marked location. M, melanoma. 

Adapted with permission from [6]. Copyright (2006): Nature Publishing Group. 

 

 

Figure 3: Estimated brain blood oxygen saturation image from noninvasive in vivo photoacoustic tomography (PAT) of an SD rat 
brain at three weeks post inoculation with ENU1564 cells. The circle indicates the position of the tumor. (a) PAT image of the rat 
brain inoculated intracranially with ENU1564 cells and reveals the vascular architecture associated with the tumor. (b) Estimated 
brain blood oxygen saturation (sO2) image. 

Adapted with permission from [27]. Copyright (2007): Spandidos Publications. 

of prostate cancer [22]. Using a commercially available 

medical ultrasound (US) system, it was possible to 

image blood-rich lesions simulating prostate tumors in 

vivo in dogs. Based on the optical contrast between 

hemoglobin and other tissues, PAT demonstrated high 

sensitivity and contrast-to-noise ratio. Notably, because 

this method did not compromise the originally designed 

imaging functions of the instrument, simultaneously 
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obtained US images revealed morphological features 

such as the boundary between the urethra and the 

prostate. Further evidence that PA will be useful in a 

clinical context is provided by a study of PA 

mammography in diagnosis of breast cancer, including 

an evaluation of therapeutic responses relative to other 

diagnostic modalities [25]. Using a prototype PA 

mammography instrument, 27 breasttumor lesions 

were measured, including 21 invasive breast cancers 

(IBC), five ductal carcinomas in situ (DCIS), and one 

phyllodes tumor. The resulting PAM images were 

comparable to those obtained by magnetic resonance 

imaging (MRI). Based on these findings in breast and 

prostate cancers, it is clear that the ability of PAM to 

measure tumor vascularity and oxygenation 

demonstrate that this method will be useful for 

diagnosis and characterization of multiple tumor types. 

The potential resolution of hemoglobin-based 

methods is quite high, as illustrated by multiple PAM 

studies. Compared to other vascular imaging 

techniques, including dynamic-enhanced MRI, CT 

perfusion, and functional PET [26], PAI detects tumor 

vasculature at comparable or higher resolution, without 

the use of exogenous contrast agents. One good 

example is simultaneous imaging of melanomas and 

hemoglobin. At 584 nm, functional PAM (fPAM) can 

image the morphological relationship between a 

melanoma and the surrounding blood vessels in the x-y 

view, because both melanin and hemoglobin have 

similarly strong absorptions at this wavelength. 

However, visible light at this wavelength is not suitable 

for measuring tumor thickness, because it cannot 

easily penetrate the melanin-rich tumor. This limitation 

can be overcome, however, by generating another 

image using 764 nm NIR light, which can infiltrate the 

tumor because of both the decreased optical 

absorption of melanin and the minimal optical 

absorption of blood. Combining the two images from 

these two spectral regions reveals the 3D morphology 

of both the melanoma and the surrounding vasculature 

(Figure 2) [6]. Microvessels with diameters of less than 

a single pixel (50 mm), presumably resulting from 

angiogenesis, can be seen surrounding the melanoma 

(Figure 2b). This demonstrates that fPAM can 

potentially detect and evaluate melanomas and 

microvasculature. fPAM provides multiple-wavelength 

imaging of optical absorption and permits high spatial 

resolution at depth, with a ratio of maximum imaging 

depth to depth resolution greater than 100 [6]. Another 

proposed method, label-free metabolic PAM (mPAM), 

can noninvasively quantify the rate of oxygen 

metabolism (MRO2) in absolute units at small-vessel 

resolution in vivo [24]. Using this method, it was shown 

that increased MRO2 does not necessarily cause 

hyperoxia or increase oxygen extraction; instead, early-

stage cancers were shown to be hyperoxic despite 

their hypermetabolism of oxygen. mPAM has also been 

used to longitudinally image hyperthermia, cryotherapy, 

melanoma, and glioblastoma in vivo. Beyond imaging 

melanin and blood vessels, PAI systems have also 

been employed to measure the oxygen content of 

blood in studies of hypoxia in tumors [27]. Hypoxia is 

often linked to malignancy and resistance to therapy. 

The sO2 in the blood can be estimated by comparing 

the PA signal strengths of HbO2 and Hb obtained from 

spectroscopic PA images (Figure 3). Li et al. performed 

in vivo functional imaging of a mouse brain with a 

glioblastoma, and demonstrated that a hypoxic region 

indicated the location of the tumor in the brain [28]. 

Their results clearly show that the tumor has a lower 

percentage sO2 than the surrounding normal tissue. 

Cancer Detection with Exogenous PA Contrast 
Agents 

The sensitivity of the PAI technique in imaging 

deeply situated tumors can be dramatically increased 

by utilizing exogenous contrast agents. Representative 

exogenous contrast agents used for detecting tumors 

were listed in Table 1. NIR-absorbing dyes, such as 

Alexa Fluor [29, 30] and indocyanine green (ICG) [31-

37], have been used to enhance PA contrast. Both of 

these dyes conjugated with antibody have proven 

useful for detection of HER2-positive breast-cancer 

cells. In vitro PAT imaging revealed the specificity of 

Herceptin antibodies labeled with Alexa Fluor–750: in 

HER2-positive cell lines, PA signal intensity gradually 

increased as a function of cell number, whereas in 

HER2-negative cells lines, PA signal was not 

detectable above baseline [30]. HER-2 antibodies have 

also been conjugated to nanoparticles containing ICG 

[32]. These nanoparticles, which are more stable in 

solution than free ICG dye, were developed as a 

contrast agent for PAI based on PEBBLE (Photonic 

Explorers for Biological use by Biologically Localized 

Embedding) technology, using organically modified 

silicate as a matrix. ICG has also been incorporated 

into polymer-based degradable nanoparticles with NIR 

absorption suitable for PAI; the high optical absorption 

at a relevant NIR wavelength (800 nm), coupled with 

an absence of cytotoxicity, makes these nanoparticles 

promising candidates for degradable PA contrast 

agents [34]. When conjugated with HER-2 antibody, 
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Table 1: Representative Exogenous Contrast Agents Used for Detecting Tumors by Photoacoustic Imaging 

Contrast agent Observation Ref 

Alexa Fluor–750 Labeled Herceptin antibody for noninvasive assessment of HER2 expression. [30] 

ICG Incorporated in nanoparticles with HER2 antibody for breast and prostate cancer cell 
targeting. 

