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Abstract: Ultrasound imaging, one of the common diagnosis techniques, is frequently used since it
is safe, cost-efficient technique and real-time imaging can be conducted. However, various organs
and tissues reflect ultrasonic waves, which leads to difficulty in imaging small biomolecules and
to a low spatial resolution for deep-tissue images. As such, there have been significant advances
in photonics and optical molecular probes in recent years, and photoacoustic (PA) tomography
(PAT) has emerged as a promising modality that can overcome the limitations of ultrasound. PAT
relies on the photoacoustic effect, which is the conversion of absorbed optical energy into acoustic
energy. Since fewer biomolecules exhibit the photoacoustic effect compared to the scattering or
reflection of ultrasound, PAT can be employed to generate high-resolution images. PAT also has a
number of other advantages when compared to conventional biomedical imaging modalities such as
optical tomography, ultrasound imaging, computed tomography, positron emission tomography and
magnetic resonance imaging. This review provides a general overview of the contrast agents used
for PAT, including organic, inorganic and hybrid contrast agents, and describes their application.
This review also identifies limitations of current PAT contrast agents and suggests future research
directions for their development.
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1. Introduction

In the medical field, ultrasound imaging has become an important tool in the accurate
diagnosis of disease. However, organs and tissues reflect ultrasonic waves, making the
imaging of small biomolecules challenging and leading to a low spatial resolution for deep-
tissue imaging [1-3]. Photoacoustic (PA) tomography (PAT) has emerged as a promising
modality that could overcome the limitations of ultrasound. PAT relies on the photoacoustic
effect, which is the conversion of absorbed optical energy into acoustic energy [4]. Since
fewer biomolecules exhibit a photoacoustic effect compared to the scattering or reflection
of ultrasound waves, PAT can generate high-resolution images.

Compared with other major biomedical imaging modalities, PAT offers a number of
important advantages. For example, PAT can produce deeper images with a higher spatial
resolution within the entire field of view which shows much higher performance than pure
optical tomography, such as diffuse optical tomography (DOT) and fluorescence tomogra-
phy (FMT). In addition, in contrast with ultrasound imaging, PAT offers rich intrinsic and
extrinsic optical contrast with various materials and is free of speckle artifacts. Compared
with X-ray computed tomography (X-ray CT) and positron emission tomography (PET),
PAT uses nonionizing laser illumination, which eliminates radiation exposure. Finally, PAT
is much faster and less expensive than magnetic resonance imaging (MRI). In general, PAT
offers rich endogenous and exogenous optical contrast based on signals from the optical
absorption of externally injected molecules or molecules already present in the body. For
example, imaging hemoglobin with or without oxygen illustrates the vascular structure,
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oxygen saturation (50,) [5], the blood flow rate [6] and the metabolic rate of oxygen [7].
The molecular imaging of specific biomolecules can be achieved by injecting materials
such as dyes, nanoparticles (NPs) and reporter genes, which affect the exogenous optical
contrast of PAT. Materials used to increase the contrast-to-noise ratio (CNR) are referred
to as PAT contrast agents. They exhibit a strong photoacoustic effect, thus producing a
stronger ultrasonic signal under laser exposure.

In recent decades, PAT has evolved rapidly, with its potential applications and pho-
toacoustic contrast agents actively investigated in vascular biology [8,9], ophthalmol-
ogy [10,11], oncology [12], neurology [13], dermatology [14] and cardiology [15]. This
review provides a general overview of PAT contrast agents. Section 2 summarizes the
fundamental principles of PAT, including the mechanisms underlying the photoacoustic
effect and the resulting imaging process. Section 3 introduces the three main types of PAT
contrast agent: organic, inorganic and hybrid, while Section 4 describes their applications.
The final section highlights the limitations of current PAT contrast agents and suggests
future research directions.

2. Principles of the Photoacoustic Effect

Figure 1a displays the PAT process from laser irradiation to photoacoustic imaging.
External laser irradiation first delivers optical energy to an absorptive target, such as tissue,
hemoglobin or an injected photoacoustic contrast agent. This target absorbs some of the
energy from the laser and rapidly converts it to heat energy. The rapid thermal expansion
leads to the generation of vibrations to release the heat energy, producing acoustic waves
with an MHz frequency (i.e., ultrasound). These ultrasonic signals are recorded using a set
of piezoelectric detectors. The amplitude of the signal and the time taken to receive the
ultrasound waves after the laser pulse are used for image processing. Thus, the ultrasonic
signals generate a morphological two- or three-dimensional image of the absorptive target.

