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Abstract: Photoacoustic imaging using endogenous chromophores as a contrast has been widely
applied in biomedical studies owing to its functional imaging capability at the molecular level.
Various exogenous contrast agents have also been investigated for use in contrast-enhanced imaging
and functional analyses. This review focuses on contrast agents, particularly in the wavelength
range, for use in photoacoustic imaging. The basic principles of photoacoustic imaging regarding
light absorption and acoustic release are introduced, and the optical characteristics of tissues are
summarized according to the wavelength region. Various types of contrast agents, including organic
dyes, semiconducting polymeric nanoparticles, gold nanoparticles, and other inorganic nanoparticles,
are explored in terms of their light absorption range in the near-infrared region. An overview of the
contrast-enhancing capacity and other functional characteristics of each agent is provided to help
researchers gain insights into the development of contrast agents in photoacoustic imaging.

Keywords: photoacoustic imaging; contrast agent; wavelength; spectroscopic analysis; contrast-
enhanced imaging

1. Introduction

The visualization of physiological responses in living tissues is one of the key diagnos-
tic methods in biomedical studies [1]. Biomedical imaging techniques, such as magnetic
resonance imaging (MRI) [2], positron emission tomography (PET) [3], X-ray computed
tomography (CT) [4–6], ultrasound (US) imaging [7–9], and optical imaging [10–12] have
been widely used in preclinical small-animal studies. Among these modalities, optical
imaging techniques offer several advantages, including strong optical contrast, the absence
of ionizing radiation, cost-efficient system configuration, and the capability of real-time
imaging. Optical imaging can also provide functional information at the molecular level
if multispectral data is acquired using multiple wavelengths of light [13]. However, the
optical imaging techniques have limited applicability to shallow regions (~1 mm) owing to
the strong light scattering in biological tissues.

Photoacoustic imaging (PAI) is a widely used biomedical imaging technique that
compensates for the shallow penetration depth of pure optical imaging methods [14–16].
In PAI, signals are generated by optical absorption and delivered as acoustic (i.e., ultra-
sound) waves. Therefore, PAI inherits advantages from both optical and US imaging
techniques [17,18]. Similar to optical imaging techniques, PAI is safe, cost-efficient, and
easy to implement. More importantly, PAI is also capable of functional analysis of biologi-
cal tissues using multispectral data acquisition [19–22]. One unique advantage of PAI for
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achieving adequate images is its scalable spatial resolution and imaging depth according
to the application [15]. To achieve high-resolution images (~5–50 µm) in shallow regions
(~1 mm), the excitation light must be tightly focused on the specimens, resulting in images
of ears [23], brains [24–27], and eyes [28–30] in small animals. In an alternative system,
light is moderately focused, or even diffused, to increase the imaging depth (~10–20 mm)
at the expense of the resolution (~100–500 µm), providing whole-body images of small
animals in vivo [31–38]. Recently, PAI has also been applied in clinical human studies by
combining it with clinical US machines to implement real-time imaging platforms [39–44].

In PAI, endogenous chromophores that absorb light, such as oxy-hemoglobin, deoxy-
hemoglobin, melanin, and lipids, can be used as contrast agents for visualizing physio-
logical responses [45–48]. However, endogenous chromophores are limited to optically
transparent organs, including tumors, the lymphatic system, and the bladder. In addition,
two types of hemoglobin typically dominate all photoacoustic (PA) signals. Therefore,
contrast-enhancing techniques using a variety of exogenous agents have been extensively
studied, including organic dyes, gold nanoparticles, carbon nanostructures, semiconduct-
ing nanoparticles, and fluorescent proteins [49–52].

Herein, the exogenous agents used for contrast-enhanced PAI are reviewed in terms
of their absorption wavelengths. First, the principles of PAI are introduced, including the
parameters for signal generation efficiency. Subsequently, contrast-enhanced PAI results
are introduced considering the wavelength range of the optical absorption characteristics
of the exogenous agents. This review provides researchers insights into the selection of
proper contrast agents for specific biomedical applications, particularly considering the
wavelength selection.

2. Principles of Photoacoustic Imaging

PAI is based on the PA effect, which involves optical absorption and heat release
(Figure 1a) [53]. When a short (typically of the order of a few nanoseconds) pulsed laser
is used to irradiate a specimen, light-absorbing molecules absorb the light energy. The
absorbed light energy excites the electrons in the molecules from a stable ground state to an
excited energy level. The excited electrons quickly return to their ground state by emitting
energy (Figure 1b). These energy emissions can be measured using two methods. The first
is fluorescence (FL) light emission, which is used to implement fluorescence imaging (FLI)
and two-photon microscopy (TPM). The second method is thermal energy release, which
induces thermoelastic expansion of the surrounding tissue. These two types of energy
release typically occur in a mixed form, rather than as purely one or the other. The heat
conversion efficiency (i.e., the ratio of heat release) can be expressed as follows:

σ = 1 − φ =
kh

k f + kh
(1)

where σ is the heat conversion efficiency, φ is the FL quantum yield (i.e., the ratio of FL
light emission), k f is the rate constant for FL emission, and kh is the rate constant for heat
release. The released heat rapidly dissipates because of the short pulse width, producing
thermal vibrations that generate acoustic waves called PA waves. PA waves propagate
through biological tissues and are subsequently detected by conventional US transducers.
The captured signals are reconstructed in the form of images using image processing
algorithms, which are similar to conventional US image processing methods [54–60].
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Figure 1. (a) Schematic illustration of principles of PA wave generation. (b) Schematic diagram of
principles of signal generation through light absorption. (c) Molar extinction coefficient of hemoglobin
and MPE according to wavelength in the NIR region. PA, photoacoustic; FL, fluorescence; TR,
ultrasound transducer; NIR, near-infrared; HbO, oxy-hemoglobin; HbR, deoxy-hemoglobin; MPE,
maximum permissible exposure.

Compared to the light-in-light-out principle of FLI, which suffers from low resolution
in deep tissues owing to the two-way diffusion of photons, the light-in-sound-out principle
of PAI can greatly enhance the imaging depth in deep tissues. Although the FLI can provide
high-resolution images in biological tissues, it is highly challenging to achieve such image
quality beyond the optical mean transport path (~1 mm). Recently, there have been studies
for FL signal detection in deep tissues [61], but they are still limited in image acquisition.
In contrast, PAI can achieve images a few centimeters deep with a resolution of several
hundred micrometers with the help of acoustic wave propagation, which is less diffusive
compared to the use of photons.