Sentinel lymph nodes and lymphatic vessels mapping. 

Incorporated PLGA nanoparticles for exhibiting the absorption suitable for imaging. 

Encapsulated in the emulsion to monitor the ultrasound initiated drug delivery. 

[32] 
  

[33] 

[34] 

[35] 

ICG + carbon nanotubes Sentinel lymph nodes and urinary bladder mapping. 

ICG enhanced single walled carbon nanotubes were conjugated as the contrast agent with 
cyclic Arg-Gly-Asp (RGD) peptides to molecularly target integrins. 

[36] 

[40] 

Gold nanorods Detection of the endocytosed gold nanorods in cells or in vivo tumors 

Multiple targeting by utilizing the tunable optical absorption property of gold nanorods. HER2 
and EGFR targeted. 

Conjugated with anti-ICAM-1 antibody or anti-E-selectin were exposed to HUVECs with 
different stimulation conditions to monitor the upregulation of these molecules. 

Combined intravascular ultrasound and intravascular photoacoutic imaging of atherosclerotic 
rabbit aortas following systemic injection of gold nanorods was established. 

The combination of nanorods and high intensity focused ultrasound for imaging and 
treatment (ablation) of solid tumor. 

A novel technique based on gold nanorods for quantitatively monitoring focused-ultrasound  
induced blood-brain barrier (BBB) opening. 

Silica-coated gold nanorods were evaluated for novel contrast agents. 

Incorporated gold nanorods into the core of self-assembled lipid-encapsulated nanoparticles. 

Modified with the antibodies infliximab and certolizumab for targeting TNF-alpha to detect 
inflammation in arthritic mouse knees. 

Quantitation of the number of mesenchymal stem cells uptake silica coated gold nanorods 
after injection to the muscle tissue. 

Gadolinium(III)-gold nanorods have been developed as a dual-modality probe for MRI and 
PAI to trace macrophages for determining the degree of inflammation 

[39, 66, 68] 

[42] 
 

[48] 
 

[50] 
 

[57] 
 

[59] 
 

[60-63] 
[64] 

 
[67] 

 

[69] 
 

[72] 

Gold nanocages Evaluation of the melanoma imaging by the gold nanocages conjugated with [Nle(4),D-
Phe(7)]- alpha-melanocyte-stimulating hormone. 

The lymph node tracers for noninvasive imaging of sentinel lymph nodes. 

The hollow interiors of gold nanocages with a phase-change material (PCM) that has a 
melting point of 38-39 degrees C. When exposed to direct heating or high-intensity focused 
ultrasound, the PCM melt and escape from the interiors of nanocages through small pores 

on the surface, concurrently releasing the encapsulated molecules into the surrounding 
medium. 

[41] 
 

[52, 53] 

[58] 

Gold nanoparticles Gold nanoparticles targeting EGFR via antibody, leading to a red shift in their plasmon 
resonance frequency.  

To detect macrophages in atherosclerotic plaques, plasmonic gold nanoparticles are 
introduced as a contrast agent for intravascular imaging. 

To assess the intravenous delivery of hollow gold nanospheres targeted to integrins 
overexpressed in both glioma and angiogenic blood vessels. 

[43, 47] 
 

[49] 
 

[55] 

PEGylated gold 
nanoparticles 

Accumulation of PEGylated gold nanoparticles in tumors was effectively imaged. [45] 

Gold nanoshells The conjugation of gold nanoshells displaying near-infrared absorption properties for imaging 
with VCAM-1 antibody molecules and PEG to increase their biocompatibility. 

[51] 

Hollow gold nanospheres The imaging of brain vasculature with high spatial resolution and enhanced sensitivity. [56] 

Carbon nanotubes Single-walled carbon nanotubes (SWNTs) conjugated with cyclic Arg-Gly-Asp (RGD) 
peptides as a contrast agent for PAI of tumors. 

SWNTs have been used to map SLNs as well as the urinary bladder, demonstrating that 
dye-conjugated SWNTs might be used to identify SLNs in breast cancer patients. 

Enhance the imaging contrast of multipotent marrow stromal cells after uptaking carbon 
nanotubes and synergistically enhanced the stimulation of osteogenesis differentiation. 

[71] 
 

[75, 76] 
 

[77] 
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ICG-embedded PEBBLEs exhibited high-contrast and 

high-efficiency binding to prostate-cancer cells [34]. 

Together, these results indicate that PAT- and PAI-

based measurement of NIR dye–conjugated antibodies 

is a feasible approach. 

