
Photoacoustic molecular imaging: from multiscale biomedical 
applications towards early-stage theranostics

Yajing Liu1, Liming Nie1,*, and Xiaoyuan Chen2,*

1State Key Laboratory of Molecular Vaccinology and Molecular Diagnostics & Center for 
Molecular Imaging and Translational Medicine (CMITM), School of Public Health, Xiamen 
University, Xiamen 361102, China

2Laboratory of Molecular Imaging and Nanomedicine, National Institute of Biomedical Imaging 
and Bioengineering (NIBIB), National Institutes of Health (NIH), Bethesda, MD 20892, USA

Abstract

Photoacoustic imaging (PAI) has ushered in a new era of observing biotechnology and facilitated 

the exploration of fundamental biological mechanisms and clinical translational applications, 

which has attracted tremendous attention in recent years. By converting laser into ultrasound 

emission, PAI combines rich optical contrast, high ultrasonic spatial resolution, and deep 

penetration depth in a single modality. This evolutional technique enables multiscale and 

multicontrast visualization from cells to organs, anatomy to function, and molecules to metabolism 

with high sensitivity and specificity. The state-of-the-art developments and applications of PAI are 

described in this review. Future prospects to clinical use are also highlighted. Collectively, PAI 

holds great promise to drive biomedical applications towards early-stage theranostics.
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1. Principles and significance of PAI

Photoacoustic (PA) imaging (PAI), by converting incident photons into ultrasound waves, 

ultrasonically overcomes the optical diffusion limit (Figure 1) [1, 2]. Thus, PAI combines the 

rich contrast of optical imaging with the high resolution and deep penetration of ultrasound 

imaging. With the rapid development of laser technology and ultrasound detection, PAI has 

enabled scalable visualization at levels from organelles to organs and has attracted 

tremendous attention in the past few years [3]. This new emerging, noninvasive, and 
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nonionizing imaging technique can unveil different physiopathological processes and 

disease states in a wide range of biomedical applications [4].

By integrating fine optical focusing and advanced scanning techniques, PA microscopy 

(PAM) is capable of single organelle and cell imaging in real-time [5]. PAM is sensitive 

enough to capture subtle changes of disease microenvironments, including nutrition supply 

capillaries, drug pharmacokinetics, and local acidity [6, 7]. Specifically, PAM can track 

functional cellular or subcellular activities such as cell entanglement after labeling with 

different dyes at unprecedented depth, which cannot be achieved by photo-activated 

localization microscopy (PALM), stochastic optical reconstruction microscopy (STORM), 

two-photon microscopy, or confocal microscopy. PA endoscopy (PAE) can provide structural 

and functional information of the esophagus and gastrointestinal tract [8]. In addition to 

direct images of internal structure, PA images have also been measured from tissue surfaces 

by a hand-held PA array transducer [9]. At the macroscopic level, PA computed tomography 

(PACT) allows brain, organ, and whole body imaging from small animals to primates [10].

Recently, PAI has received immense attention as a promising means for diagnostic and 

therapeutic monitoring purposes. In this review, we will elucidate the recent advances in PAI 

in detail, followed by its potential applications for early-stage theranostics. The future 

development trends, clinical outlook, and potential limitations are also discussed. We hope 

this review will open up new visions to inspire a wider range of scientific discoveries for 

fundamental life science and clinical translation.

2. Specific embodiments of PAI

2.1 Microscopic level PAM

PAM, which possesses ultrahigh sensitivity to light absorption, is a powerful technique that 

plays a unique role in imaging biological samples at multiple spatiotemporal scales. In this 

section, we examine the advanced techniques and the state-of-the-art instrumental 

embodiments of PAM in biomedicine, and we summarize their enormous potentials towards 

clinical applications.