The initial pressure of the PA waves is linearly proportional to four parameters and is
expressed as follows [62]:

P ∝ Γ(T) · σ · µa · F (2)

where P is the initial pressure of the PA waves, Γ(T) is the Grüneisen parameter at the
local temperature (T), σ is the heat conversion efficiency described in Equation (1), µa is
the optical absorption coefficient, and F is the optical fluence. The amplitudes of the PA
signals can be efficiently enhanced by increasing one of these four parameters. In practical
PAI, the optical fluence F and optical absorption coefficient µa are controlled to increase
the PA amplitude. However, the optical fluence cannot be increased above the maximum
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permissible exposure (MPE) of light according to the safety standard [63]. In addition, a
high optical fluence does not selectively increase the PA signals of the target tissue; thus,
the contrast of the resulting images is not sufficiently increased. Therefore, contrast agents
with high optical absorption characteristics have been developed for contrast-enhanced PAI
in various biomedical studies, including tumor imaging [64], lymphangiography [65], and
drug delivery monitoring [66]. We can note that the heat conversion efficiency is residual
of the FL quantum yield, as described in Equation (1). Therefore, the lower the FL quantum
yield, the higher the PA signals.

The light–tissue interactions during laser excitation in PAI are highly dependent on
the wavelength of the light. During the initial stages of the development of PA imaging, an
Nd:YAG pumped green laser (532 nm) was frequently used as an excitation source owing to
the strong intrinsic absorption of blood in the visible region [67]. Visualization of the blood
vessel network with visible light sources can provide useful information for investigating
hemodynamics, but the strong PA signals of blood vessels may offset signals from other
chromophores. Therefore, contrast agents for PAI that absorb laser light in the first near-
infrared (NIR-I, 650–1000 nm) region have been developed, which exhibit relatively low
interaction with tissue, enabling photons to penetrate deeper into the biological tissues
(Figure 1c) [68,69]. Using widely available lasers in the NIR-I region, multispectral PA
analyses were performed to evaluate the functionalities of the developed agents. However,
oxy- and deoxyhemoglobins are major absorbers in the NIR-I region. Therefore, the light
absorption of PA agents has recently been extended to the second near-infrared region
(NIR-II, 1000–1700 nm). In this region, photons are significantly less scattered in biological
tissues, which allows for an enhanced penetration depth [70]. PA imaging with NIR-II
excitation is also advantageous owing to its higher MPE for skin [63]; thus, the resulting
higher optical illumination can generate stronger PA signals.

3. Contrast-Enhanced Photoacoustic Imaging
3.1. Contrast Agents at Low NIR-I (650–800 nm)

In the initial stages of the development of contrast-enhanced PAI, organic dyes were
used in various biomedical studies [71–73]. In particular, the United States Food and Drug
Administration (FDA) approved the human administration of several organic dyes, such
as methylene blue (MB), Evans blue (EB), and indocyanine green (IGC). The moderate
FL quantum yields of these organic dyes are suitable for PAI (Table 1); thus, they have
been used for visualizing optically transparent organs, including the lymphatic system and
the bladder [74,75]. The low FL quantum yields of the two blue dyes generate strong PA
signals once delivered into a biological system. Song et al., successfully visualized sentinel
lymph nodes (SLNs) in rats after a forepaw injection with the MB solution [76]. Compared
with the control images, the contrast of the SLN was ~2, for an excitation wavelength of
635 nm. They also conducted similar experiments using EB and achieved ~2-fold signal
enhancement in SLNs in rats [77]. Jeon et al., developed microbubbles in a solution of
MB (MB2) for PA and US dual-mode imaging [78]. They showed signal changes based
on the concentration of the MB2 solution. In addition, strong US waves can be used to
burst microbubbles. Consequently, the PA signals were significantly (~2.5-fold) increased,
suggesting a trigger mechanism for the control of biomedical research. In addition to
blue dyes, ICG has been widely used in contrast-enhanced PAI. Kim et al., successfully
delineated the lymphatic system from the blood vessel network in rats and achieved
approximately 4.3-fold signal enhancement [79]. Owing to the higher FL quantum yield
of ICG compared with those of MB and EB, the FL signal could also be acquired from the
SLN. Park et al., acquired contrast-enhanced, dual-modal PA and FL images of bladders in
rats after administration of an ICG solution [80].
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Table 1. Optical characteristics of organic dyes. ICG, indocyanine green; MB, methylene blue;
EB, Evans blue; DMSO, dimethyl sulfoxide; λa, peak absorption wavelength; φ, fluorescence
quantum yield.

MB EB ICG

λa(m) 667 626 790

φ(%) 0.04 0.4 <1 in water
10 in DMSO

Ref. [81] [82] [83]

In addition to contrast enhancement, different functionalities for measuring biolog-
ical responses have been studied using organic nanostructures. Miao et al., developed a
pH-sensitive nanoprobe using a semiconducting oligomer (SO) [84]. By synthesizing a
boron-dipyrromethene dye with SO, the proposed nanoprobes were activated by the pH
values of the biological tissues. The synthesized SO nanoprobes exhibited distinguish-
able PA responses, depending on the pH of the surrounding environment (Figure 2a).
They delivered SO nanoprobes into HeLa xenograft tumors in mice and measured the PA
signal differences with excitation wavelengths of 680 and 750 nm. The resulting images
showed tumor-specific signals because the pH of the tumor was lower than that of the
normal tissue surrounding it (Figure 2b). As a representative example of an activable
probe, Reinhardt et al., developed a series of nanoprobes for the detection of nitric oxide
(NO) [85]. The optical absorption peak shifted from 770 nm to 680 nm in the presence of NO
(Figure 2c,d). The activation of the nanoprobe was verified by measuring the multispectral
PA responses before and after injection of the developed nanoprobes into the lipopolysac-
charide (LPS)-induced inflammation mouse model. The results showed significant signal
enhancement compared with the control group. By visualizing NO levels in biological
tissues, the role of NO in tumor progression can be elucidated in the future.