As a representative NIR dye, ICG has been 

employed in multiple studies to map sentinel lymph 

nodes (SLN). In dual-modality volumetric-spectroscopic 

PAI in rats, SLNs and lymphatic vessels were clearly 

visible [33]. The feasibility of mapping SLNs, as well as 

the urinary bladder, was also demonstrated using 

single-walled carbon nanotubes (SWNTs) as a 

nonionizing PA contrast agent [36]. To improve the PA 

sensitivity, the SWNTs were conjugated to ICG. In vivo 

PA imaging results revealed clear visualization of SLN 

and bladder due to accumulation of ICG-SWNTs. Such 

ICG-SWNTs could be potentially utilized in combination 

with PA imaging to identify SLNs in breast cancer 

patients and track the vesicoureteral reflux. More 

generally, in conjunction with ICG, PAI has the 

potential to help map SLNs in axillary staging, and to 

help evaluate tumor metastasis in patients with breast 

cancer. 

The utility of ICG is not limited to its function as a 

dye: ICG has other properties that could be useful not 

only in visualization of tumors, but also in their 

treatment. Because ICG generates toxic oxygen upon 

illumination at specific wavelengths, it could be useful 

as a photosensitizer for photodynamic therapy; one 

study, also referenced above, has measured the 

photosensitization capability of ICG-embedded silicate 

nanoparticles [32].  

An interesting recent advance in PAI is the use of 

photo-activable probes to provide a target-dependent 

PA signal. These probes exhibit superior specificity and 

sensitivity relative to probes that do not interact with the 

target. For example, photo-activable probes have been 

designed to specifically target matrix metalloprotease 2 

(MMP-2), a protease that is overexpressed in many 

aggressive cancers [38]. The probe’s peptide platform 

consists of a cell-penetrating peptide that is 

recognizable by MMP-2 both in vitro and in mouse 

models. Before cleavage by MMP-2, the intact probe 

yields PA signals of similar intensity at the two 

wavelengths corresponding to the absorption maxima 

of the chromophores BHQ3 (675 nm) and Alexa Fluor 

750 (750 nm). When the probe is cleaved by the 

appropriate enzyme, the BHQ3 dye associated with the 

cell penetrating peptide (CPP) portion of the probe 

accumulates in nearby cells, whereas the Alexa dye 

diffuses away, resulting in a PA signal visible only at 

675 nm [38]. 

Among the exogenous contrast agents, gold 

materials have attracted attention in the context of 

nanoparticle-based PAI, due to their unique optical 

properties arising from the surface plasmon resonance 

(SPR) effect. Because of the SPR effect, gold materials 

have absorbances that are orders of magnitude higher 

than those of NIR dyes. For example, gold 

nanospheres, nanorods, nanoshells, nanocages, and 

nanobeacons have been used in PAI because of their 

tunable and strong longitudinal plasmon resonance in 

NIR wavelengths. Noninvasive PAM has been 

developed to image intracellular gold nanorods 

(AuNRs) with high optical-absorption contrast [39]. In 

that study, AuNRs were taken up by MCF7 cells and 

could be imaged using a PAM system developed in-

house by the research group. Successful intracellular 

monitoring of the AuNRs revealed their time-dependent 

uptake and distribution within cells. The results 

demonstrated that PAM can be applied in a 

complementary manner to imaging of nonfluorescent 

particles, powerfully combining in vivo microscopy and 

nano-bio methods.  

Attachment of targeting moieties to exogenous 

agents makes it possible to obtain specific molecular 

information about tumors. Gold materials with different 

optical absorption properties can be conjugated to 

cancer-specific biomarkers, such as growth-factor 

receptors and integrins [40-45]. By utilizing multiple 

targeted gold materials, multiplex molecular labeling of 

a tumor can be achieved, and multi-wavelength PAI 

can image the heterogeneous accumulation of gold 

materials with cancer cells in vivo. Fluorescent optical 

probes, such as quantum dots, also provide PA 

contrast and can be used for multiplex labeling of 

tumors [46]. 

Molecule-specific detection using gold-containing 

materials is exemplified by studies in which gold 

nanoparticles were used to target cells expressing 

EGFR. Gold nanoparticles labeled with anti-EGFR 

antibodies have been shown to undergo aggregation 

when they bind EGFR on cell surfaces, leading to a red 

shift in their plasmon resonance frequency (Figure 4) 

[43]. Capitalizing on that effect, the authors of that 

study used subcutaneous tumor-mimicking gelatin 

implants in ex vivo mouse tissue to evaluate the 

efficacy of a molecularly specific PAI technique. 

Another study using gold nanoparticles functionalized 

with antibodies showed that these agents can 
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specifically bind to molecular biomarkers such as 

EGFR [47]. In that study, PAI was performed with 532 

and 680 nm pulsed-laser irradiation on 3D tissue 

phantoms created using a human keratinocyte cell line. 

The results of these two studies demonstrate that the 

use of multi-wavelength PAI and molecularly targeted 

(anti-EGFR) gold nanoparticles makes possible highly 

sensitive and selective detection of cancer cells. 

Molecular targeting of gold-containing nanoparticles 

can be directed at more than one molecule at the same 

time. Using the tunable optical absorption property of 

AuNRs, these materials have been used for 

simultaneous multiple targeting for PA molecular 

imaging [42]. This technique allows multiple molecular 

signatures to be obtained by simply switching laser 

wavelength. In the proof-of-concept study, HER2 and 

EGFR were chosen as the primary target molecules in 

two types of cancer cells; based on both in vitro and in 

vivo mouse model imaging experiments, the potential 

of this technique to improve cancer diagnosis was 

demonstrated. In an exclusively in vitro study, the 

upregulation of intercellular adhesion molecule-1 

(ICAM-1) and E-selectin were simultaneously detected 

by PA molecular imaging (PMI) [48]. AuNRs 

conjugated to either anti-ICAM-1 antibody or anti-E-

selectin were exposed to HUVECs under different 

stimulation conditions. For both ICAM-1 and E-selectin, 

the averaged PA signal intensities from the stimulated 

cells were about 3-fold higher than those of un-

stimulated cells. Strong binding of AuNRs to the 

stimulated HUVECs was demonstrated by fluorescence 

imaging. 