2.1.1 Main-stream PAM—By employing raster scanning of its acoustic or optical focus, 

PAM can form 3D images directly from acquired PA signals. Based on different focusing 

types, PAM can be implemented as either optical-resolution PAM (OR-PAM) or acoustic-

resolution PAM (AR-PAM). In OR-PAM, the optical focus is tighter than the acoustic focus, 

which provides the system optically defined lateral resolution. Due to high spatial resolution, 

OR-PAM has promoted technology advances to millisecond timescales and submicron 

length scales (Figure 2A). In AR-PAM, the acoustic focus is smaller than optical focus. As 

the acoustically defined lateral resolution is not affected by optical scattering, AR-PAM 

refers to a focused acoustic transducer that collects PA signals for imaging targets at depths 

beyond the diffusive limit (Figure 2B). In particular, the combination of newly developed 

functional contrast agents and advanced engineering mechanisms has pushed PAM to further 

uncover subtle changes of disease microenvironments. Additionally, these advances have 

allowed PAM to monitor single organelles and cells such as melanosomes, mitochondria, 

circulating tumor cells (CTCs), and red blood cells (RBCs) in real-time. Jim et al. introduced 
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a fast and cost-effective OR-PAM system that exploited a 2-axis microelectromechanical 

system (MEMS) scanner to achieve a wide scanning region and high spatial resolution 

(Figure 2A). A PA image from a mouse ear showed that not only small capillaries but also 

individual RBCs were clearly captured [11].

However, in strongly scattering biological tissue, incident light is greatly attenuated by the 

photon heterogeneous wavelength-scale refractive index, which greatly confines the 

application range of PAM [12]. To overcome the scattering limitation in biological tissue, a 

variety of advanced wavefront shaping technologies have been recently proposed and 

developed [13, 14]. Judkewitz et al. proposed a time reversal of variance encoded light 

(TROVE) method to fundamentally overcome the resolution limit [15]. In the TROVE 

focusing method, multiple randomized input photons were encoded and decoded by a unique 

variance structure to unmix individual optical modes (Figure 2C). Thus these modes were 

time reversed, and speckle-sized optical focusing could be achieved. Depending on the time 

reversal of the variance encoded wavefront, a lateral resolution of ~5 µm was achieved.

For biomedical applications, PA-based wavefront engineering is superior to the light focus 

of optical microscopy and can non-invasively focus light deeply into the scattering media 

[16, 17]. In order to improve both the signal-to-noise ratio (SNR) and the resolution, Conkey 

et al. combined the Gaussian-shape spatial sensitivity of a focused ultrasonic transducer to a 

PA wave with different competitive modes (Figure 2D) [18]. The experimental results 

illustrated that the SNR and spatial resolution in PAI from a scattering target were improved 

by factors of approximately 10 and 5, respectively. Another method, developed by Lai et al., 
produced nonlinear PA signals based on the Grueneisen relaxation effect to guide iterative 

wavefront optimization [19].

With high laser repetition, rapid imaging speed, and wavefront optimization engineering, 

PAM is able to map vascular morphology, oxygen saturation, oxygen metabolism, and blood 

flow. This technology has widespread applications for functional imaging and early-stage 

diagnosis of diseases.

2.1.2 New adaptations of PAM—The integration of PAM and flow cytometry (PAFC) 

can yield a valuable research tool in animal models of human diseases to provide 

ultrasensitive detection of pathogens, CTCs, pharmacokinetics of drugs, contrast dyes, and 

nanoparticles in vivo. In contrast to conventional flow cytometry, a PAFC setup is composed 

of three main parts: a pulsed laser, a microscopic imaging system, and an ultrasound 

transducer (Figure 3A) [20]. Based on the PA effect instead of fluorescence detection, PAFC 

has a high threshold sensitivity in vivo for noninvasive real-time imaging [21].

To capture CTCs, a fundamental challenge for existing assays is the low concentration of 1–

10 CTC/mL blood in a 5–10 mL volume. Due to advanced developments of high repetition-

rate lasers [22], PAFC has been exploited as a promising candidate to overcome the 

shortcomings with functional PA agents. Nedosekin et al. used magnetic enriched 

nanoparticles to increase PA signals of CTCs and suppress background signals from intrinsic 

optical absorbers at the same time [23]. By combination of CTC photothermal therapy and 

nanobubble-enhanced diagnosis, Galanzha et al. suggested that PAFC can be exploited as an 
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excellent clinical tool for well-timed theranostics [24]. A portable device and a wavelength 

tunable diode laser will likely further push PAFC to translational applications.