2.1. Laser Irradiation in PAT

To generate the photoacoustic effect, the thermal expansion triggered by the external
laser needs to be time-variant. This requirement can be met using a pulsed [16,17] or a
continuous-wave (CW) laser [18,19]. However, pulsed excitation is preferable because
it generates a higher signal-to-noise ratio than does CW excitation [20,21]. Selecting the
wavelength of the laser is also important for photoacoustic imaging. Near-infrared (NIR)
light is commonly used as a laser pulse for photoacoustic imaging because it can easily
penetrate the skin, which absorbs less light at longer wavelengths [22]. However, common
biological tissue chromophores, including hemoglobin, melanin and water, act as optical
absorbers (Figure 1b). Since optical absorption coefficients are sensitive to the wavelength,
the wavelength of the laser for photoacoustic imaging should be carefully selected to
optimize the resolution of the photoacoustic images of the target biomarker or contrast
agent. Most lasers have a wavelength within the NIR window (650-1350 nm) [23], at which
light has its maximum depth of penetration in biological tissue.
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Figure 1. (a) A general block diagram of PAT mechanism. (b) Absorption coefficient spectra of biological tissue chro-
mophores Adapted from http://omlc.ogi.edu accessed on 20 June 2021. (c) UV-vis spectrum of dyes Adapted from
http://omlc.ogi.edu accessed on 20 June 2021.
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2.2. Photoacoustic Signal Generation

Under laser exposure, the target biological tissue or contrast agent converts optical
energy into heat energy. The sudden volume expansion leads to vibrations, thus converting
the heat energy into acoustic energy, which is released as ultrasound waves. This process
is referred to as the photoacoustic effect, and it is governed by a pair of coupled differential
equations [24-26] for temperature (T) and pressure (p) given by
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where c is the speed of sound, - is the heat capacity ratio, p is the density, « is the optical
absorption coefficient, B is the thermal expansion coefficient, C, is the specific heat capacity
under constant pressure, K is the thermal conductivity and H is the energy deposited per
unit volume and time by radiation source [27,28]. Except for extremely small volumes,
the time scale for heat diffusion is much longer than that for sound generation. Therefore,
it is commonly assumed that the thermal conductivity is zero when determining the
properties of photoacoustic pressure. The coupled equations can be reduced to a single

wave equation [29]:
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This obviates the need for a solution to the fourth-order equation [30,31] that corre-
sponds to (1). The absorbed laser light, followed by the corresponding rise in temperature,
generates the source term in the acoustic wave equation. A local region of high optical
absorption will generate stronger propagating acoustic waves.

Under stress confinement, in which the duration of the laser pulse is less than the
characteristic confinement time, the amplitude of the acoustic wave generated by an optical
absorber depends only on the total amount of energy absorbed, not on its time profile. The
acoustic wave is thus given by I'u,F, where y, is the optical absorption coefficient and F is
the optical fluence at the absorber. The specific shape of the acoustic wave is determined
by the boundary conditions for all of the optical absorbers heated by the laser. At the limit
of highly localized, instantaneous absorption, the acoustic pulse shape is approximated
by the time derivative of the optical pulse [28]. Once the initial pressure py is generated,
it splits into two waves of equal magnitude traveling in opposite directions. The shape
of the waves depends on the geometry of the object. For a spherical object, two spherical
waves will be generated, one traveling outward and the other traveling inward, because of
compression and rarefaction. Thus, the photoacoustic signal has a bipolar shape and the
distance between the two peaks is proportional to the size of the object; a smaller object
generates a photoacoustic signal with higher frequency components.

3. PA Contrast Agents
3.1. Organic PA Contrast Agents

Dyes and polymers are the most common organic contrast agents (Figure 1c) [32].
Dyes such as melanin [33,34] and porphyrin derivatives [35,36] react with other polymers
to improve the PA signal. Polymers that have been employed as contrast agents include
protein [37,38], phospholipid [39] and biodegradable polymers [40,41]. These polymers can
be used in the form of NPs via precipitation and dispersion, which leads to self-assembly,
and in the form of dots. Dyes and polymers are both excellent NIR absorbers for PA
imaging because of their high absorption efficiency and low cytotoxicity. This section
summarizes some important organic PA contrast agents.

Oxocarbon dyes, such as squaraine and croconine, are particularly promising can-
didates for PA imaging (Figure 2a). Jansen et al. [42] produced NPs from a polymer in a
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dispersed form using croconic acid. Figure 2b presents four PA contrast polymers (P2-P5)
that were produced by reacting croconic acid with various monomers. It was confirmed
that these polymers had a wide absorption wavelength over the NIR range (Figure 2c). In
contrast with croconine dye, which consists of small molecules, the high-molecular-weight
polymer NPs had a wide absorption band. The authors also succeeded in controlling the
size and wavelength of the NPs. By changing the concentration of the initial monomer, the
size of the monodispersed particles ranged from 380 nm to 1.2 um. They also observed
that, as the particle size increased, it moved to a higher wavelength. These four types of
polymer were able to be used for PA imaging between 750 and 920 nm, with the strongest
photoacoustic activity observed at 820 nm (Figure 2d). In addition, they reported a linear
relationship between the photoacoustic response and the particle concentration. A subse-
quent evaluation of the agglomeration and stability of the photoacoustic contrast agent
proved its suitability as a biological contrast agent. In addition, it was confirmed that the
cells were biocompatible as a result of treatment with 5-100 pug/mL of NPs.

