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Abstract: Medicine has gone through several challenges to make it much more accurate and thus prolong the human being's life.
A large part of this challenge is diseased, so early detection can help carry out treatment on time. There is a technology that allows
detecting an abnormality within the body without using an invasive method. Ultrasound is a diagnostic test used to scan organs and
tissues through sound waves. Although this technique has been widely used, the results are not desired because the images generated
are not high resolution. On the other hand, X-rays are used because it presents an image with a much higher resolution than other
techniques based on light waves or ultrasound; despite this, they are harmful to cells. In consequence of this problem, another method
called molecular photoacoustic imaging has been implemented. This technique bridges the traditional depth limits of ballistic optical
imaging and diffuse optical imaging's resolution limits, using the acoustic waves generated in response to laser light absorption, which
has now shown potential for molecular imaging, allowing the visualization of biological processes in a non-invasive way. The purpose
of this article is to give a critically scoped review of the physical, chemical, and biochemical characteristics of existing photoacoustic

contrast agents, highlighting the pivotal applications and current challenges for molecular photoacoustic imaging.
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|
Introduccion

Optical imaging plays a crucial role in biomedicine becau-
se it provides a convenient way to visualize and understand
biological events!, verifying the body's proper functioning and
early detection of diseases? Conventional images are known
to have features that limit their ability to obtain in vivo images
of tissues. Several widely used optical images are used, such
as intrinsic signals®, magnetic resonance imaging (MRI)*, Spec-
troscopy®, laser staining contrast images®, and used. Optical
images that use light to visualize cells have the characteristic
that light undergoes a significant dispersion in biological tissue,
which requires additional effort, so this method is relatively
fast but limited’. Microscopy and other photon-using methods
can provide high-resolution images. They achieve noise-free
detection of individual absorbent nanoparticle shots, giving the
technique a high potential for tissue cell applications, but only
up to a depth of ~1mm in most of these biological tissues®.

MRI has been one of the highest resolution methods
applied so far®. This techniqgue manages to emit a 3D image'®. It
employs a mechanism in which the patient undergoes a mag-
netic field, so the protons, leading hydrogen, are aligned to this
field, after which an electromagnetic pulse of radiofrequency
is applied. This disturbs the balance of these atoms and intro-
duces a transient phase of magnetization, which is perceived
as a radio wave and transformed into an image'*. One of its
most significant limitations is that at the microscopic level is a
deficiency in its detection sensitivity*.

Ultrasound images such as ultrasound, because they do
not use radiation, are widely used in pregnant women*?, which
has had a high impact on producing two-dimensional up to
three-dimensions ultrasound images'4; this diagnostic test is
based on emitting high-frequency sound waves. These waves
travel through the body and bounce when colliding with den-
sity changes, allowing you to create an image'®. Because they
emit a longer wavelength and go de further into the tissues wi-
thout dispersing in large magnitude, although the ultrasounds
do not have a high resolution's. Computed tomography (CT)
and fluorescence have always-on signals, and it is often cha-
llenging to design them to have biomarker-induced changes'’.

Also, they can provide depths of penetration by sacrificing spa-
tial resolution®®, The X-ray technique has been used to provide
a clear image for diagnosing a fracture and detecting pneu-
monia'®. This method consists of influencing a beam of X-rays
into the body's tissues; this attenuation creates an overlapping
shadow of the body region's internal structure to be studied.
Thus a detector sensitive to X-rays transforms this transmi-
tted fraction and converts it into an image*®. Despite having a
reasonably high resolution, the incidence of X-rays can cause
mutations in fetuses, increasing the likelihood of developing
cancer and cataracts, among other problems; that is why their
exposure should be limited to the maximum?é,

This method has different applications; it has been used
to obtain preclinic images in vivo in small animals for various
disease indicators. On the other hand, it has been applied sig-
nificantly in cancer research: detection of primary tumors and
molecular Characterization, therapeutic monitoring, identifi-
cation, and evaluation of metastatic lymph nodes. This review
focuses on molecular photoacoustic imaging (MPI), which has
attracted increasing interest due to its specific advantages.
This method allows to visualize and quantify biological proces-
ses at the molecular and cellular level in a non-invasive way,
providing an opportunity to detect, stage, predict, and monitor
diseases' development.