Oxygen metabolism is an essential physiological process that provides nutrients to maintain 

regular life activity [25]. As delivery vehicles, RBCs are the fundamental elements for 

transporting oxygen to aerobic cells and tissues. The real-time label-free imaging of oxygen 

delivery via flowing RBCs has far-reaching significance for oxygenation-related diseases 

such as mental disorders and tumor angiogenesis. Coupling micrometer-scale spatial 

resolution with millisecond-scale temporal resolution, PA flowoxigraphy (PA FOG), a 

promising frontier of OR-PAM, offers a comprehensive illustration of oxygen functional 

parameters in vivo (Figure 3B) [26, 27]. The benefits of PA FOG include high detection 

sensitivity by label-free RBC imaging and dual wavelength spectrophotometry measurement 

in reflection mode. With a 20-Hz B-scan video speed and 20-µs dual-wavelength switching 

time, PA FOG was fast enough to detect oxygenation in single RBCs flowing and unveiled 

the strong relationship of multifunctional oxygen metabolic parameters at the single-cell 

level in the brain. PA FOG uncovered the strong relationship of multifunctional oxygen 

metabolic parameters at single-cell level in the brain.

Förster resonance energy transfer (FRET) mechanism has recently been introduced in PA as 

a valuable tool to improve imaging depth [28, 29]. FRET microscopy refers to the 

nonradiative transfer of excited photons from a donor to an accepter to emit fluorescence 

[30]. However, light diffusion prevents FRET microscopy to image depth beyond optical 

mean free path (~1 mm). Integrating the FRET mechanism with PAM (FRET-PAM) where 

donor FRET energy is absorbed to generate acoustic waves through accepter thermal 

expansion, produces significantly enhanced PA signals (Figure 3C). To illustrate this 

principle, Wang et al. employed a fluorescent donor R6G and a nonfluorescent acceptor 

DQOCI as a FRET pair [29]. Compared with fluorescence microscopy, FRET-PAM 

efficiently increased the penetration depth to image samples 1 cm under mouse skin tissue.

Recent developments of PA and traditional endoscopy techniques have been introduced in 

internal organs including the gastrointestinal (GI) tract, the esophagus, the colon, and 

atherosclerotic plaques [31]. PA endoscopy (PAE) has the potential for the precise 

localization of lesions, early detection of neoplasm metastasis, and noninvasive visualization 

of submucosal diseases in situ [8, 32].

A myriad of biomedical PAE implements, conceptually similar to conventional ultrasound 

endoscopy, have been exploited for preclinical applications. The unique properties of interior 

wall detection and visible structural information facilitate ultrasound (US) a consequential 

add-on to PAE [33, 34]. By using a scanning mirror system rather than traditional 

mechanical scanning, PAE probe allows circumferential scanning, and both laser beams and 

ultrasonic waves can be reflected to the targeted sites without moving the ultrasonic detector. 

Then, both PA and US signals are sequentially received by the same ultrasonic transducer 

(Figure 3D) [35]. By taking advantage of this well-equipped PAE system, Yang et al. 
acquired in vivo 3D images of the vasculature distribution in rabbit esophagi.
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In contrast to one-mode PAE, the co-registered PAE/US system displayed both functional 

and physiological information. For example, Evans blue gathering in the lymph node was 

observed, and the vasculature and adjacent colon were characterized [36]. For PAE, 

however, probe size and motion artifacts are major issues in clinical practice, which could be 

mitigated by miniaturized elements and sophisticated image reconstruction [35].

2.2 Macroscopic level PACT

PACT systems usually utilize a bright-field laser beam to illuminate a relatively large region-

of-interest (ROI). PA signals are detected by unfocused or focused ultrasonic transducers. 

Then, high-resolution images can be reconstructed on the basis of an inverse algorithm such 

as back projection or time-reversed algorithms [37, 38]. Commonly configured ultrasound 

transducers fall into three categories: circular, spherical, and planar geometries. These 

transducers have been implemented in both small animal imaging and human imaging.