Guo et al. developed contrast agent NPs using a conjugated polymer [43]. Ben-
zodithiophene (BDT), which has a large extinction coefficient with a symmetrical and
planar structure, was reacted with benzobisthiadiazole (BBT) to form P1 (Figure 2e). The
resulting P1 NPs were then added to 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-
N-[amino(polyethylene glycol)-2000] (DSPE-PEG2000) to impart water dispersibility. The
resulting manufactured NPs exhibited a wide absorption range from the NIR I to the NIR II
region (740-1210 nm) with an absorption peak at 1064 nm (Figure 2f). They also confirmed
that a wavelength of 1064 nm was effective in penetrating the skull, with background inter-
ference using this wavelength the lowest for the target tumor (Figure 2g,h). In addition,
there was no significant change in the biochemical index, which was confirmed with H&E
staining after the injection of the NPs at a concentration 10 times higher than that used
for contrast imaging. There was no abnormality as a result of in vitro toxicity test, and
additionally, it was confirmed that there were no special abnormalities as a result of in vivo
H&E staining.

Zhu et al. developed contrast agent NPs using 1,2-distearoyl-sn-glycero-3-phosphoeth
anolamine-N-[methoxy(polyethylene glycol)-2000] (DSPE-mPEG2000), octyl 4,6-dibromoth
ieno [3,4-b]thiophene-2-carboxylate (TT) and 3,6-bis(5-bromothiophen-2-yl)-2,5-bis(2-ethylh
exyl) pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (DPP) [39]. They conjugated DSPE-mPEG2000
with TT or DPP to form P-TT and P-DPDP, respectively. The average size of these particles
was 80-100 nm (Figure 2i), and the absorption wavelength was 686 nm for P-TT and
763 nm for P-DPP (Figure 2j). They confirmed successful PA contrast at 680-900 nm. They
also conducted in vivo PA imaging in the liver of mice (Figure 2k). After 2 weeks of
observation after injecting NPs into mice, there were no specific abnormalities.

Shi et al. created water-soluble conjugated polymer (WSCP) dots using the self-
assembly of DPP-mPEG and DPP-mPEG-2Br with sonication [44]. The size of the WSCP
dots was ~16 nm, and their absorption peak was in the 700-800 nm range (Figure 21). They
were injected into a mouse for PA imaging of a tumor (Figure 2m). After injection, the
intensity of the PA images continued to increase until 4 h and then weakened thereafter
(Figure 2n). In addition, as a result of weight measurement after injecting WSCP dots into
mice, it was confirmed that the particles were biocompatible.

Cai et al. developed contrast NPs (BTPETTQ) that were prepared via the titration of
DSPE-PEG200 into a D-A-D polymer, which has a propeller structure created by reacting 1-
(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)-1,2,2-triphenylethylene (as a donor)
and 4,9-Bis(5-bromothiophen-2-yl)-6,7-bis(4-(hexyloxy)phenyl)-[1,2,5]thiadiazolo[3,4-g]qui
noxaline (TTQ) (as an acceptor) [45]. The BTPETTQ NPs had a size of ~40 nm and exhibited
a broad peak at 550-1000 nm with peak absorption at 724 nm (Figure 3a,b). The PA signal
from the BTPETTQ NPs was superior to that of gold nanorods (AuNRs) of the same mass
(Figure 3c). In addition, it was confirmed that cytotoxicity did not appear up to 15 pug/mL.
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Figure 2. (a) Preparation of croconaine dye (C1) (adopted from [42]). (b) PA imaging contrast
polymers (P2-P5) produced by reacting croconic acid with various monomers. (Adopted from [42])
(c) Normalized absorbance peaks of C1 (black), P2 (blue), P3 (green), P4 (yellow) and P5 (red)
(adopted from [42]). (d) PA signal intensity for polymers P2-P5 at 820 nm (adopted from [42]). (e)
Conjugation of P1 using BDT and BBT. DSPE-PEG 2000 was added to produce P1 NPs (adopted
from [43]). (f) Absorbance peak for the P1 NPs (adopted from [43]). (g) PA imaging of a tumor
using P1 NPs (adopted from [43]). (h) PA imaging of a skull using P1 NPs (adopted from [43]).
(i) Morphology of P-TT and P-DPP (adopted from [39]). (j) Normalized absorbance peak of P-TT
and P-DPP (adopted from [39]). (k) PA imaging of a mouse liver using P-DPP (adopted from [39]).
(1) Absorbance peak for WSCP dots, DPP-mPEG and DPP-mPEG-2Br (adopted from [44]). (m) PA
imaging of a mouse tumor using WSCP dots (adopted from [44]). (n) PAI intensity over time for
WSCP dots (adopted from [44]).
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Figure 3. (a) Size, morphology and (b) absorbance spectrum of BTPETTQ NPs (adopted from [45]).
(c) PA image of a sentinel lymph node (SLN) using BTPETTQ NPs (adopted from [45]). (d) Synthesis
of DPP-BDT NPs (adopted from [46]). (e) Size distribution and (f) absorbance peak of DPP-BDT
NPs (adopted from [46]). (g) PA image of HeLa tumor-bearing mice 0-72 h after the application of
DPP-BDT NPs (adopted from [46]). (h) Fabrication of TB1-RGD dots (adopted from [47]). (i) Size
distribution, morphology and (j) absorbance spectrum of TB1-RGD dots (adopted from [47]). (k)
PA image of a brain tumor using TB1-RGD dots (adopted from [47]). (1) Size, morphology and (m)
absorbance spectrum of D1-encapsulating micelles (adopted from [48]). (n) PA image of anatomy
sections from mice using D1-encapsulating micelles (adopted from [48]).