Beyond cancer and angiogenesis, gold-containing 

nanoparticles have also been employed in the study of 

other diseases, especially atherosclerosis. For 

example, to detect macrophages in atherosclerotic 

plaques, plasmonic gold nanoparticles were introduced 

as a contrast agent for intravascular PAI [49]. Phantom 

and ex vivo tissue studies suggested that intravascular 

PAI could assess the macrophage-mediated 

aggregation of nanoparticles and therefore identify the 

presence and the location of nanoparticles associated 

with macrophage-rich atherosclerotic plaques. 

Previously, combined intravascular ultrasound and 

intravascular PA (IVUS/IVPA) imaging has been 

established as a viable means for assessing 

atherosclerotic plaque morphology and composition 

using both endogenous and exogenous contrast. 

Those findings were extended by a study in which 

IVUS/IVPA imaging was performed on atherosclerotic 

rabbit aortas following systemic injection of AuNRs with 

peak absorbance within the tissue optical window [50], 

 
Figure 4: The ultrasound (a) and photoacoustic images (b-f) obtained at multiple wavelengths (532, 680, 740, 800, and 860 
nm). The ultrasound image clearly shows the mouse skin as the hyperechoic region and the subcutaneous gelatin implants as 
the hypoechoic regions. The regions of gelatin implant with EGFR targeted AuNPs, PEGylated AuNPs, control A431 cells, and 
the ADS740WS dye are encircled in red, green, white, and blue insets, respectively. As expected, the gelatin implant with 
control A431 cells (white inset) does not produce any photoacoustic signal while the cells mixed with PEGylated AuNPs (green 
inset) produce photoacoustic signal only at 532 nm laser irradiation. The intensity of the photoacoustic transients produced by 
the cells labeled with EGFR targeted AuNPs (red inset) decreases as a function of wavelength in congruence with the optical 
absorption properties of these cells. The photoacoustic image at 740 nm (d) clearly has greater photoacoustic signal intensity in 
the region of the gelatin implant with dye. Indeed, the ADS740WS dye used as a pseudo control has an absorption peak at 740 
nm. Therefore, the multiwavelength photoacoustic images qualitatively indicate the spectral variations in the optical absorption 
properties of the gelatin implants. The images measure 44 mm laterally and 11 mm axially.  

Adapted with permission from [43]. Copyright (2009): American Chemical Society. 
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demonstrating that AuNR detection within the arterial 

wall can be achieved using IVUS and PAI, even in the 

case of imaging through luminal blood (Figure 5). In 

another study, a PA molecular probe based on gold 

nanoshells was targeted to VCAM-1 in mice using 

specific antibodies [51]. These immune-nanoshells 

were nontoxic, biocompatible, and could be 

distinguished from blood both in vitro and in vivo by 

PAT. Optical projection tomography revealed that the 

immunonanoshells accumulated in atherosclerosis-

prone regions. Such technologies could be used in the 

clinic to target atherosclerotic plaques and monitor or 

deliver therapies to these sites.  

Gold nanocages (AuNCs) have been demonstrated 

to be a new class of lymph node tracers for 

noninvasive PAI of SLNs in an animal study that 

showed the AuNCs could be detected by PAI as deep 

as 33 mm below the skin [52]. Most importantly, in 

contrast to methylene blue, AuNCs can be easily 

bioconjugated with antibodies for targeting specific 

receptors, potentially eliminating the need for invasive 

axillary staging procedures in addition to providing 

noninvasive SLN mapping. Support for this idea was 

provided by a systematic investigation of the use of 

AuNCs as a novel class of optical tracers for 

noninvasive SLN imaging by PAT in a rat model [53]. 

The transport of AuNCs in a lymphatic system and 

uptake by the SLN were evaluated using PAT in the 

axillary region of rats. Quantification of AuNCs 

accumulated in the lymph node was achieved by 

correlating the data from PAI with the results from 

inductively coupled plasma mass spectrometry. These 

results are critical to the further development of this 

AuNC-based PA tomography system for noninvasive 

SLN imaging, providing valuable information for 

metastatic cancer staging. SLNs have also been 

detected in NIR wavelengths using gold nanobeacons 

(AuNBs) to provide PA contrast in a rodent model [54]. 

That study revealed that size dictates the in vivo 

characteristics of these nanoparticles: larger AuNBs 

with large gold payloads were not as efficient as 

smaller AuNBs for this purpose. Smaller AuNBs were 

observed to traffic through the lymphatic system and 

accumulate more efficiently in the lymph nodes, in 

comparison to larger nanoagents. Their results showed 

that cumulative nanoparticle deposition in lymph nodes 

is size-dependent, and that high payloads of gold, 

although offering greater contrast in vitro, may yield 

nanoagents with poor intradermal migration and 

lymphatic transport characteristics. 

A growing body of research has focused on the use 

of gold nanoparticles in the context of PAT. PAT has 

been used to assess the intravenous delivery of hollow 

gold nanospheres targeted to integrins that are 

overexpressed in both glioma and angiogenic blood 

vessels in a mouse model of glioma [55]. In that study, 

photothermal ablation (PTA) treatment significantly 

prolonged the survival of tumor-bearing mice. 