Semiconducting polymer nanoparticles (SPNs) have been developed as PA agents
owing to their superior light absorption and photostability. In particular, organic semicon-
ducting perylene diimide (PDI) was used because of its good chemical, thermal, and optical
stability, as well as its good biocompatibility. Cui et al., developed PDI-based nanoparticles
that could detect early thrombi [86]. They added cyclic Arg-Gly-Asp (cRGD) peptides,
which have a high binding ability to glycoprotein IIb/IIIa generated from the early throm-
bus (Figure 2e). In the in vivo verification of the nanoparticles, the PA signals increased
~4.3-fold 24 h after injection at the early thrombosis sites in mice (Figure 2f). Yang et al.,
developed PDI-based nanoparticles that can act as theranostic platforms by generating re-
active oxygen species (ROS) [87]. The synthesized nanoparticles release cisplatin in a tumor
environment to activate nicotinamide adenine dinucleotide phosphate oxidase and trigger
the conversion of oxygen to superoxide radicals, causing the generation of toxic hydroxyl
radicals (Figure 2g). ROS generation by the proposed nanoparticle can be monitored using
PAI owing to the strong light absorption of the ROS-sensitive molecules in nanoparticles.
The resulting multispectral PA analysis showed an increase in the ratiometric PA signals
of the U87MG xenograft tumor regions of mice in vivo. The PA signals at 680 nm were
~3.41-fold higher than the PA signals at 790 nm 24 h after injection, indicating the generation
of ROS (Figure 2h).
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Figure 2. Contrast-enhanced PA imaging of organic nanostructures. (a) Schematic illustration of
a pH-sensitive nanoprobe. (b) Ratiometric PA signals of a muscle (pH 7.4) and tumor (pH 5.0).
Reprinted with permission from Ref. [84]. 2016, Wiley. (c) Schematic illustration of signal switching
of an NO-activated nanoprobe. (d) Optical absorption spectra of a nanoprobe with and without
NO. Reprinted with permission from Ref. [85]. 2018, ACS Publications. (e) Schematic illustration
explaining the mechanism of PA signal generation in early thrombosis after injection of the PDI-based
nanoparticles. (f) Contrast-enhanced PA images of mice before and after injection of PDI-based
nanoparticles. Reprinted with permission from Ref. [86]. 2017, ACS Publications. (g) Schematic
illustration of the PA signal switching that indicates ROS generation. (h) Contrast-enhanced PA
images at 680 and 790 nm before and 24 h after injection. PA, photoacoustic; NO, nitric oxide;
PDI, perylene diimide; ROS, reactive oxygen species. Reprinted with permission from Ref. [87].
2018, Wiley.
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In addition to organic structures, inorganic nanoparticles have been synthesized owing
to the possibility of easy surface modifications for drug loading or disease targeting. In
particular, gold nanoparticles (AuNPs) have been extensively studied because of their ex-
ceptionally high optical absorption efficiency [88]. Jokerst et al., synthesized gold nanorods
(AuNRs), with an optical absorption peak at 760 nm, for detecting ovarian cancer [89]. They
achieved contrast-enhanced images of MDA-435S xenograft tumor regions of mice in vivo.
To obtain strong PA signals, Liu et al., developed AuNPs with chain vesicles by combining
them with a block copolymer (BCP) [90]. Owing to the strong optical absorption of the chain
vesicles, the proposed AuNPs exhibited high PA signals at 780 nm (Figure 3a). Compared
with AuNPs without chain vesicles, the proposed AuNPs yielded an ~8-fold signal en-
hancement after subcutaneous injection into mice. Activable AuNPs were also investigated
via surface modification. For example, Kim et al., demonstrated that gold/silver hybrid
nanoparticles react with bacterial infections [91]. Hybrid nanoparticles were coated with
a silver layer that blocked the PA signals from the internal AuNRs (Figure 3b). When the
ferricyanide solution was added to the nanoparticles, the silver coating peeled off, and the
silver ions were released. Consequently, PA signals were revealed from the internal AuNRs,
providing a strong contrast in the PA images at an excitation wavelength of 750 nm. The
released silver ions exhibited a strong bactericidal efficacy (>99.99%). In vivo monitoring
of mice was used to verify the silver ion release by comparing the PA signals before and
after silver etching (Figure 3c).

Low-dimensional nanomaterials with good biocompatibility and biodegradability
have also been applied for contrast-enhanced PAI. De la Zerda et al., developed single-
walled carbon nanotubes (CNTs) conjugated with cyclic Arg-Gly-Asp peptides, which
showed high affinity to αvβ3 integrin in tumor angiogenesis [92]. They confirmed the PA
signal enhancement at 690 nm excitation after injection of CNTs into U87MG xenograft
tumors in mice. Cheng et al., demonstrated contrast-enhanced tumor imaging using
tungsten disulfide (WS2) nanosheets [93]. They also verified the therapeutic effect through
photothermal ablation in 4T1-bearing mice. Chen et al., achieved PA and FL dual-modal
imaging using reduced nano-graphene oxide (rNGO) that can deliver ICG molecules with
a high loading efficiency of π-π junction structure [94]. The same group also acquired
contrast-enhanced PA images using molybdenum disulfide (MoS2) nanosheets [95]. They
achieved a 54-fold signal enhancement at 675 nm laser illumination after injection of a
single layer MoS2 into U87 xenograft tumors in mice.

3.2. Contrast Agents at High NIR-I (800–950 nm)

In the high NIR-I region, naphthalocyanine-based agents exhibit good optical absorp-
tion characteristics [96]. Zhang et al., demonstrated a family of nanoformulates consisting
of naphthalocyanine dyes for contrast-enhanced PAI of the gastrointestinal tract of mice
in vivo (Figure 4a) [97]. They synthesized multiple colors of agents with different absorp-
tion peaks using various types of naphthalocyanine dyes and obtained contrast-enhanced
PA images of the lymphatic networks in rats (Figure 4b). For multispectral PAI, two dif-
ferent nanoformulated naphthalocyanines (absorption peaks at 707 and 860 nm) were
separately injected into the left and right forepaws of mice, and dual-color PA images
delineating the lymphatic path at each side were successfully acquired (Figure 4c) [98].
Recently, the same group demonstrated that nanoformulated naphthalocyanines could
be used as theranostic agents for 4T1 breast cancer cells [99]. They increased the drug-to-
surfactant ratio by removing free and unbound surfactants using a novel low-temperature
process. The developed nanoformulations exhibited a strong optical absorption at 860 nm,
providing contrast-enhanced PA images that could verify uptake by the tumor. The ef-
ficacy of the photothermal treatment was also evaluated based on light absorption and
heat release. Choi et al., also developed naphthalocyanine-based nanodroplets for tumor
resection using high-intensity focus ultrasound (HIFU) ablation [100]. They encapsulated
naphthalocyanine dyes in perfluorohexane for effective HIFU ablation (Figure 4d). The
resulting nanodroplets exhibited a maximum optical absorption at 850 nm (Figure 4e), and
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their in vivo imaging capability was validated after intravenous injection into MDA-MB
231 xenograft tumors in mice (Figure 4f). In addition, the therapeutic effect of HIFU ablation
was verified by measuring the tumor size after treatment.