Wang et al. developed a diketopyrrolopyrrole-benzodithiophene (DPP-BDT) conju-
gate dye with an absorption wavelength in the NIR Il range. They conjugated DPP, a strong
electron acceptor, with BDT, an electron donor and encapsulated the resulting DPP-BDT
in DSPE-mPEG500 NPs (Figure 3d) [46]. The size of the NPs was about 90 nm, and the
absorption peaks were observed at 625 nm, 667 nm and 750 nm (Figure 3e,f). In vivo PA
imaging was conducted for HeLa tumor-bearing mice. The PA signal intensity increased
from 4 h after the injection and peaked at 20 h (Figure 3g). Additionally, biocompatibility
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was added through PEGylation, and it was confirmed that there was no toxicity up to
25 pg/mL through MTT assay.

Sheng et al. created D-A-shaped dots by conjugating benzobisthiadiazole (BBT), a
strong electron acceptor and N,N-diphenyl-4-(1,2,2-triphenylvinyl)aniline (DPTPEA), an
electron donor [47]. The resulting conjugated polymer (TB1) was wrapped with DSPE-
PEG2000 and the cyclo(Arg-Gly-Asp-D-Phe-Lys(mpa)) peptide (c-RGD) was covalently
attached (Figure 3h). The size of the TB1-RGD dots was about 3641 nm, and the absorption
peak was at 740 nm (Figure 3i,j). PA imaging of a brain tumor in vivo showed that the
signal became observable 6 h after injection, and PA imaging remained possible after 24 h.
The tumor PA signals reached the maxima in 6h and tumor regions as deep as 2.0mm were
able to be imaged (Figure 3k). In addition, TB1-RGD dots showed a hemolysis rate of less
than 1% up to 400 pg/mL.

Sreejith et al. developed a micelle form of a contrast agent encapsulating squaraine
dye (D1) using a nonionic surfactant (Plkuoronic F-127) which is known as biocompatible
polymer [48]. The size of the D1-encapsulated micelles was about 70-130 nm, with a broad
peak at 800-900 nm and the strongest signal at 840 nm (Figure 31,m). In addition, PA signals
were observed 35 min after injection in individual anatomy sections for in vivo PA imaging
(Figure 3n).

3.2. Inorganic PA Contrast Agents

Noble-metal-based NPs are widely used as PA contrast agents due to their strong and
tunable light absorption via surface plasmon resonance (SPR). In SPR, the free charge on
the surface of precious-metal NPs vibrates with the electromagnetic field, causing light
absorption that is 4-5 times higher than that of the dye, resulting in an intense PA effect
and high photothermal conversion efficiency [49-52]. The most commonly used metallic
PA contrast agent is gold [53,54]. Various types of gold NP have been developed for
the acquirement of PA images targeting specific diseases. [55-61]. Other metals such as
platinum and silver have also been investigated for use in PA imaging [50,62—65]. In this
section, we review previously reported metallic PA contrast agents with high absorption
due to SPR.

Song et al. developed smart AuNPs (SANs), which have pH-responsive citraconic
amides as surface ligands, leading to aggregation at a low pH (Figure 4a) [66]. Since cancer
creates acidic conditions, the aggregation of SANs occurs when they reach the cancerous
area. These aggregated SANs have an absorbance of about 680 nm, which enables PA
imaging to take place. PA imaging was conducted in vitro using HeLa cells (Figure 4b),
and a sufficient PA signal was detected 12 h after the application of the SANSs, with the
strongest signal detected after 24 h. PA imaging was also conducted in vivo (Figure 4c).
Since tumors create acidic conditions, the aggregation of SANs continued in the tumor,
resulting in more intense PA signals.