Furthermore, evaluation of the ability of systemically 

administered PEGylated gold particles to serve as a 

contrast agent for in vivo tumor imaging revealed that 

subcutaneously administered nanoparticles can be 

visualized in mice using PAT [45]. In tumor-bearing 

mice, such nanoparticles can also be effectively 

imaged in tumors. Thus, PAT using gold nanoparticles 

as a contrast agent has important potential applications 

in image-guided therapy of superficial tumors. Their 

utility can be further enhanced by molecular targeting: 

when bioconjugated with [Nle(4),D-Phe(7)]-alpha-

melanocyte-stimulating hormone, AuNCs can serve as 

 
Figure 5: Three-dimensional integrated intravascular ultrasound and intravascular photoacoustic (IVUS/IVPA) renderings of 
gold nanorod (AuNR)-labeled atherosclerotic plaque. Fixed sections of a balloon injured New Zealand white rabbit aorta were 
subsequently imaged using the integrated IVUS/IVPA catheter. (a) Combined IVUS/IVPA rendering of an 8-mm long section of 
atherosclerotic rabbit artery obtained through saline. (b) Photograph of the corresponding artery section revealing AUNR 
distribution at the luminal surface (red). Combined IVUS/IVPA images obtained through saline (c), and through blood (d) of 
aseparate 6-mm arterial section. Step size, 500 μm. 

Adapted with permission from [50]. Copyright (2012): SPIE. 
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a novel contrast agent for in vivo molecular PAT of 

melanomas, and these agents have both exquisite 

sensitivity and high specificity [41]. Bioconjugated 

AuNCs enhanced contrast approximately 300% above 

that of control, PEGylated AuNCs. That study also 

validated the in vivo PAT quantification of the amount 

of AuNCs accumulated in melanomas. PAT has also 

been used in conjunction with a new class of optical 

contrast agents based on mesoscopic hollow gold 

nanospheres (HAuNS) [56]. PAT images acquired 

within 2 h after intravenous administration of PEG-

HAuNS to nude mice revealed the brain vasculature 

with greater clarity and detail than PAT images based 

on intrinsic optical contrast. No acute toxicity to the 

liver, spleen, or kidneys was observed following a 

single imaging dose of PEG-HAuNS. Thus, due to their 

high spatial resolution and enhanced sensitivity, PEG-

HAuNS are promising contrast agents for PAT. 

The combination of gold-containing materials with 

ultrasound techniques is a particularly active focus of 

research and development of the potential for gold as a 

component of therapies. In a study intended to 

demonstrate the feasibility of combined contrast 

imaging and treatment of a solid tumor in vivo using an 

integrated PAI and high-intensity focused ultrasound 

(HIFU) system, the tumor was clearly visible on PA 

images after the injection of AuNRs, and HIFU was 

able to ablate the tumor under the guidance of PAI [57]. 

Another report describes a new theranostic system with 

a combination of capabilities aimed at both enhancing 

the contrast of PMI and controlling the release of a 

chemical or biological effector by HIFU [58]. The 

fabrication of this system involves filling the hollow 

interiors of AuNCs with a phase-change material 

(PCM) that has a melting point of 38–39°C. The PCM 

can be premixed and thus loaded with a dye, as well as 

other chemical or biological effectors. When exposed to 

direct heating or HIFU, the PCM will melt and escape 

from the interiors of AuNCs through small pores on the 

surface, concurrently releasing the encapsulated 

molecules into the surrounding medium. The release 

profile can be controlled by varying the power of HIFU, 

the duration of exposure to HIFU, or both. A novel PAI 

technique, based on AuNRs for quantitatively 

monitoring focused-ultrasound (FUS) induced blood-

brain barrier (BBB) opening in a rat model in vivo, takes 

advantage of the strong NIR absorption of AuNRs; 

furthermore, due to their small size, AuNRs tend to 

extravasate from BBB opening foci, resulting in passive 

labeling of the BBB disruption area [59]. The results 

showed that AuNR contrast-enhanced PAM 

successfully reveals the spatial distribution and 

temporal response of BBB disruption areas in the rat 

brains. The quantitative measurement of contrast 

enhancement has the potential to allow estimation of 

the local concentration of AuNRs, and even the dosage 

of therapeutic molecules, when AuNRs are further used 

as nano-carriers for drug delivery or photothermal 

therapy. 

Despite rapid and already extensive progress in 

development and application of gold-based agents, 

improvements in these materials are occurring 

continuously. Several of the most pertinent examples 

involve the use of silica. For example, at photon 

fluences typically needed for PA wave induction often 

also result in AuNRs shape changes that significantly 

reduce the efficiency of acoustic wave generation; to 

solve this problem, a group has proposed, synthesized, 

and evaluated amorphous silica–coated gold nanorods 

(AuNR-Si) in an effort to improve contrast agent 

stability and ameliorate efficiency loss during PA wave 

induction [60]. PA signals generated by AuNR-Si 

demonstrate considerably greater resistance to 

degradation of signal intensity with repetitive pulsing 

than do uncoated AuNR, thereby enabling much 

longer, higher-contrast imaging sessions than 

previously possible. The prolongation of high-contrast 

imaging, and biocompatibility and easy surface 

functionalization for targeting ligands afforded by 

amorphous silica, suggest AuNR-Si to be potentially 

significant for the clinical translation of PAT. Another 

group developed a multiplex PAI technique that uses 

targeted AuNR-Si to distinguish cell inclusions in vitro 

[61]. Cells were incubated with the targeted AuNR-Si, 

incorporated in a tissue phantom, and imaged using 

multiwavelength PAI. They used PAI and statistical 

correlation analysis to distinguish between the unique 

cell inclusions within the tissue phantom. 