2.2.1 Circular detection system—A circular detection system can be created by 

positioning 10 fiber bundles to create a cylindrical ring illumination and arranging a 64-

element detector array over a curved surface for parallel-data acquisition, as described by 

Razansky et al. [39]. By video-rate imaging of tissue at multiple wavelengths and 

subsequent spectral unmixing algorithms, the multispectral optoacoustic tomography 

(MSOT) system has achieved significant advances for translating PA to bedside applications, 

such as breast neuroimaging, cardiovascular disease, and vascular imaging [40–44]. Figure 

4A clearly showcases the capability of the MSOT system to recognize deep structural 

features in mice [45]. However, the top portion of the structure along the elevational axis 

was not clearly illustrated due to incomplete detection views [46].

More work should be done to circumvent this type of detector’s bottlenecks, some of which 

include inhomogeneous spatial resolution, limited imaging depth, and acoustic mismatches 

especially for the human skull [39, 47]. PACT with a high frame rate, tunable laser sources, 

a well-designed acoustic array and a corresponding reconstruction algorithm are necessary 

to attract more clinical attention. PACT combined with other imaging modalities, especially 

with ultrasound (US), positron emission tomography (PET) and optical coherence 

tomography (OCT), will add complementary information and provide new insights in 

biomedicine.

2.2.2 Spherical detection system—As PA signals propagate in every possible direction 

relative to the detector, detecting pressures from all solid angles is of great significance. A 

variant PACT scanning system that exploits spherical scanning has notable merits to achieve 

a homogenous and isotropic special resolution [46].

The hemispherical PA imaging system is a newly emerging, powerful, and non-invasive 

imaging mode in vivo. 128 flat transducers, which can collect PA signals simultaneously, are 

spirally located on the surface of a bowl (Figure 4B) [48]. The 128-chaneled parallel data-

acquisition system can acquire a volumetric image in as little as 6 s. Owing to the special 

bowl configuration, the hemispherical instrument can receive PA signals from as many solid 

angles as possible, resulting in an isotropic spatial resolution of 250 µm over a 2.5 × 2.5 × 

2.5 cm3 field of view (FOV). A near infrared (NIR) wavelength-tunable laser as the 
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excitation source can penetrate deeply in biological tissue, which may reach as deep as 4 cm 

in human breast [49, 50]. Meanwhile, the optical intensity of the laser is 1 to 2 orders of 

magnitude lower than the maximum permissible exposure (MPE), which guarantees its 

safety in living subjects.

2.2.3 Planar detection system—Planar array-based PACT can be implemented by 

taking advantage of commercial 2-D matrices [51] or phased [52] or linear acoustic 

transducer arrays [53]. Because of their inexpensive cost, hand-held probes, and co-

registered PA/US imaging characterization, linear scanner arrays have been widely applied 

for PACT with much more clinical availability than circular or spherical detectors. As 

displayed in Figure 4C, exploiting a laser with 20 Hz repetition rate and a 256-element 

linear transducer array with 40 MHz center frequency, a full-view PACT system was capable 

of acquiring an accurate image of a zebrafish in vivo. Since image mismatches and artifacts 

exist, a multiview Hilbert transformation approach was proposed to generate a 60 µm spatial 

resolution within a 10 × 10 mm2 FOV [54].

In another report, a 256-element PA linear array along with an ultrasonic thermal encoding 

transducer was developed for mouse vascular volumetric imaging in vivo [55]. The PA wave 

amplitude from the encoded spots was increased, so the imaging of full-view vessels was 

remarkably enhanced. However, the PA image quality from these instruments is still 

suboptimal because of a low center frequency, a finite aperture, a low sensitivity, and a slow 

imaging speed. Further advances, such as dedicated reconstruction algorithms, high laser 

repetition rates, and high-speed data read-out times, are imperative to promote PACT 

systems for clinical accessibility.

3. Disease detection by PAI with various contrasts

3.1 Multi-parameter PAI with versatile contrasts

The cause of disease is a multistep and complicated process that can induce changes in the 

tissue microenvironment, such as angiogenesis in breast tissue, melanin deposition in skin 

cancers, lipid accumulation in atherosclerosis, and pH fluctuation in cancer metastasis. 