Zhang et al. developed Cu-THQNPs that disassemble in acidic conditions [67]. CuCl,
(pH 7.4) was first combined with THQ through C-OH/C=0 and Cu(II) coordinate covalent
bonds in a mixed solution of deionized water and ethanol at a volume ratio of 2:1. After
stirring for 1 h, the product was centrifuged and modified with polyethylene glycol-amine
(PEG-(NHy),) to improve its water stability (Figure 4d). PA imaging was conducted in vivo
for 24 h after injection of the Cu-THQNPs (Figure 4e). Since cancer is acidic, disassembly
occurred, resulting in the release of Cu and intense PA signals for 2—4 h. In addition, there
is no cytotoxicity up to a concentration of 0.012 mg/mL.
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Figure 4. (a) Formation of pH-sensitive smart AuNPs (SANs) with pH-responsive citraconic amides
ligands (adopted from [66]). (b) PA image using SANs with HeLa cells from 0 to 48 h (adopted
from [66]). (c) PA image using SANs for a mouse tumor (adopted from [66]). (d) Conjugation of
Cu-THQNPs (adopted from [67]). (e) PA image of cancer using CU-THQNPs (adopted from [67]). (f)
Absorbance spectra of AU and AU@MIL-88(Fe) (adopted from [68]). (g) Synthesis of AU@MIL-88(Fe)
(adopted from [68]). (h) PA image of a mouse tumor with AU@MIL-88(Fe) 12 h after the i.v. injection
(adopted from [68]). (i) Size, morphology and (j) absorbance spectrum of AU@PPDI/PEG (adopted
from [69]). (k) PA image using AU@PPDI/PEG 30 h after the i.v. injection (adopted from [69]). (1)
Size, morphology and (m) absorbance spectrum of pAuAgNPs (adopted from [70]). (n) PA image
using pAuAgNPs (adopted from [70]).
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Shang et al. developed low-cytotoxicity AuNRs with cetyltrimethylammonium bro-
mide (CTAB) ligands on the surface [68]. In these NRs, 11-mercaptoundecanoic acid (MUA)
molecules were substituted to modification. MUA molecules provide a COOH terminal
and remove the cytotoxicity of CTAB. A metal-organic framework (MOF) crystal was then
grown by encapsulating the AuNRs with the COOH terminal as the core using an ionic
liquid /microemulsion (AU@MIL-88(Fe)) (Figure 4g). The crystal had a size of ~89 nm and
a UV absorbance peak at 720 nm (Figure 4f). PA imaging in mouse tumors was performed
with Au@MIL-88(Fe), and PA imaging 12 h after i.v. injection exhibited a higher intensity
PA signal (Figure 4h). In addition, it was confirmed that there is no cytotoxicity up to a
concentration of 400 nM.

Yang et al. created semiconducting plasmonic vesicles by grafting high-density poly
(PPDI) and PEG onto AuNPs (AU@PPDI/PEG) [69]. AU@PPDI/PEG nanovesicles were
created via self-assembly with thin-film rehydration [63,64]. The particle size was ~95 nm,
and the UV absorption peak was strongest at around 700 nm (Figure 4i,j). As a result of
in vivo PA imaging after i.v. injection, it was confirmed that PA intensity was highest after
30 h (Figure 4k). In addition, AuNPs (AU@PPDI/PEQG) itself were not toxic via H&E staining.

Lee et al. developed colloidal porous alloyed AuAg NPs (pAuAgNPs) [70]. A gal-
vanic replacement reaction involving silver nanocubes (AgNCs) was conducted with the
slow addition of HAuCly to an aqueous polyvinylpyrrolidone (PVP) solution, which
transformed the AgNCs into pAuAgNDPs. The size of the particles was approximately
25-75 nm (Figure 41). It was found that the higher the Au content, the lower the peak’s
height (Figure 4m). PA imaging was performed in vivo using pAuAg NPs. It was con-
firmed that PA imaging at a depth of 4.5 cm was possible for pAuAgNPs but not for AuNRs,
which are a well-known PA contrast agent (Figure 4n). In addition, the intensity of the
PA imaging was 2.7 times stronger than that with AuNRs. When the pAuAgNPs were
coated with a silica layer, the signal increased 1.8-fold compared to pAuAgNPs without
the coating. In addition, as a result of testing for pAuAgNPs at concentrations of 2.5, 5 and
10 nM, cell viability was shown around 85-90%.

4. Application of PA Contrast Agents
4.1. Theragnosis

Previously, various organic and inorganic PA contrast agents were reviewed. There are
several applications for using a PA contrast agent [71-74]. Theragnosis, which is a combination
of “therapy” and “diagnosis” [75,76], refers to simultaneous diagnosis and treatment. In recent
years, theragnosis using PA imaging and various cancer therapies, including photothermal
therapy [77-79], chemotherapy [80-82], photodynamic therapy [83-85], sonodynamic ther-
apy [86-88] and a combination of therapies [60,89-91], have been actively investigated.
Photoacoustic contrast NPs can be used in therapeutic applications by adding organic or
inorganic materials that increase the targeting ability, hydrophilicity and biocompatibility
of the NPs [92-95]. This section summarizes the use of organic and inorganic PA contrast
agents in PA imaging in conjunction with therapeutic applications.