The strong optical absorption characteristics of AuNPs have also been applied to the
development of PA contrast agents in the high NIR-I region. Bao et al., developed a PEGy-
lated gold nanoprism (AuNPr) for detecting gastrointestinal cancer (Figure 5a) [101]. The
anisotropic shape of AuNPr provided a strong absorption at 830 nm, making it suitable for
contrast-enhanced PAI (Figure 5b). They obtained multispectral PA images of HT-29 tumors
in mice before and after the injection of AuNPr. After injection, the PA amplitude in the
tumor region increased (Figure 5c). Song et al., introduced AuNP-coated carbon nanotube
rings (CNTRs) with enhanced light absorption and photothermal effects (Figure 5d) [102].
The high plasmonic coupling in the developed CNTR produced significantly increased
light absorption at 808 nm (Figure 5e). After intravenous injection of AuNP-coated CNTR
into U87MG xenograft tumors in mice, much stronger PA signals were achieved compared
with those after the injection of pure CNTR (Figure 5f). In addition to contrast-enhanced
PAI, the treatment efficiency was evaluated with photothermal ablation.
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Figure 3. Contrast-enhanced PA imaging of AuNPs. (a) Schematic illustration of the synthesis of BCP-
AuNP vesicles and their optical absorption spectra and contrast-enhanced PA images. Reprinted with
permission from Ref. [90]. 2015, Wiley. (b) Schematic illustration of PA switching mechanism with
and without Ag layer. (c) Overlaid PA and US images before and after Ag etching. PA, photoacoustic;
US, ultrasound; BCP, block copolymer; AuNP, gold nanoparticle; AuNR, gold nanorod; Ag, silver.
Reprinted with permission from Ref. [91]. 2018, ACS Publications.
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Figure 4. Contrast-enhanced PA images of Nc-based agents in the high NIR-I region. (a) Chemical
structure of nanoformulated Nc dyes. 707 Nc is formulated with M = Zn, R1 = t-Bu, and R2 = H, while
860 Nc is formulated with M = 2H, R1 = H, and R2 = O-(CH2)3CH3. (b) Optical absorption spectra of
two different nanoformulated Nc dyes. (c) Contrast-enhanced PA images of lymphatic networks in
mice after injection of the nanoformulated Nc dyes into the right and left forepaws. Green and orange
colors indicate PA signals from the nanoformulated Nc dyes, with a peak absorption at 707 and 860 nm,
respectively. Reprinted with permission from Ref. [98]. 2015, Elsevier. (d) Schematic illustration for
the synthesis of Nc encapsulated PFH. (e) Optical absorption spectrum of the encapsulated Nc dyes
with PFH. (f) Contrast-enhanced PA images before and after injection of the encapsulated Nc dyes
into mice. PA, photoacoustic; Nc, naphthalocyanine; NIR, near-infrared; PFH, perfluorohexane; NPC,
4-nitrophenyl chloroformate. Reprinted with permission from Ref. [100]. 2019, ACS Publications.
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Figure 5. Contrast-enhanced PA images of AuNPs in the high NIR-I region. (a) The triangular
structure of AuNPrs captured from an electron microscope. (b) Optical absorption spectra of AuNPrs
and AuNPs, showing the shift. (c) Contrast-enhanced PA images of tumors in mice before and
after injection of AuNPrs. Reprinted with permission from Ref. [101]. 2013, Wiley. (d) Schematic
illustration for the synthesis of CNTRs. (e) Optical absorption spectra of CNTRs with and without
AuNP coating. (f) Contrast-enhanced PA images of tumors in mice before and after injection of
CNTRs. PA, photoacoustic; NIR, near-infrared; AuNP, gold nanoparticle; AuNPr, gold nanoprism;
CNTR, carbon nanotube ring. Reprinted with permission from Ref. [102]. 2016, ACS Publications.

3.3. Contrast Agents at NIR-II (>1000 nm)

Several SPNs have been developed for extending the absorption wavelength to the
NIR-II region. The energy levels and absorption wavelengths of these semiconducting
polymers can be tuned by adjusting the combination of donor and acceptor molecules.
For stable dispersion in biological media, hydrophobic SPNs have been synthesized us-
ing amphiphilic surfactants. Jiang et al., reported SPN for contrast-enhanced PAI in the
NIR-II region [103]. The developed SPN showed broadband optical absorption between
700 and 1100 nm, which was achieved using a new polymer with a special structure
comprising one donor and two acceptors (Figure 6a). The PA imaging capabilities of the
NIR-I and NIR-II excitations (750 and 1064 nm, respectively) were evaluated on brains
of rats after intravenous injection of SPNs. The signal-to-noise ratio (SNR) of the PA was
1.5-fold increased for the NIR-II excitation compared with the NIR-I excitation (Figure 6b).
They also developed a metabolizable SPN that is readily degradable into phagocytes and
decomposes into ultra-small (~1 nm) nanoparticles [104]. The developed SPN strongly
absorbed light at ~1079 nm, providing contrast-enhanced PA images with an excitation
wavelength of 1064 nm. Deep transcranial PA images were acquired, with excellent SNRs
of 4.6 and 2.3 of tumors and vasculatures, respectively. Zhang et al., reported a similar
SPN with strong absorption at ~1300 nm [105]. After injection of SPNs into 4T1 xenograft
tumors in mice, contrast-enhanced PA images were acquired with a ~2-fold signal en-
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hancement. The results demonstrated the effectiveness of two-acceptor SPN systems for
tunable excitation wavelengths. Guo et al., synthesized an alternative two-acceptor SPN for
high-resolution PAI [106]. The formulated SPNs exhibited strong absorption for 1064 nm
excitation. Contrast-enhanced PA images of the whole cerebral cortex vasculature were
acquired after intravenous injection of SPNs. The resulting images showed a high SNR
(22.3 dB) at a depth of up to 1 mm through the intact skull.
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Figure 6. Contrast-enhanced PA images of SNPs in the NIR-II region. (a) Schematic illustration of
SPNs for broadband PA imaging in NIR-I and NIR-II regions. (b) Contrast-enhanced PA images of a
rat brain in vivo. PA, photoacoustic; US, ultrasound; SPN, semiconducting polymer nanoparticle;
NIR, near-infrared. Reprinted with permission from Ref. [103]. 2017, ACS Publications.

Organic dyes have also been found to possess NIR-II-absorbing capability. Zhou et al.,
reported phosphorous phthalocyanine with an absorption peak at ~1000 nm (Figure 7a) [107].
The developed phthalocyanine-based dye could be used as a PA contrast agent, with an
excitation wavelength of 1064 nm, which was generated using commercial Nd:YAG lasers
(Figure 7b). Contrast-enhanced PA images were obtained from chicken breast tissue in
an exceptionally deep position (~11.6 cm). Notably, phthalocyanine-based dyes were suc-
cessfully visualized through a human limb (~5 cm) with an energy of 23 mJ/cm2, which
is much lower than the MPE at 1064 nm (Figure 7c). The same group, Chitgupi et al.,
developed a surfactant-stripped micelle with a commercially available cyanine fluoroalkyl
phosphate (CyFaP) salt dye for higher NIR-II absorption (Figure 7d) [108]. The effectiveness
of the developed micelles was verified at a depth of 12 cm in chicken breast tissue, with
an SNR of 24.3 dB (Figure 7e). Similar to the previous human experiment, tubes contain-
ing surfactant-stripped CyFaPs were imaged through the breasts of human volunteers
(Figure 7f). The resulting images showed a strong imaging capacity at a depth of 2.6–5.1 cm
of human breast tissue at an excitation wavelength of 1064 nm and energy of 21 mJ/cm2.
Park et al., demonstrated a nickel dithiolene-based dye as an NIR-II-absorbing molecule at
1064 nm [109]. Hydrophobic nickel dithiolene-based dyes were dispersed in a biological
buffer with an FDA-approved poly(lactide-co-glycolide) polymer via the nanoprecipitation
method. The maximum detectable penetration depth for this PA agent was ~5.1 cm, with
an SNR of 10.2 dB, in chicken breast tissue. The potential of this PA agent in preclinical
and clinical investigations was demonstrated by contrast-enhanced PAI of sentinel lymph
nodes, the gastrointestinal tract, and bladders in rats.
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Figure 7. Contrast-enhanced PA images of organic dyes in the NIR-II region. (a) Chemical structure
of a phosphorus phthalocyanine. (b) Optical absorption spectrum of a phthalocyanine-based dye.
(c) Schematic illustration and contrast-enhanced PA images for evaluating deep tissue imaging
through a human arm. Reprinted with permission from Ref. [107]. 2016, Ivyspring. (d) Chemical
structure of CyFaP. (e) Optical absorption spectrum of surfactant-stripped micelle with a CyFaP salt
dye. (f) Schematic illustration and contrast-enhanced PA images for evaluating deep-tissue imaging
through a human breast. PA, photoacoustic; US, ultrasound; NIR, near-infrared; CyFaP, cyanine
fluoroalkyl phosphate; WT, water tank; Memb, membrane. Reprinted with permission from Ref. [108].
2019, Wiley.