Endogenous chromophores including oxyhemoglobin (HbO2) [56], deoxyhemoglobin (Hb) 

[57], fat [58], melanin [59], nucleic acids [60], and water [61] possess various characteristics 

of absorption spectra (Figures 5A–5C). PAT, based on the specific spectrum of a given 

chromophore, can be applied to monitor and quantify the hallmarks of cancers. A 

combination of intrinsic and dynamic oxyhemoglobin and deoxygenated hemoglobin from 

blood vessel enables multi-parameter PAT to comprehensively reflect physiological and 

pathological information including blood perfusion, the oxygen saturation (sO2), and the 

metabolic rate of oxygen (MO2) [7]. Based on the Doppler effect, PA flowmetry can also 

measure blood flow in a living mouse with high sensitivity [62]. Consequently, along with 

parameters from endogenous agents, metabolic PAT may play a valuable role in accelerating 

early cancer screening in vivo.

With the rapid development of imaging technologies and different implementation of PA, 

there is a fast-growing category of exogenous contrast agents designed for tracking or 

visualizing biological processes, especially in sentinel lymph node (SLN) mapping, glioma 
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and breast cancer detection, and other applications. [63–65]. According to their principle, 

material and function, these fabricated PA contrast agents can be divided into five classes: 

gene products [66], organic dyes [67], fabricated nanoparticles [63, 68], multimodality 

agents, and theranostic agents [69].

Gene products have attracted great attention for PA applications on the basis of their specific 

genetic expression, strong absorption, and selective labeling of cells. Beard et al. showed 

that a tyrosinase-based reporter is a powerful tool for deep PA in mammalian tissues at 

depths approaching 10 mm (Figure 5D) [66]. The fluorescent protein iRFP which is 

specifically engineered by bacterial phytochrome, holds great potential to provide high 

tissue-specific PA contrast to unveil tumor growth processes and track metastases in deep 

tissue [70].

Analogous to gene products, organic dyes such as methylene blue (MB), indocyanine-green 

(ICG), Evans blue (EB), IRDye800CW, and MMPSense™ 680, can also be used as 

candidates for functional PA imaging. Methylene blue (MB), for instance, is an FDA 

approved agent that can be employed for multimodal SLN detection [71]. A noninvasive PA 

method was used to visualize nanoformulated naphthalocyanine intestinal accumulation and 

enabled intestinal imaging with co-registered ultrasound (Figure 5E) [67].

Due to strong surface plasmon resonance (SPR), tunable optical absorption, and effective 

optical-to-acoustic conversion, metal nanoparticles, like gold nanoparticles and silver 

nanoparticles, have attracted extensive attention for PA applications. For example, versatile 

shapes and sizes of gold nanoparticles, such as nanorods, nanospheres, nanocages, 

nanoshells, nanoclusters, nanobeacons, and nanostars, can be tuned to exhibit absorption 

peaks in the NIR region for personalized biomedical applications. Song et al. showed that 

systemically administered poly(ethylene glycol) (PEG) -poly(lactic-co-glycolic acid) 

(PLGA) coated gold nanoparticles can be used as an ultrasmall contrast agent (~60 nm) for 

efficient tumor therapy, and these particles can be tracked by PAT [72]. Besides plasmonic 

nanoparticles, there are other types of nanoparticles such as carbon nanoparticles [6], 

quantum dots (QD) [73], iron oxide [74], semiconducting polymer nanoparticles [75, 76], 

and others.

Coupled with ideal contrast agents, PA molecular imaging can provide remarkable anatomic 

and functional information. Tumor margin evaluation is essential to increase tumor contrast 

and is desirable to improve prognoses (Figure 5E) [77]. In this respect, a trimodality 

nanocomposite that integrated MRI-PA-Raman imaging was designed to achieve accurate 

brain tumor localization and resection (Figure 5G) [63].