Tang et al. developed a pH-sensitive photosensitizer by introducing a pH-sensitive
receptor to the aza-BODIPY core (NAB) for PA and photothermal imaging and for pho-
tothermal and photodynamic therapy (PTT and PDT, respectively) (Figure 5a) [96]. The
hydrophobic NAB was then enveloped with DSPE-mPEG2000 to hydrate the compound.
The size of the particles was ~30 nm, with an absorption peak at 792 nm, thus making PA
imaging with NAB NPs possible (Figure 5b). NAB NPs are pH-sensitive and activated in a
weakly acidic environment, with the received light generating reactive oxygen species.
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using NAB NPs (adopted from [96]). (b) PA image of a mouse tumor with NAB NPs (adopted
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from [97]). *** P < 0.001, ** P < 0.01, * P < 0.05.
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Photothermal imaging was also possible with NAB NPs (Figure 5c,d), meaning PDT
could be conducted in acidic cancerous regions. As a result, following the i.v. injection of NAB
NPs into mice, PA imaging of tumors was possible while PDT was also carried out, leading to
a significant reduction in the tumor volume compared to other groups (Figure 5e). In addition,
it was confirmed that there is almost no cytotoxicity up to the 130 uM concentration of
NAB NPs.

Lyu et al. performed both PA imaging and PTT using semiconducting polymer NPs
(SPNs) [97]. First, SPNs was fabricated using by two biodegradable semiconducting poly-
mers, poly{2,2’-[(2,5-bis(2-hexyldecyl)-3,6-dioxo-2,3,5,6-tetrahydropyrrolo[3,4-c]pyrrole-
1,4-diyl)-dithiophene]-5,5'-diyl-alt-vinylene} (DPPV) and poly{2,2’-[(2,5-bis(2-hexyldecyl)-
3,6-dioxo-2,3,5,6-tetrahydropyrrolo[3,4-c]pyrrole-1,4-diyl)-dithiophene]-5,5'-diyl-alt-thioph
ene-2,5-diyl} (DPPT). To render them water-soluble, they were conjugated using PLGA-
PEG and a self-assembly method to produce SPNV and SPNT, respectively. The size of
these particles was ~36 nm, and both particles had broad absorption peaks ranging from
600 to 900 nm (Figure 5f). SPNV had the highest absorption peak at 819 nm, while that for
SPNT was at 828 nm. It was found that the intensity of PA and PT imaging was strong only
for SPNV (Figure 5h,i). In addition, following irradiation, SPNV had significant therapeutic
efficacy in decreasing the volume of a tumor (Figure 5g). Finally, there is no cytotoxicity up
to 150 ng/mL for SPNV and SPNT.

Dong et al. developed Cu-Ag2S NPs, which were capable of both PA imaging and
PTT [98]. The Cu-Ag2S NPs were coated with polyvinylpyrrolidone to produce Cu-
Ag25/PVP NPs (Figure 6a). The average diameter of these particles was 8.6 nm, with a wide
NIR absorption peak (Figure 6b). They had a higher photothermal conversion efficiency
(58.2%) than most PTT formulations. In addition, these particles readily accumulated in
a tumor via the permeability and retention (EPR) effect due to their good dispersibility.
Therefore, it was confirmed that the PA imaging and PTT of a tumor was possible using
Cu-Ag2S/PVP NPs and photothermal therapy simultaneously (Figure 6d,e). PA imaging
revealed a slight change starting at 2 h, with a high-intensity PA signal observed after 24 h.
In terms of photothermal therapy, it was shown that the temperature increased for 10 min
within the tumor. As a result, the size of the tumor decreased significantly compared to
other groups (Figure 6¢). In addition, up to 200 ppm of Cu concentration, more than 80%
cell viability was shown.

AuNPs have also been proposed for use in PTT and PA imaging [99]. However,
only spherical AuNPs larger than 50 nm had a sufficiently strong NIR absorbance for
PA imaging and PTT. Therefore, there have been various attempts to strengthen the NIR
absorbance or to increase the biocompatibility. For example, Cheng et al. created unstable
AuNPs by introducing a diazirine (DA) terminal group of PEG5000 (polyethylene glycol,
Mn = 5000) to the surface of the AuNPs (dAuNPs) (Figure 6f) [100]. When these unstable
AuNPs were subjected to a 405-nm laser, covalently crosslinked particle aggregation
occurred. Using this principle, a tumor was irradiated with the 405-nm laser to selectively
cause aggregation of the NPs. It was confirmed that the PA intensity in the tumor region
was much higher following irradiation with the 405-nm laser than when irradiation was
not employed (Figure 6g). PTT was verified by measuring the increase in temperature for
10 min when irradiated with the 405-nm laser, with the tumor volume decreasing over time
(Figure 6h,i). As a result of observation at 24 h and 48 h after treatment with dAuAPs, the
cell viability was more than 80% up to 200 pg/mL.
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Ag2S/PVP NPs (adopted from [98]). (d) TIC image of a mouse treated with Cu-Ag2S/PVP NPs
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Synthesis of dAUNPs and aggregation with a 405-nm laser (adopted from [100]). (g) PA image and
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mouse tumor with DSPNs (adopted from [101]). (m) Relative tumor volume following treatment
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In addition to the studies that have combined PA imaging with a single therapy,
research has also been actively conducted in which drugs are loaded into NPs for PTT/PDT
and chemotherapy. For example, Jiang et al. developed PEG-PCB NPs with a load of the
anti-cancer drug doxorubicin (DOX) (Figure 6j) [101]. By attaching poly(cyclopentadithioph
ene-alt-benzothiadiazole) (PCB) and amphiphilic PEG, semiconducting PEG-PCB NPs were
fabricated via self-assembly. At this time, DOX was added to the self-assembly process. The
size of the DOX-loaded PEG-PCB particles (DSPNs) was 40-100 nm, which was sufficient
to induce the EPR effect and thus allow more i.v. injected DSPNs to be accumulated in the
tumor, resulting in a stronger signal of fluorescence imaging (Figure 61). Chemotherapy
and PTT were also possible with exposure of the DSPNs to an external laser, leading to the
suppression of tumor growth (Figure 6k,m).