Silica has also been used to overcome inherent 

challenges arising from specific properties of gold-

based contrast agents. For example, a dielectric shell 

has a strong influence on the amplitude of the 

generated PA signal, and that silica-coated AuNRs of 

the same optical density are capable of producing 

about 3-fold higher PA signals than AuNRs without 

silica coating [62]. These results suggest that the 

enhancement is caused by the reduction of the gold 

interfacial thermal resistance with the solvent due to 

the silica coating. The strong contrast enhancement in 

PAI, demonstrated using phantoms containing AuNR-

Si, shows that these hybrid particles act as “PA 
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nanoamplifiers” and could potentially be used as high-

efficiency contrast agents for PAI or PA image–guided 

therapy. Likewise, analysis of the PA signal generated 

by plasmonic metallic nanoparticles is complex, 

because of the dependence upon physical properties of 

both the nanoparticle and the surrounding environment. 

A study of the effect of the aggregation of gold 

nanoparticles on the PA signal amplitude revealed that 

the PA signal from aggregated silica-coated gold 

nanoparticles is greatly enhanced in comparison to 

disperse silica-coated gold nanoparticles [63]. Because 

cellular uptake and endocytosis of nanoparticles result 

in their aggregation, these results have important 

implications for the application of plasmonic metallic 

nanoparticles towards quantitative molecular imaging. 

Strategies for improving gold nanoparticles are, of 

course, not limited to those involving silica. One novel 

approach generated self-assembled colloidal AuNRs, 

which are constrained to the vasculature [64]. These 

nanorods were incorporated into the core of self-

assembled lipid-encapsulated nanoparticles (sAuNRs), 

providing hundreds of gold atoms per nanoparticle in a 

20% colloid suspension. The physico-chemical 

characterization in solution and anhydrous state with 

analytical techniques demonstrated that the particles 

were spherical and highly monodisperse. In addition to 

describing the synthesis and characterization of this 

novel preparation, the authors of that study also 

impressively demonstrated sensitive NIR PA detection 

in vitro. In yet another approach, fluorescent 

nanodiamonds (FNDs) have also been combined with 

gold-containing materials [65]. FNDs have drawn much 

attention in recent years for biomedical imaging 

applications due to their desirable physical properties 

including excellent photostability, high biocompatibility, 

extended far-red fluorescence emission, and ease of 

surface functionalization. In that study, the authors 

observed significant enhancement of PA emission from 

FNDs when they were conjugated with gold 

nanoparticles. This new feature of FNDs that may lead 

to their potential application as a dual-imaging contrast 

agent for combined fluorescence and PAI modalities.  

Among the most important purposes of gold-

containing materials are the delivery of therapeutic 

agents and the monitoring and enhancement of 

therapeutic outcomes. A large body of evidence has 

accumulated that demonstrates the effectiveness of 

gold-containing materials in achieving these goals. For 

example, AuNRs have been used in a 3D ultrasound 

and PA imaging system, along with a spectroscopic PA 

imaging algorithm, to identify and quantify the presence 

of nanoparticles and other tissue constituents [66]. 

Using the system and approach they developed, the 

authors performed 3D in vivo imaging of a mouse with 

tumor before and after intravenous injection of AuNRs. 

Their spectroscopic PA imaging algorithm estimated 

distribution of nanoparticles as well as oxygen 

saturation of blood. The results suggested that 3D 

ultrasound-guided spectroscopic PA imaging can 

monitor nanoparticle delivery in vivo. In a mouse model 

of arthritis, AuNRs with an absorption maximum in the 

range of 1064 nm were modified with the antibodies 

infliximab and certolizumab (for targeting TNF-alpha) to 

detect inflammation in arthritic mouse knees [67]. The 

authors demonstrated an differential enhancement of 

PA signal amplitudes after the injection of infliximab-

modified, but not certolizumab-modified or PEGylated 

control particles, on arthritic and healthy control mice, 

using a fast-scanning PAI platform based on a pulsed 

Nd:YAG laser and a single focused ultrasound 

transducer. The excellent PA properties of the AuNRs 

allowed confirmation of the overexpression of TNF-

alpha in arthritic knees. Due to the uncomplicated 

coupling chemistry and the scalability of ultrasound-

based imaging approaches, these results potentially 

allow a transfer to various preclinical and clinical 

applications. In a different context, i.e., ovarian-cancer 

screening, AuNRs were used as a passively targeted 

molecular imaging agent, in the first report of in vivo 

imaging of ovarian cancer tumors using PA and Raman 

imaging agent. [68]. AuNRs with three different aspect 

ratios were studied. Maximum PA signal was observed 

within 3 h for all cell lines tested, and increased signal 

persisted for at least 2 days post-administration. There 

was a linear relationship between the PA signal and the 

concentration of injected molecular imaging agent, and 

the same molecular imaging agent could be used for 

clear visualization of the margin between tumor and 

normal tissue and tumor debulking via surface-

enhanced Raman spectroscopy (SERS) imaging.  

Beyond degenerative disease and cancer, in the 

field of regenerative medicine, gold-containing 

materials have also been proposed means to monitor 

the progress and success of stem-cell therapy, where 

improved imaging modalities are critically needed. 