3.2 PAI for early-stage theranostics

Ideally with appropriate intrinsic physicochemical properties or appropriate labels, 

nanomaterials have emerged as potential building templates that synergistically hybridize the 

modalities of diagnosis and therapy. These theranostic nanoparticles would allow us to 

diagnose disease (Figures 6A–6D) [78–80], track the kinetics of the particles (Figure 6E) 

[81], and evaluate treatment efficacy (Figure 6F) [6] by PAT or uniting multimodal platforms 

[82]. Bai et al. improved the capability of magnetic-hollow gold nanospheres to provide a 
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stable T2-weighted MRI contrast and enhanced PA signal, which manifested excellent 

imaging ability of cancer cells. These gold nanospheres thus made this nanocomposite a 

potential theranostic nanoagent for effective diagnosis and MRI-PAT-guided photothermal 

therapy (PTT) [69]. Not only for disease diagnosis, PA with the synergistic effects of 

functional molecular probes has become a new trend to propel the biomedical field toward 

early-stage theranostics and personalized medicine [83]. In one study, doxorubicin-graphene 

oxide-based nanoparticles were well engineered and noninvasively monitored by a sensitive 

PAM. The results clearly indicated inhibition of tumor angiogenesis within 4 days after 

therapy [6].

In recent years, the use of effective theranostic agents has become an attractive trend to 

apply PAT for early diagnosis, precise localization, tumor staging, curative effect 

assessment, and image-guided surgery. However, for further biomedical applications, 

rigorous principles should be followed when using contrast agents in humans; for instance, 

biosafety, availability, compatibility, and cost effectiveness must all be considered.

4. Summary and clinical outlook

Early diagnosis is an important factor for improving clinical outcomes. During surgery, 

sensitive and specific imaging tools suited for accurately mapping and determining the status 

of tumor are sought after to circumvent the drawbacks of traditional imaging methods, such 

as the side effects of radiation, high cost, long time consuming, and variability between 

different operators. In this regard, noninvasive PA imaging, with tailored and well-selected 

contrast agents, can visualize and quantitatively evaluate small lesions. The unique optical 

and ultrasonic characteristics of PA, such as real-time imaging and volumetric imaging 

capacity, and compatibility with clinical imaging tools, have elicited increasing research 

interest in recent years.

With several commercial PA systems and new implementations, a trend has emerged to use 

PAT as a diagnostic tool in cancer and cardiovascular diseases (Table 1). For example, a 

brain cortex was successfully imaged through an intact adult human skull with a PAT 

system, in which a photo recycler and a subtraction method were employed to improve the 

PA SNR [10]. Heijblom et al. modified the Twente PA Mammoscope for breast imaging. 

They acquired a high PA contrast in malignancies and investigated the clinical feasibility of 

PAT in patient studies [84]. Another major application of translational PAT is SLN mapping. 

With a FDA approved agent, methylene blue, SLN mapping has been detected clinically by 

a hand-held PA probe [64].

From structure to function, from table-top to hand-held, from diagnosis to theranostic, there 

is an overwhelming trend for using PAT in bedside clinics. Certain diseases can be 

diagnosed at an early stage before they have the chance to metastasize or deteriorate and are 

therefore more likely to be cured. While exciting breakthroughs have been made, PAT still 

suffers from certain technical hurdles, such as large probe size, motion artifacts, inaccurate 

algorithms, and slow imaging speed (see the Outstanding Questions Box). To accelerate the 

translation of PAI from the bench to the bedside, user-friendly hardware is desirable to 
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enhance its robustness and performance; fast, accurate, and easy-to-follow read-outs are 

necessary for physicians to make precise diagnoses.

On the other hand, more FDA (Food and Drug Administration) approved compounds are 

needed to promote PAI for human use. However, it would take a long time to undergo a 

rigorous government approval process. Multidisciplinary professionals including scientists, 

clinicians, biologist, chemists, and government employees should collaborate to advance the 

technique for early-stage theranostics. Overcoming the aforementioned limitations will 

definitely strengthen the position of PAT in biomedical practice. Integrating with further 

technical progress will advance the translation of PAI towards early-stage theranostics in the 

clinic.
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Imaging technology

Can advanced optical technology and sensitive ultrasound detection be developed in 

photoacoustic imaging for scalable visualization from single cell to whole body to 

capture subtle changes of disease microenvironments and realize early-stage diagnosis?