Methods for MPI development

MPlis a pop-up method that combines the optical image's
high contrast with the ultrasound's high spatial resolution. The
success of the MPI is based on the intrinsic properties of this
physical process?. During this procedure, the photo energy in-
fluenced by short laser pulses is absorbed by contrast agents,
either exogenous or endogenous, partially converted into heat,
resulting in increased broadband acoustic waves at MHz fre-
quencies”. These waves can be detected by an ultrasound
transducer on the tissue surface and reconstructed to form an
image of the absorbed optical energy distribution and, therefo-
re, the formation of acoustic photo imaging?.

Obtaining MPI relies on exogenous or endogenous contrast
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agents to transform absorbed photons into heat. It is not inva-
sive for the in vivo organism. Various inorganic nanomaterials
have been shown, such as quantum dots (QD), carbon nanotu-
bes, gold nanoparticles, and silver nanoplates?. They are pro-
mising as contrast agents in MPI. Also, as sound waves are less
dispersed in tissue than photons, MPI can overcome the limi-
tations of traditional optical images. Some MPI methods have
been developed to obtain images of biological tissues such as
MPI using endogenous chromophores like hemoglobin, mela-
nin, water or lipids?, MPI using dyes?®, MPI with nanostructures
like silver nanoplates?, and molecular photoacoustic contrast
agents (MPCA)%. The use of the different contrast agents will
depend on the depth you want to reach at the study time. MPI
can reach a penetration depth of several cm with an order reso-
lution of about 100um?”. The perspective provides an overview
of each method mentioned to help and provide valuable and
current MPI information for future applications such as cancer.

Contrast agents

As mentioned above, a throbbing laser is used, and this
range's depth will depend on its wavelength. Contrast agents
absorb the laser to generate MPI, which can be endogenous or
exogenous process’, These agents must possess three physical
photo properties: Their maximum absorbance wavelength must
be between 680-950nm. To obtain a higher photoacoustic sig-
nal, Quantum fluorescence performance should be low to maxi-
mize energy dissipated through non-radioactive pathways. Ano-
ther important property is that its extinction coefficient is higher
than 10 Mecm™ to maximize the amount of light absorbed?.

Endogenous
There are endogenous contrast agents, i.e., produced by

the body, including water and lipids, which are weak chromo-
phores compared to hemoglobin, a protein of 64kDa, absorbs
much more than the chromophores present in other tissues,
has a wavelength range between 950nm-1400nm oxygenated
and deoxygenated®. Water has absorption bands of 970nm,
1200nm, and <1400nm, while lipids are at wavelengths of
930nm, 1040nm, 1210nm, and 1390nm. Although endoge-
nous chromophores have long wavelengths, they need exoge-
nous contrast agents for MPI to have a high resolution®.

Exogenous

Exogenous contrast agents must comply with specific
properties. Physical photo properties: high molar coefficient of
extinction to maximize the amount of light absorbed; charac-
teristic absorption spectrum to avoid confusion, even at low
concentrations; have a wavelength between 650nm-350nm,
among others®. Biological properties: orientation and bio-
compatibility must overcome cellular barriers, the size of the
targeting molecules must be small to cross physiological ba-
rriers®. There are different types of exogenous chromophores,
such as:

Nanostructures

Nanostructures have also been a method used as contrast
agents in MPI. Combining optical images such as MPI is very
useful for therapeutic tracking, thus having the potential to
propel the nanomedicine field towards authentic personalized
medicine®®. There are two main classifications according to
their physical properties. The first group is based on surface
plasmon resonance (SPR), specific property of certain metals
such as gold®®, This property occurs when the surface-free
loads of these nanoparticles oscillate with an electromagne-
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Figure 1. Schematic illustration, which shows the process of MPI.



tic field, leading to optical absorption®. The second group is
dyed-containing nanoparticles.

An example is a water-soluble indocyanine. Most of these
contrast agents are encapsulated in layers of nanoparticles®.
The nanoparticles used have an absorption peak in the NIR re-
gion because tissue attenuation is lower at®.