Techniques with real-time content to guide and 

quantitate cell implantation are especially important in 

applications such as musculoskeletal regenerative 

medicine. One study along these lines reported the use 

of silica-coated AuNRs as a contrast agent for PAI and 

quantitation of mesenchymal stem cells in rodent 

muscle tissue [69]. The silica coating increased the 
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uptake of gold into the cell more than 5-fold. The 

pluripotency of the cells was retained, and secretome 

analysis of a pool of 26 cytokines indicated that only IL-

6 was dysregulated more than 2-fold. The low 

background of the technique allowed imaging of as few 

as 100,000 cells in vivo. The temporal resolution was 

0.2 s, at least an order of magnitude below existing cell 

imaging approaches. In another study, in vivo and in 

vitro experiments were performed to demonstrate the 

efficacy of ultrasound-guided PA (US/PA) imaging to 

monitor mesenchymal stem cells (MSCs) labeled with 

gold nanotracers (AuNTs) [70]. AuNT-labeled MSCs 

captured in the PEGylated fibrin gel system were 

imaged in vivo, as well as in vitro, over a 1-week time 

period, demonstrating the feasibility of longitudinal cell 

tracking using US/PA imaging. Overall, AuNT labeling 

of MSCs and US/PA imaging may represent an 

alternative approach to stem-cell imaging that is 

capable of noninvasive, sensitive, quantitative, and 

longitudinal assessment of stem-cell behaviors, with 

high spatial and temporal resolutions at sufficient 

depths. In addition, multi-functional contrast agents 

were developed. Jin et al. reported a new generation of 

compact, uniform, NIR responsive magnetic 

nanoparticles-gold core-shell nanostructures by 

creating a gap between the core and shell. Not only 

does that approach produce a magnetically sensitive 

nanoparticle with both strong NIR and magnetic 

resonance responses, it also enables a new modality, 

magnetomotive photoacoustic (mmPA) imaging. 

Compared to PA imaging using conventional metallic 

nanoparticles, mmPA imaging with a coupled agent 

provides the same sensitivity but with markedly 

improved contrast specificity. Indeed, all PA signals not 

created by the coupled nanoparticles potentially can be 

suppressed to the electronic noise limit of the imaging 

system [71]. Qin et al. reported the gadolinium(III)-gold 

nanorods have been developed as a dual-modality 

probe for MRI and PAI to trace macrophages for 

determining the degree of inflammation [72]. 

Another recent advance in PAI is the use of carbon-

containing materials. For example, single-walled 

carbon nanotubes (SWNTs) conjugated with cyclic Arg-

Gly-Asp (RGD) peptides can be used as a contrast 

agent for PAI of tumors [73]. Intravenous administration 

of these targeted nanotubes to mice bearing tumors 

yielded 8-fold greater PA signal in the tumor than mice 

injected with non-targeted nanotubes. These results 

were verified ex vivo using Raman microscopy. 

Similarly, ICG dye–enhanced single walled carbon 

nanotubes (SWNT-ICG) were conjugated as the 

contrast agent with cyclic Arg-Gly-Asp (RGD) peptides 

to molecularly target the alpha(v)beta(3) integrins, 

which are associated with tumor angiogenesis [40]. 

Intravenous administration of this tumor-targeted 

contrast agent to tumor-bearing mice yielded 

significantly higher PA signal in the tumor than in mice 

injected with the untargeted contrast agent. The new 

contrast agent had 300-fold higher PA contrast in living 

tissues than previously reported SWNTs, equivalent to 

subnanomolar sensitivities. Qualitatively similar results 

were obtained with SWNTs that were coated with 

another dye, QSY (SWNT-QSY) [74]; those authors 

were able to spectrally separate the PA signals of 

SWNT-QSY and SWNT-ICG in living animals injected 

subcutaneously with both particles in the same 

location, raising the possibility of multiplexing in vivo 

studies. A related approach demonstrated that high-

contrast and highly efficient targeting of alpha(v)beta(3) 

integrin–positive U87 human glioblastoma tumors in 

mice could be achieved [44]. This study also 

demonstrated the nontoxicity of functionalized SWNTs; 

this feature ensures that SWNTs can be used for 

clinical applications. The results suggest that PMI, in 

conjunction with antibody-functionalized SWNTs, 

potentially represents an efficient method of diagnosing 

early tumors. Overall, these findings indicate that PAI 

using targeted SWNTs may contribute to non-invasive 

cancer imaging and monitoring of nanotherapeutics in 

living subjects. 

Further evidence regarding the in vivo behaviors 

and functions of SWNTs has been provided by 

microscopic studies, specifically by PAM. Multi-scale 

PAM was used to detect, map, and quantify trace 

amounts of SWNT in a variety of histological tissue 

specimens consisting of cancer and benign tissue 

biopsies [75]. Both optical-resolution and acoustic-

resolution PAM allow the detection and quantification of 

SWNTs in histological specimens with scalable spatial 

resolution and depth penetration. The results 

demonstrate the potential of PAM as a promising 

imaging technique in histological specimens, and could 

complement the capabilities of current optical and 

electron microscopy techniques in the analysis of 

histological specimens containing SWNTs. Similar 

approaches could also be useful in the study of 3D 

polymeric scaffolds, which provide structural support 

and function as substrates for cells and bioactive 

molecules necessary for tissue regeneration; however, 

noninvasive real-time imaging of scaffolds and the 

process of tissue formation within the scaffold remains 

a challenge. Multiscale PAM, consisting of both 
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acoustic-resolution and optical-resolution PAM, was 

employed to image and characterize single-walled 

carbon-nanotube (SWNT)-incorporated poly(lactic-co-

glycolic acid) polymer scaffolds immersed in biological 

buffer [76]. SWNTs were incorporated to reinforce the 

mechanical properties of the scaffolds, and to enhance 

the PA signal from the scaffolds. The results suggest 

that PAM is a promising tool for noninvasive real-time 

imaging and monitoring of tissue engineering scaffolds 

in vitro, and in vivo under physiological conditions. 

In practical terms, as with the gold-containing 

agents described above, the nanocarbon-containing 

agents can be used to monitor sentinel lymph nodes 

(SLNs). As noted above, SWNTs have been used to 

map SLNs as well as the urinary bladder, 

demonstrating that dye-conjugated SWNTs might be 

used to identify SLNs in breast cancer patients [77]. 