Inorganic nanoparticles have also been investigated as PA agents in the NIR-II region.
These agents usually exhibit a better tunability of the bandgap for absorbing longer wave-
lengths of light. However, most of them have high aspect ratios, poor thermal stability,
short blood circulation half-life, potential cytotoxicity, and systematic toxicity. Ku et al.,
reported the fabrication of copper sulfide nanoparticles with optical absorption at 990 nm
as an inorganic NIR-II PA agent [110]. They demonstrated contrast-enhanced PA images of
mouse brains using a 1064 nm Nd:YAG laser. Compared with copper, the high aspect ratio
of AuNRs enables strong light absorption in the NIR-II range, as well as further tuning of
the absorption spectra. Yim et al., demonstrated photostable NIR-II PA agents with a high
aspect ratio (95 nm × 12 nm) in the form of AuNR-melanin hybrids (Figure 8a) [111]. The
developed AuNR agents exhibited strong optical absorption over 1200 nm, which was used
to generate PA signals with a laser excitation of 1064 nm (Figure 8b). Chen et al., reported a
small, but high aspect ratio (50 nm × 8 nm) AuNR for NIR-II PAI [112]. This miniaturized
AuNR could penetrate more easily into cancer cells and exhibited a high thermal stability
compared with large AuNRs. They achieved contrast-enhanced PA images of tumors in
mice with an approximately 4.5-fold signal improvement compared with large AuNRs.
Zhou et al., reported another plasmonic AuNP that broadly absorbs light between 400 and
1300 nm [113]. The nanostructure was coated with methoxy PEG thiol and polydopamine
to ensure structural integrity. Recently, an activatable NIR-II PA agent was developed using
the polyoxometalate feature of molybdenum oxide (MoO3 (Mo5+/Mo6+)) (Figure 8c) [114].
The NIR-II absorbance of the MoO3 nanoparticles significantly increased when a portion of
Mo6+ was reduced to Mo5+ (Figure 8d). Colon cancer tissues possess a high concentration
of hydrogen sulfide (H2S), which reduces the oxidation state of MoO3 nanoparticles and
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eventually increases the PA signal of the tumor site. They demonstrated that endogenous
H2S-activated NIR-II PA imaging could be employed on a tumor-xenografted mouse model
(Figure 8e).
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Figure 8. Contrast-enhanced PA images of inorganic nanoparticles in the NIR-II region. (a) Optical
absorption spectra of AuNR-melanin hybrids. (b) Contrast-enhanced PA images of mice in vivo
after the subcutaneous injection of nanoparticles. Reprinted with permission from Ref. [111]. 2021,
ACS Publications. (c) Schematic illustration of PA activation of the MoO3 nanoparticles in the
tumor. (d) Optical absorption spectrum of the MoO3 nanoparticles. (e) Contrast-enhanced PA images
of tumors in mice before and after injection of the MoO3 nanoparticles. PA, photoacoustic; US,
ultrasound; NIR, near-infrared; PTT, photothermal therapy; MoO3, molybdenum oxide. Reprinted
with permission from Ref. [114]. 2021, ACS Publications.

4. Conclusions

PAI is a promising biomedical imaging technique for visualizing the optical absorption
characteristics of biological tissues in vivo. In addition to endogenous chromophores, such
as hemoglobin, lipids, and melanin, exogenous contrast agents have been widely used for
contrast-enhanced PAI. Moreover, exogenous agents have been modified to have various
functionalities, including disease targeting and drug delivery capabilities, environment-
related signal switching, and treatment ability. In vivo visualization of small animals using
these contrast agents has been widely studied using various PAI systems [115–117]. Ac-
cording to the configuration of the PAI system, the penetration depth and spatial resolution
of the resulting images are varied [118].

This review summarized contrast agents for PAI in terms of the absorption wavelength
in the NIR range (Table 2). The wavelengths were divided into three ranges—low NIR-I
(650–800 nm), high NIR-I (800–950 nm), and NIR-II (>1000 nm). Several organic dyes
and nanostructures have been used in the low NIR-I region. They can visualize optically
transparent tissues, but optical absorption by oxy- and deoxy-hemoglobin is dominant in
this region; thus, the background signals from the surrounding tissues are relatively high.
A number of organic dyes for low NIR-I PA imaging have been reported, including FDA-
approved MB, BODIPY, and modified cyanine core structures. However, high NIR-I and
NIR-II PA imaging agents have a smaller pool of organic dye structures; for example, a series
of naphthalocyanine were reported to have high NIR-I absorption [97–101]. For the longer
absorption spectrum in the NIR-II region, phthalocyanine, fluoroalkyl cyanine, and metal
ion-chelated dithiolene dyes have been employed [107–109]. In the high NIR-I region, a
higher laser fluence can be delivered to biological tissues because the MPE for the excitation
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laser increases at longer wavelengths. However, the two types of hemoglobin absorb light
in this region, generating strong PA signals. Therefore, contrast agents that absorb NIR-II
light have recently been developed. In addition to a high MPE, less photon scattering can
significantly increase the imaging depth up to several centimeters. In comparison to visible
light, NIR illumination is advantageous for PAI due to low background absorption and
high MPE. Specifically, NIR-I excitation provides the lowest absorption from biological
tissues, including water, protein, and lipids. PA imaging performance by NIR-I light can be
maximized through the high water loading medium, such as the artery and vein systems.
NIR-II light shows higher absorption than NIR-I in the tissues, mostly owing to water
absorption, but it has the smallest scattering coefficient through many tissue types. PA
imaging with NIR-II excitation is suitable for deep tissue imaging in the highly scattering
media, such as the brain and bone.

In this review, we introduced various types of PA agents such as organic dye, SPN,
low-dimensional nanomaterials, and inorganic nanoparticles. It will be noteworthy to
address the pros and cons of each type of PA agent under specific conditions. Organic
dyes usually have the smallest size, providing high biocompatibility in animal studies,
which comes from rapid renal clearance. However, they sometimes suffer from irreversible
oxidative photobleaching under the high-power laser, and it is usually difficult to modify
the absorption spectrum of organic dyes over 1000 nm for NIR-II PA imaging agents.
SPN also consists of the organic component only, so it has decent biocompatibility for
in vivo monitoring. SPN is known to possess higher photostability than organic dye-
based PA agents. The broad absorption spectra of SPNs would hinder the multiplexed
PAI of multiple biotargets in biological systems. Low-dimensional nanomaterial and
inorganic nanoparticles have relatively large absorption coefficients and endow higher
PA sensitivity in complex media under modest illumination intensity. On the other hand,
their poor biocompatibility and toxicity concerns will be the major bottleneck for in vivo
PA application.