Theranostic optical probes

Can we synthesize biocompatible theranostic probes and obtain administrative approval, 

providing multifunctional pathophysiological information in real time, enabling precise 

diagnosis and personalized therapy for human disease?

Photoacoustic imaging in clinics

Can photoacoustic imaging systems be an effective preoperative and intraoperative 

imaging method in various clinical areas?
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• Improved interrogation of complex biological systems is possible through 

photoacoustic imaging.

• The data generated from photoacoustic imaging has provided insights to 

design high sensitive and specific imaging agents and biomarkers.

• One important innovation in photoacoustic imaging has been to bridge 

relevant fields for early-stage theranostics.

• Technical challenges and difficulties still remain, but the clinical outlook is 

promising.
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Figure 1. 
Photoacoustic molecular imaging for multi-scalable biomedical applications and potential 

trends towards early-stage theranostics [48, 59, 85–87].
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Figure 2. PAM embodiments and wavefront engineering
(A) Schematic of OR-PAM, where fast scanning is achieved by a MEMS mirror [7]. (B) 

Schematic of AR-PAM [6]. (C) Concept of TROVE focusing. In TROVE imaging, multiple 

randomized input wavefronts are frequency-shifted, decoded and time reversed [15]. (D) 

Gaussian-shape based PA signals to guide wavefront optimization [18]. Abbreviations: PAM 

(photoacoustic microscopy); OR-PAM (optical-resolution photoacoustic microscopy); OAC 

(optical-acoustic combiner); PBS (polarizing beam splitter); UT (ultrasonic transducer); 

MEMS (microelectromechanical scanner); AR-PAM (acoustic-resolution photoacoustic 

microscopy); TROVE (time reversal of variance encoded light).
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Figure 3. Multifunctional PAM platforms
(A) PAFC of RBCs in different vessels [20]. (B) PA flowoxigraphy of oxygen metabolism 

[88]. (C) Scheme of FRET PAM [29]. (D) Optical-resolution PAE [35]. Abbreviations: 

PAFC (photoacoustic flow cytometry); RBCs (red blood cells); FRET (Förster resonance 

energy transfer); PAE (photoacoustic endoscopy).
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Figure 4. Major implementations of PACT
(A) In vivo MSOT (multispectral optoacoustic tomography) imaging of athymic mouse 

acquired at 750 nm [39]. (B) Anterior–posterior MIP image of the human breast by 

hemispherical array-based PACT [48, 50]. (C) Co-registered US/PA image of a zebrafish 

acquired by a high-frequency linear-array PACT system [54].
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Figure 5. PAI of multiple endogenous and exogenous contrasts
(A) Microvasculature within a tumor region. The blue region indicates decreased sO2 of the 

early-stage tumor [25]. (B) 3D PA images of lymph nodes at 530 nm and 1210 nm showing 

hemoglobin and lipid contrast, respectively [58]. (C) Intravascular PAT of lipid-rich plaques 

[89]. (D) In vivo PA image of tyrosinase labelled xenografts against the surrounding 

vasculature [66]. (E) PA maximum intensity projection of an intestine labeled with ZnBNc 

nanonaps [67]. (F) Overlaid PA and ultrasound imaging of palladium nanosheet-targeted 

tumor [77]. (G) PAT of a mouse brain tumor after injection with tri-modality MRI-PA-

Raman (MPR) nanoparticles [63].
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Figure 6. PAT for early-stage diagnostic, drug metabolism, and therapy monitoring
(A) Nutrition supply vasculature on a tumor was imaged by PAM six hours after GO 

injection [6]. (B) 3D US/PA images of SLNs show the increased PA signal following the 

injection of Si-AuNPs [79]. (C) PA mamoscope images of tumor vasculature in a patient 

with invasive ductal carcinoma [78]. (D) PAT images of a rat ankle joint, showing increased 

PA signal associated with inflammatory arthritis [80]. (E) In vivo PA images of spleen in a 

rat after injection of GNS, illustrating that the signals significantly increased in spleen 

compared with decreased PA signal in vascular [81]. (F) Scalable PAM images of tumor 

vasculature using GO-Cy5.5-Dox contrast, depicting that the angiogenic vessels were 

greatly disrupted 8 days after chemotherapy [6]
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