Furthermore, non-invasive SWNT-enhanced PA 

identification of SLN has been reported in a rat model 

[78]. In that system, SLNs were successfully visualized 

in vivo by PA imaging with high contrast-to-noise ratio 

and resolution. The SWNTs also exhibited a wideband 

optical absorption, generating PA signals over an 

excitation wavelength range of 740–820 nm. Thus, by 

varying the incident light wavelength to the near 

infrared region, where biological tissues (hemoglobin, 

tissue pigments, lipids, and water) show low light 

absorption, the imaging depth can be maximized.  

Finally, nanocarbon-containing particles might also 

be used to enhance stem-cell therapy, as revealed by a 

novel nanoparticle-enhanced biophysical technique 

that differentiates multipotent marrow stromal cells 

(MSCs) into osteoblasts [79]. To observe 

osteodifferentiation under PA stimulation, tissue culture 

plates were seeded with MSCs without the osteogenic 

culture supplements in the presence and absence of 

SWNTs and gold nanoparticles. The alkaline 

phosphatase activity, calcium content, and osteopontin 

secretion were monitored as indicators of MSC 

differentiation toward osteoblasts. The PA stimulated 

groups exhibited more than a 600% increase in calcium 

content compared to the controls cultured with 

osteogenic supplements. Among the PA-stimulated 

groups, MSCs incubated with SWNTs showed up to 

97% greater calcium content than those that did not 

contain SWNTs. The results demonstrated that PA 

stimulation not only promotes osteogenesis but also is 

synergistically enhanced by the presence of 

nanoparticles and, thus, has major implications for 

bone regeneration applications. 

PAI for Evaluating Therapy 

Imaging techniques play a significant role in cancer 

therapy, from precise planning and guidance to 

evaluation of efficacy. In particular, PAI has 

demonstrated the potential to aid therapies by 

providing sequential monitoring of tumor functional 

properties, such as changes in tumor vasculature 

before, during, and after therapeutic procedures. The 

therapeutic agents used for photodynamic therapy 

(PDT) or photothermal therapy (PTT) can also act as 

PA contrast agents, owing to their high optical 

absorption properties in the NIR region (e.g., 

protoporphyrin IX for PDT and AuNRs for PTT) [42, 

80]. 

PAI can also assist in determining the location of 

the tumor, gauging the heterogeneities in vasculature 

within the tumor, and observing heterogeneities in 

accumulation of therapeutic agents. For example, 

golden carbon nanotubes (AuNTs) conjugated with an 

antibody specific to the lymphatic endothelial 

hyaluronan receptor-1 have been used to visualize 

heterogeneities of endogenous low-absorbing 

mesenteric structures in nude mice [77]. In that study, 

the PA image provided information about the 

heterogeneous accumulation of targeted AuNTs and 

helped to guide PTT aimed at causing spatially specific 

thermal damage to the lymphatic walls 

In addition, PAI can also aid in customized delivery 

of drugs using multi-functional nanoparticles. An 

example of such a nanoagent is a system consisting of 

a poly(lactic-co-glycolic acid) (PLGA) polymer core and 

an outer cage network made of silver. The outer silver 

cage enhances contrast in PAI, and the inner core of 

the nanosystem contains the drug doxorubicin. Initial 

studies indicated that such PLGA-based nanosystems 

have the potential to significantly increase contrast in 

PAI, while simultaneously delivering customized 

payloads of drug to tumor cells [81]. Another example 

of controlled and customized drug delivery involves 

light-triggered nano-constructs, e.g., microspheres 

containing the drug paclitaxel encapsulated in hollow 

gold nanospheres. Depending on the concentration of 

hollow gold nanospheres in the tumor, the light dose 

can be adjusted to allow optimal release of drug 

paclitaxel [82].  

FUTURE PERSPECTIVES 

By differentiating the optical properties of tissues, 

PAI is well suited to measure functional properties of 

tumors in vivo. For example, multi-wavelength PAI can 
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visualize vasculature and identify hypoxic conditions 

within tumors. Current functional imaging techniques 

suffer from poor spatial resolution or inadequate 

penetration depth. By contrast, PAI is non-ionizing and 

can image deep tissue structures with acceptable 

spatial resolution. 

Nanosize contrast agents, such as gold, have 

distinct advantages in cancer therapy, starting with 

their inherent ability to accumulate at tumor sites due to 

the enhanced permeability and retention (EPR) effect. 

Although the further investigation into toxicity of 

nanomaterials and gold is necessary, their versatility 

provides opportunities for multifunctionalization and 

creation of "smart contrast agents". Contrast agents for 

PAI can be functionalized to achieve both diagnosis 

and treatment and they can be targeted to specific cells 

by the addition of surface ligands against specific 

receptors. Multifunctional and cell specific contrast 

agents have great potential for clinically translatable 

advances that can positively impact the overall process 

of cancer diagnosis and treatment, and result in 

enhanced quality of life for cancer patients. The most 

crucial aspect in future development of nano-based 

medicine will likely be the ability for 

multifunctionalization and successful engineering and 

fabrication of multimodal nanotheranostic designs. The 

ultimate goal will be to maximize the amount of 

diagnostic information and therapeutic efficacy and 

reduce the degree and frequency of invasive 

interventions.  

Biomedical photoacoustics has seen tremendous 

growth in the past two decades, PAI research is still in 

progress. We predict that the next decade will bring 

rapid progress in the field of photoacoustics, ranging 

from instrumentation development, to regulatory 

approvals, to pre-clinical and clinical applications. 
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