Table 2. Summary of PA contrast agents, including their optical absorption, PA signal generation, and
applications. PA, photoacoustic; λA, peak optical absorption wavelength; λPA, excitation wavelength
used for contrast-enhanced PA imaging; MB, methylene blue; EB, Evans blue; ICG, indocyanine
green; SO, semiconducting oligomer; BODIPY, boron-dipyrromethene; SPN, semiconducting poly-
mer nanoparticle; Au, gold; Ag, silver; AuNP, gold nanoparticle; AuNR, gold nanorod; AuNPr,
gold nanoprism; SW-CNT, single-walled carbon nanotube; WS2, tungsten disulfide; rNGO, reduced
nano-graphene oxide; Nc, naphthalocyanine; Pc, phthalocyanine; CyFaP, cyanine fluoroalkyl phos-
phate; NiPNP, nickel dithiolene-based polymeric nanoparticle, MoS2, molybdenum disulfide; MoO3,
molybdenum oxide; SLN, sentinel lymph node; GI, gastrointestinal; LPS, lipopolysaccharide.

Range Type Base Material λA
(nm)

λPA
(nm) Main Application Ref.

Low NIR-I

Organic MB 677 635 SLN in rats [76]
Organic EB 620 600 SLN in rats [77]
Organic ICG ~700 668 SLN in rats [79]
Organic SO with BODIPY dye 680 680 HeLa xenograft in mice [84]
Organic aza-BODIPY dye 673 680 LPS-induced inflammation in mice [85]
Organic PDI-based SPN 650 700 FeCl3-induced thrombus in mice [86]
Organic PDI-based SPN 790 790 U87MG xenograft in mice [87]

Inorganic AuNR 756 756 MDA-435S xenograft in mice [89]

Inorganic Chain vesicle
with AuNP 780 780 Subcutaneous layer in mice [90]

Inorganic Au/Ag hybrid NP 750 800 Subcutaneous layer in mice [91]
Inorganic SW-CNT 690 690 U87MG xenograft in mice [92]
Inorganic WS2 ~400 700 4T1 xenograft in mice [93]
Inorganic rNGO 780 780 HeLa xenograft in mice [94]
Inorganic MoS2 ~500 675 U87 xenograft in mice [95]
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Table 2. Cont.

Range Type Base Material λA
(nm)

λPA
(nm) Main Application Ref.

High NIR-I

Organic Nc 863 860 GI tracts in mice [97]
Organic Nc 860 860 SLN in rats [98]
Organic Nc 860 860 4T1 xenograft in mice [99]
Organic Nc 850 850 MDA-MB-231 xenograft in mice [100]

Inorganic AuNPr 830 830 HT-29 xenograft in mice [101]
Inorganic AuNP-coated CNTR ~800 808 U87MG xenograft in mice [102]

NIR-II

Organic SPN 1253 1064 Brain in rats [103]
Organic SPN 1079 1064 4T1 xenograft and brain in mice [104]
Organic SPN 1300 1280 4T1 xenograft in mice [105]
Organic SPN 1160 1064 HepG2 xenografted ears in mice [106]

Organic Pc ~1000 1064 Dye-containing tube
through human arms [107]

Organic CyFaP 1040 1064 Dye-containing tube
through human breasts [108]

Organic NiPNP 1064 1064 SLN, GI tracts, and bladder in rats [109]
Inorganic Copper sulfide NP 990 1064 Brain and SLN in rats [110]
Inorganic AuNR ~1280 1064 Subcutaneous layer in mice [111]
Inorganic AuNR ~1050 1064 Prostate cancer xenograft in mice [112]
Inorganic AuNP ~1300 1064 4T1 xenograft in mice [113]
Inorganic MoO3 1080 1080 HCT116 xenograft in mice [114]

In addition to small animal studies, which are mainly discussed in this review, PAI can
also be applied in human clinical research [119–121]. Recently, various clinical trials have
been reported, particularly tumor-related studies. The majority of these studies used intrin-
sic chromophores to diagnose, classify, or monitor lesions. Oxy- and deoxyhemoglobins
are typically used to measure hemoglobin oxygen saturation levels, which can indicate
tumorous tissues [43,122–124]. However, these studies were limited to visualizing the
tumor itself because light absorption is not dominant in tumors. Therefore, the use of
contrast agents has been considered in clinical studies. In initial trials, FDA-approved ICG
dyes were used for visualizing tumors [125], but the fast clearance of the dyes limits their
use in quantitative analyses. Therefore, the contrast agents discussed in this review could
be promising alternatives for visualizing, diagnosing, and classifying diseased tissues using
features such as strong NIR absorption, disease targeting, disease-related activation, and
therapeutic capabilities. For a successful clinical translation, further studies are necessary
to evaluate the biocompatibility, biodegradability, toxicity, and solubility of PA agents
and achieve FDA approval. In addition, to enhance the deep tissue imaging capability of
PAI, advanced wavelength-tuning of nanoparticles with absorption peaks in the NIR-II
region and the development of high-power lasers in the corresponding wavelength are
required. Finally, the high photothermal conversion would widen the application area into
the theragnostic field. With continuous efforts to develop contrast agents, PAI can be used
as an essential tool for biomedical imaging in both preclinical small animal and clinical
human studies.

Author Contributions: Conceptualization, J.K., S.J., H.-H.K. and S.K.; investigation, S.H. and D.L.; re-
sources, S.H.; writing—original draft preparation, S.H. and D.L; writing—review and editing, J.K., S.J.
and H.-H.K.; visualization, S.H. and D.L.; supervision, J.K., S.J. and H.-H.K.; project administration,
J.K., S.J. and S.K. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by the Korean government: the National Research Foundation
of Korea (NRF), grants (2021R1A5A1032937, 2021R1F1A1062224), funded by the Ministry of Science
and ICT, along with the Korea Health Industry Development Institute (KHIDI), grant (HI18C2383),
funded by the Ministry of Health and Welfare.

Institutional Review Board Statement: Not applicable.