4.2. Sensing of pH, Hypoxia and Metal Ions

In the human body, pH is regulated by homeostasis. A change in the pH can affect the
charge of proteins and other polymers, which can have critical effects. Indeed, changes in
pH have been linked to several diseases such as tumors [102] and hyperventilation [103].
For this reason, imaging changes in pH within the body is very important.

Jo et al. developed a pH-sensing nanoprobe and multi-wavelength PA imaging
system for pH imaging that was not affected by the background light absorption of
hemoglobin [104]. The commercially available optical pH indicator SNARF-5F was en-
capsulated in polyacrylamide to create pH-sensitive SNARF-PAA NPs (Figure 7a). The
SNAREF-PAA NPs did not interact with external molecules and protected the pH indicator,
thus allowing the targeting of cancer tumors and avoiding the immune system. When the
SNARF-PAA NPs detected a difference in pH, they adapted to the pH environment within
a few seconds, resulting in a change in their absorption spectrum (Figure 7b,c). These
absorption peaks for the SNARF-PAA NPs associated with pH did not overlap with the
absorption peaks for HbO2 and Hb (Figure 7e). Tumors were observed by US imaging
and PA imaging following the injection of the SNARF-PAA NPs. US imaging allowed the
boundaries of the tumor to be defined. Since the SNARF-PAA NPs exhibited a different
absorption spectrum with a difference in pH, the pH distribution in the tumor region
could be determined using PA imaging (Figure 7d). The pH varied from 6.72 £ 0.29 to
6.97 £ 0.35, decreasing with the depth of the tumor.

Miao et al. developed SON particles synthesized using a semiconductor oligomer (SO),
a BODIPY dye that acts as a PA enhancer and a pH indicator, and an amphiphilic triblock
copolymer (PEG-b-PPG-b-PEG) (Figure 7g) [105]. These SONs exhibited an absorption
peak at 680 nm regardless of the pH. However, the absorption at 750 nm differed according
to the pH (Figure 7f). The size of the SONs was ~8.5 nm. pH imaging was performed on a
HeLa tumor in vivo (Figure 7h). As a result of imaging the tumor 6 h after the injection of
SONEs, it was possible to determine the pH in the tumor as a ratio (Figure 7i). In addition,
cytotoxicity was not confirmed when 30 pug/mL was treated on HeLa Cells for 24 h.

Hypoxia is a pathological characteristic of many diseases, including cancer and is-
chemia. Therefore, the detection of hypoxia is useful in the treatment of these diseases.
Knox et al. created HyP-1 to detect hypoxia (Figure 8a) [106]. HyP-1 can be converted
into Red-HyP-1 by adding two electrons and oxygen using enzymes. Since the absorption
peak of HyP-1 (672 nm) differs from that of Red-HyP-1 (760 nm), hypoxia can be detected
by comparing PA images for the two wavelengths (Figure 8b). PA imaging 5 h after the
injection of HyP-1 into a tumor-bearing mouse model produced a more intense PA signal
compared to the control group (Figure 8c). PA imaging 1 h after the intramuscular injection
of HyP-1 into a murine hindlimb ischemia model also led to more intense PA signals
compared to the control group (Figure 8d).
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Figure 7. (a) Synthesis of F3-SNARF-PAA NPs (adopted from [104]). (b) Absorbance spectrum of
F3-SNARF-PAA NPs according to the pH (adopted from [104]). (c) Schematic illustration of photoa-
coustic signals from F3-SNARF-PAA NPs in acidic and basic conditions (adopted from [104]). (d) pH
sensing using PA imaging in an acidic mouse tumor region (adopted from [104]). (e) Normalized
absorbance spectra of Hb and NPs at various pH levels (adopted from [104]). (f) Absorbance spetrum
of SON s at various pH levels (adopted from [105]). (g) Synthesis of SONs (adopted from [105]). (h)
pH sensing using PA imaging in a mouse HeLa tumor with SONs (adopted from [105]). (i) Ratio of
R5.5/R7.4 in pH imaging (adopted from [105]).
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The impaired regulation of transition metal ions in vivo causes various diseases, such
as Alzheimer’s [107,108] and Parkinson’s disease [109]. Therefore, the accurate sensing of
metal ions can act as a guide to the detection of these diseases. Wang et al. created RPS1,
RPS2, RPS3 and RPS4 to identify the incorrect regulation of Cu?* in the brain, which is one
of the symptoms of Alzheimer’s [110]. Of these molecules, RPS1 exhibited the strongest
sensing effect. RPS1 reacted with Cu?* to create RPS1-Cu, which had an absorption peak at
713 nm (Figure 8e). After the intravenous injection of RPS1 into an Alzheimer’s disease
mouse model, no PA signals were detected in normal mice, whereasstrong PA signals were
detected in the Alzheimer’s group (Figure 8f). In addition, no toxicity was observed in
in vitro during the treatment of 0-200 pM of RPS1 for 24 h, and it was confirmed that there
was no tissue damage through H&E staining of major organs in vivo.
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Figure 8. (a) Synthesis of HyP-1 (adopted from [106]). (b) Principles underlying the behavior of
HyP-1 (adopted from [106]). (c) PA images of a tumor-bearing mouse model with HyP-1 (adopted
from [106]). (d) PA images of a murine hindlimb ischemia model with HyP-1 (adopted from [106]).
(e) Absorbance spectra of RPS1 and RPS1-Cu (adopted from [110]). (f) in vivo copper (ll) imaging of
Alzheimer’s disease model mice with RPS-1 (adopted from [110]). (g) Synthesis of CR-1 (adopted
from [111]). (h) Principles underlying Zn2* jon imaging (adopted from [111]). (i) Absorbance spectra
of CR-1 and CR-1+Zn?* at various concentrations (adopted from [111]). (j) In vivo Zn?* imaging of
deep tissue with CR-1 (adopted from [111]).

Zhang et al. developed CR-1 (Figure 8g,h), which can determine the concentration
of Zn2" (Figure 8i,j) [111]. CR-1 reacts with Zn2+ to form CR-1+Zn2*, and the absorption
peak shifts from 710 nm to 532 nm. Therefore, Zn2" can be monitored using PA imaging
with a 532-nm laser. In vivo imaging trials with CR-1 demonstrated that Zn2* was imaged
clearly even in deep tissue. In addition, as a result of MTT assay with CR-1 of 5-100 pM
after 24 h, cell viability was over 85% and there was no abnormality in the weight change
for 2 weeks after injection into mice.

5. Discussion and Conclusions

In this paper, we reviewed the principles of the photoacoustic effect, techniques for
photoacoustic imaging, various organic/inorganic contrast agents and applications of pho-
toacoustic imaging. Imaging techniques using PA contrast agents lead to stable real-time
imaging of deep tissue at a high resolution. Cancer can be diagnosed via imaging with
cancer-tracking drugs. For this process, PA contrast agents can be modified to selectively
move and accumulate in cancer cells or to exhibit changes in their PA signal characteristics
depending on the surrounding environmental conditions (e.g., pH and oxygen concentra-
tion). PA imaging can also be employed in conjunction with chemotherapy, PDT and PTT
in theragnostic applications.

To date, PA contrast agents in the form of metals or dyes have been studied. Re-
searchers have developed novel PA contrast agents to obtain clearer PA images by increas-
ing the strength of PA signals or by shifting the absorption spectrum from the UV /Vis
region, where high-intensity PA signals from biomolecules can be detected, to the NIR
region. In addition, previous studies have developed PA contrast agent particles that
change their structure in order to overcome the typically short half-life of contrast agents
in PA imaging.

However, despite these efforts, there are still many limitations to be overcome. The
main obstacles for PA contrast agents are the lack of biocompatibility and targeting ability.
PA contrast agents should be non-toxic both before and after their decomposition and
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chemically stable. They should also not cause any immune response in the body nor
stimulate other components of the nervous system during systemic circulation. They also
need to be biodegradable so that they are readily discharged from the body rather than
accumulating. PA contrast agents require targeting ability to ensure that they accumulate
in the target area. Simply injecting PA contrast agents does not highlight the region of
interest but rather increases the PA signal in nearby regions. Many studies on PA contrast
agents have been conducted to overcome these issues, but no practical solution has yet
been reported.

Therefore, in future research, for the development of PA contrast agents, it will be
necessary to consider various factors and improve them. First, PA contrast agents basically
should focus on biocompatibility and biodegradability. This is because no matter how
excellent the PA contrast agent is, it cannot be used as a PA contrast agent if it is toxic or if
it damages the immune system. If the above two conditions are satisfied, the development
direction of the PA contrast agent should be designed to have better contrast ability than
the existing PA contrast agents. Contrast ability refers to the absolute intensity value of the
contrast agent, high-definition imaging and its half-life in vivo. Finally, as mentioned in
Section 4 of this review paper, PA contrast agents are used to simultaneously diagnose and
treat various disease models. Therefore, the development of PA contrast agents must be
able to target a specific disease model, and at the same time, it is a necessity to deliver a
treatment-enabled substance together. In the future, research on improving PA imaging
by combining multiple compounds should continue in order to develop more effective
commercial PA contrast agents.
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