Biosensors 2022, 12, 594 16 of 20

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Kagadis, G.C.; Loudos, G.; Katsanos, K.; Langer, S.G.; Nikiforidis, G.C. In Vivo Small Animal Imaging: Current Status and Future

Prospects. Med. Phys. 2010, 37, 6421–6442. [CrossRef] [PubMed]
2. Maramraju, S.H.; Smith, S.D.; Junnarkar, S.S.; Schulz, D.; Stoll, S.; Ravindranath, B.; Purschke, M.L.; Rescia, S.; Southekal, S.;

Pratte, J.-F. Small Animal Simultaneous PET/MRI: Initial Experiences in a 9.4 T microMRI. Photoacoustics 2011, 56, 2459.
3. Jung, K.O.; Kim, T.J.; Yu, J.H.; Rhee, S.; Zhao, W.; Ha, B.; Red-Horse, K.; Gambhir, S.S.; Pratx, G. Whole-Body Tracking of Single

Cells via Positron Emission Tomography. Nat. Biomed. Eng. 2020, 4, 835–844. [CrossRef] [PubMed]
4. Holdsworth, D.W.; Thornton, M.M. Micro-CT in Small Animal and Specimen Imaging. Trends Biotechnol. 2002, 20, S34–S39.

[CrossRef]
5. Schambach, S.J.; Bag, S.; Schilling, L.; Groden, C.; Brockmann, M.A. Application of Micro-CT in Small Animal Imaging. Methods

2010, 50, 2–13. [CrossRef]
6. Ritman, E.L. Current Status of Developments and Applications of Micro-CT. Annu. Rev. Biomed. Eng. 2011, 13, 531–552. [CrossRef]
7. Foster, F.S.; Hossack, J.; Adamson, S.L. Micro-Ultrasound for Preclinical Imaging. Interface Focus 2011, 1, 576–601. [CrossRef]
8. Needles, A.; Arditi, M.; Rognin, N.; Mehi, J.; Coulthard, T.; Bilan-Tracey, C.; Gaud, E.; Frinking, P.; Hirson, D.; Foster, F. Nonlinear

contrast imaging with an array-based micro-ultrasound system. Ultrasound Med. Biol. 2010, 36, 2097–2106. [CrossRef]
9. Greco, A.; Mancini, M.; Gargiulo, S.; Gramanzini, M.; Claudio, P.; Brunetti, A.; Salvatore, M. Ultrasound biomicroscopy in small

animal research: Applications in molecular and preclinical imaging. J. Biomed. Biotechnol. 2012, 2012, 519238. [CrossRef]
10. Luker, G.D.; Luker, K.E. Optical Imaging: Current Applications and Future Directions. J. Nucl. Med. 2008, 49, 1–4. [CrossRef]
11. Graves, E.E.; Ripoll, J.; Weissleder, R.; Ntziachristos, V. A Submillimeter Resolution Fluorescence Molecular Imaging System for

Small Animal Imaging. Med. Phys. 2003, 30, 901–911. [CrossRef]
12. Wu, L.; Liu, J.; Li, P.; Tang, B.; James, T.D. Two-Photon Small-Molecule Fluorescence-Based Agents for Sensing, Imaging, and

Therapy within Biological Systems. Chem. Soc. Rev. 2021, 50, 702–734. [CrossRef]
13. Lee, H.; Kim, J.; Kim, H.-H.; Kim, C.-S.; Kim, J. Review on Optical Imaging Techniques for Multispectral Analysis of Nanomaterials.

Nanotheranostics 2022, 6, 50. [CrossRef]
14. Kim, C.; Favazza, C.; Wang, L.V. In Vivo Photoacoustic Tomography of Chemicals: High-Resolution Functional and Molecular

Optical Imaging at New Depths. Chem. Rev. 2010, 110, 2756–2782. [CrossRef]
15. Wang, L.V.; Hu, S. Photoacoustic Tomography: In Vivo Imaging From Organelles to Organs. Science 2012, 335, 1458–1462.

[CrossRef]
16. Wang, S.; Lin, J.; Wang, T.; Chen, X.; Huang, P. Recent Advances in Photoacoustic Imaging for Deep-Tissue Biomedical

Applications. Theranostics 2016, 6, 2394. [CrossRef]
17. Wang, L.V.; Yao, J. A Practical Guide to Photoacoustic Tomography in the Life Sciences. Nat. Methods 2016, 13, 627–638. [CrossRef]
18. Xu, M.; Wang, L.V. Photoacoustic Imaging in Biomedicine. Rev. Sci. Instrum. 2006, 77, 041101. [CrossRef]
19. Taruttis, A.; Ntziachristos, V. Advances in Real-Time Multispectral Optoacoustic Imaging and Its Applications. Nat. Photonics

2015, 9, 219–227. [CrossRef]
20. Dima, A.; Burton, N.C.; Ntziachristos, V. Multispectral Optoacoustic Tomography at 64, 128, and 256 Channels. J. Biomed. Opt.

2014, 19, 036021. [CrossRef]
21. Razansky, D. Multispectral Optoacoustic Tomography—Volumetric Color Hearing in Real Time. IEEE J. Sel. Top. Quantum

Electron. 2012, 18, 1234–1243. [CrossRef]
22. Kroenke, M.; Karlas, A.; Fasoula, N.; Markwardt, N.; Scheidhauer, K.; Eiber, M.; Weber, W.; Ntziachristos, V. Multispectral

Optoacoustic Tomography: A Novel Label-Free Imaging Technique for the Assessment of Hyperthyroid Diseases. J. Nucl. Med.
2019, 60, 525.

23. Bi, R.; Dinish, U.; Goh, C.C.; Imai, T.; Moothanchery, M.; Li, X.; Kim, J.Y.; Jeon, S.; Pu, Y.; Kim, C.; et al. In Vivo Label-Free
Functional Photoacoustic Monitoring of Ischemic Reperfusion. J. Biophotonics 2019, 12, e201800454. [CrossRef]

24. Hu, S.; Maslov, K.; Tsytsarev, V.; Wang, L.V. Functional Transcranial Brain Imaging by Optical-Resolution Photoacoustic
Microscopy. J. Biomed. Opt. 2009, 14, 040503. [CrossRef]

25. Chen, Q.; Xie, H.; Xi, L. Wearable Optical Resolution Photoacoustic Microscopy. J. Biophotonics 2019, 12, e201900066. [CrossRef]
26. Liu, Y.; Yang, X.; Gong, H.; Jiang, B.; Wang, H.; Xu, G.; Deng, Y. Assessing the Effects of Norepinephrine on Single Cerebral

Microvessels using Optical-Resolution Photoacoustic Microscope. J. Biomed. Opt. 2013, 18, 076007. [CrossRef]
27. Qin, W.; Jin, T.; Guo, H.; Xi, L. Large-Field-of-View Optical Resolution Photoacoustic Microscopy. Opt. Express 2018, 26, 4271–4278.

[CrossRef]
28. Liu, W.; Schultz, K.M.; Zhang, K.; Sasman, A.; Gao, F.; Kume, T.; Zhang, H.F. In Vivo Corneal Neovascularization Imaging by

Optical-Resolution Photoacoustic Microscopy. Photoacoustics 2014, 2, 81–86. [CrossRef]
29. Liu, W.; Zhang, H.F. Photoacoustic Imaging of the Eye: A Mini Review. Photoacoustics 2016, 4, 112–123. [CrossRef]

http://doi.org/10.1118/1.3515456
http://www.ncbi.nlm.nih.gov/pubmed/21302799
http://doi.org/10.1038/s41551-020-0570-5
http://www.ncbi.nlm.nih.gov/pubmed/32541917
http://doi.org/10.1016/S0167-7799(02)02004-8
http://doi.org/10.1016/j.ymeth.2009.08.007
http://doi.org/10.1146/annurev-bioeng-071910-124717
http://doi.org/10.1098/rsfs.2011.0037
http://doi.org/10.1016/j.ultrasmedbio.2010.08.012
http://doi.org/10.1155/2012/519238
http://doi.org/10.2967/jnumed.107.045799
http://doi.org/10.1118/1.1568977
http://doi.org/10.1039/D0CS00861C
http://doi.org/10.7150/ntno.63222
http://doi.org/10.1021/cr900266s
http://doi.org/10.1126/science.1216210
http://doi.org/10.7150/thno.16715
http://doi.org/10.1038/nmeth.3925
http://doi.org/10.1063/1.2195024
http://doi.org/10.1038/nphoton.2015.29
http://doi.org/10.1117/1.JBO.19.3.036021
http://doi.org/10.1109/JSTQE.2011.2172192
http://doi.org/10.1002/jbio.201800454
http://doi.org/10.1117/1.3194136
http://doi.org/10.1002/jbio.201900066
http://doi.org/10.1117/1.JBO.18.7.076007
http://doi.org/10.1364/OE.26.004271
http://doi.org/10.1016/j.pacs.2014.04.003
http://doi.org/10.1016/j.pacs.2016.05.001


Biosensors 2022, 12, 594 17 of 20

30. Silverman, R.H.; Kong, F.; Chen, Y.; Lloyd, H.O.; Kim, H.H.; Cannata, J.M.; Shung, K.K.; Coleman, D.J. High-Resolution
Photoacoustic Imaging of Ocular Tissues. Ultrasound Med. Biol. 2010, 36, 733–742. [CrossRef]

31. Song, K.H.; Wang, L.V. Deep Reflection-Mode Photoacoustic Imaging of Biological Tissue. J. Biomed. Opt. 2007, 12, 060503.
[CrossRef] [PubMed]

32. Song, K.H.; Wang, L.V. Noninvasive Photoacoustic Imaging of the Thoracic Cavity and the Kidney in Small and Large Animals.
Med. Phys. 2008, 35, 4524–4529. [CrossRef] [PubMed]

33. Jeon, M.; Kim, J.; Kim, C. Multiplane Spectroscopic Whole-Body Photoacoustic Imaging of Small Animals In Vivo. Med. Biol. Eng.
Comput. 2016, 54, 283–294. [CrossRef] [PubMed]

34. Li, C.; Aguirre, A.; Gamelin, J.; Maurudis, A.; Zhu, Q.; Wang, L.V. Real-Time Photoacoustic Tomography of Cortical Hemodynam-
ics in Small Animals. J. Biomed. Opt. 2010, 15, 010509. [CrossRef]

35. Brecht, H.-P.; Su, R.; Fronheiser, M.; Ermilov, S.A.; Conjusteau, A.; Oraevsky, A.A. Whole-Body Three-Dimensional Optoacoustic
Tomography System for Small Animals. J. Biomed. Opt. 2009, 14, 064007. [CrossRef]

36. Xia, J.; Chatni, M.R.; Maslov, K.; Guo, Z.; Wang, K.; Anastasio, M.; Wang, L.V. Whole-Body Ring-Shaped Confocal Photoacoustic
Computed Tomography of Small Animals In Vivo. J. Biomed. Opt. 2012, 17, 050506. [CrossRef]

37. Li, L.; Zhu, L.; Ma, C.; Lin, L.; Yao, J.; Wang, L.; Maslov, K.; Zhang, R.; Chen, W.; Shi, J. Single-Impulse Panoramic Photoacoustic
Computed Tomography of Small-Animal Whole-Body Dynamics at High Spatiotemporal Resolution. Nat. Biomed. Eng. 2017,
1, 0071. [CrossRef]

38. Park, E.-Y.; Park, S.; Lee, H.; Kang, M.; Kim, C.; Kim, J. Simultaneous Dual-Modal Multispectral Photoacoustic and Ultrasound
Macroscopy for Three-Dimensional Whole-Body Imaging of Small Animals. Photonics 2021, 8, 13. [CrossRef]

39. Kim, J.; Park, B.; Ha, J.; Steinberg, I.; Hooper, S.M.; Jeong, C.; Park, E.-Y.; Choi, W.; Liang, T.; Bae, J.-S.; et al. Multiparametric
Photoacoustic Analysis of Human Thyroid Cancers In Vivo. Cancer Res. 2021, 81, 4849–4860. [CrossRef]

40. Park, B.; Bang, C.H.; Lee, C.; Han, J.H.; Choi, W.; Kim, J.; Park, G.S.; Rhie, J.W.; Lee, J.H.; Kim, C. 3D Wide-Field Multispectral
Photoacoustic Imaging of Human Melanomas In Vivo: A Pilot Study. J. Eur. Acad. Dermatol. 2020, 35, 669–676. [CrossRef]

41. Diot, G.; Metz, S.; Noske, A.; Liapis, E.; Schroeder, B.; Ovsepian, S.V.; Meier, R.; Rummeny, E.; Ntziachristos, V. Multispectral
Optoacoustic Tomography (MSOT) of Human Breast Cancer. Clin. Cancer. Res. 2017, 23, 6912–6922. [CrossRef]

42. Knieling, F.; Neufert, C.; Hartmann, A.; Claussen, J.; Urich, A.; Egger, C.; Vetter, M.; Fischer, S.; Pfeifer, L.; Hagel, A. Multispectral
Optoacoustic Tomography for Assessment of Crohn’s Disease Activity. N. Engl. J. Med. 2017, 376, 1292–1294. [CrossRef]

43. Roll, W.; Markwardt, N.A.; Masthoff, M.; Helfen, A.; Claussen, J.; Eisenblätter, M.; Hasenbach, A.; Hermann, S.; Karlas, A.;
Wildgruber, M. Multispectral Optoacoustic Tomography of Benign and Malignant Thyroid Disorders: A Pilot Study. J. Nucl. Med.
2019, 60, 1461–1466. [CrossRef]

44. Becker, A.; Masthoff, M.; Claussen, J.; Ford, S.J.; Roll, W.; Burg, M.; Barth, P.J.; Heindel, W.; Schaefers, M.; Eisenblaetter, M.
Multispectral Optoacoustic Tomography of the Human Breast: Characterisation of Healthy Tissue and Malignant Lesions using a
Hybrid Ultrasound-Optoacoustic Approach. Eur. Radiol. 2018, 28, 602–609. [CrossRef]

45. Fadhel, M.N.; Hysi, E.; Assi, H.; Kolios, M.C. Fluence-Matching Technique using Photoacoustic Radiofrequency Spectra for
Improving Estimates of Oxygen Saturation. Photoacoustics 2020, 19, 100182. [CrossRef]
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