Molecular Photoacoustic Contrast Agents

MPCA can be classified into three types: Linear absorp-
tion (LA)*: In this case, the dye has a shorter excitation state
than the laser pulse. There is no absorption in that state, and
a linear dependence on the amplitude of the PA signal is ob-
served. Saturable absorber (SA)*% Its absorption in a state of
excitation is negligible, but its lifespan is much longer than the
laser pulse. Reverse-saturable absorber (RSA)“: In this type
of canning agent, a nonlinear increase in absorption and PA
response is observed by increasing laser creep®.

Cyanine dyes

Cyanine dyes are an exogenous contrast agent. Two halves
of nitrogen, indolin heterocycles, thiazole, or quinoline joined by
a linear polymethine chain, may be composed of 1, 3, 5, or 7 car-
bons*. Water-soluble indocyanine (ICG) has been extensively
studied for in vivo fluorescence imaging due to its low toxicity*.
FDA approved the use of this contrast agent with nanoparticle
encapsulation. Cyanine dyes have a molar extinction coefficient
in a range between a Furthermore, guantum fluorescence per-
formance (proportion of photons emitted relative to the num-
ber of photons absorbed) in a range of 11.30% to 4.39%%.

Curcumin dyes

This dye is found in nature in the rhizomes of Curcuma
plants®. This plant is known to possess anti-inflammatory,
purifying, antifungal, antibacterial properties*’. The boron
difluoride derivative of natural curcumin (curcumin BF,) is a
compound with a high quantum fluorescence performance,
which may exhibit an amplified photoacoustic contrast to the
standard crystal violet compound has been widely used in mo-
lecular photoacoustic images*®. Curcumin BF, has a maximum
wavelength of 498nm. Because this wavelength is less than
recommended, a 4-dimethylaminophenyl group is introduced
at the end ends of the main chain to increase its wavelength
to 684nm*°,

Molecular Photoacoustic Imaging

BODIPY
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BODIPY contrast agents have been widely used as sig-
naling molecules and in imaging®. Despite this, nude BODIPY
chromophores cannot be used in MPI because they have very
high fluorescence. In this way, they have been combined with
1H-pyrrole (PyBODIPY) and PEG-400 to improve agueous so-
lubility to apply this compound in vivo imaging. These contrast
agents' most important properties are: wavelength greater
than 800nm, are non-photo-toxic, photo-stable, and have a
high extinction coefficient®.

Biomedical applications

Molecular photoacoustic imaging is a technique that has
various biomedical applications thanks to its advantages over
other imaging methods. This technigue is safe and effective in
diagnosing diseases by providing images of different tissues'
morphological structure and physiological characteristics. It
has also been proposed as a tool to guide in vivo therapies® %,

Cancer Imaging

MPI is a non-ionizing technique that can be captured in
real-time®. For cancer screening, it is necessary to locate
which regions of the body are infected with tumors. Because
a tumor is a buildup of tissue, which has cells that undergo
abnormal growth, this formation also needs nutrients that will
be transported by blood; As mentioned above, hemoglobin is a
dominant endogenous contrast agent in the optical window so,
high contrast images of the microvasculature can be obtained
around the tumor®. Although hemoglobin is a potent contrast
agent, it is necessary to use various exagenous chromophores;
because tumars have leaky vascular systems, a low lymphatic
drainage system, nanometer-sized contrast agents conjugated
with targeted ligands such as peptides, antibodies have been
used to bind to receptors that are in an over-exposed form in
tumor tissue; with it, you get an image®.

Imaging of Atherosclerosis Plaques
Atheroma plaques are an injury that affects the cardiovas-

Nanostructures Similarities Differences Important
Features
Gold Link sources that allow | The longer the time limit for | It 1s based on
covalent surface modifications | establishing the impact of non- | surface plasmon
to optimize biocompatibility. biodegradable MPI images is | resonance (SPR)
GNP's key advantages are to | the longer®. .
generate MPI signals that | It is highly flexible® There is a risk of
Carbon generally have orders of cytotoxicity and
magnitude higher than small mflammatory
molecule dyes. 3 potential®®.
Organic They are formed from small  FDA approval of
GNPs trapped within synthetic | individual
or natural amphiliids*. elements  would
not expedite
approval of the
synthesized
product®”.

Table 1. Essential features of the most commonly used nanostructures for MPI applications.
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Figure 2. Ultrasound and photoacoustic imaging of an atheroscleratic rabbit aorta.

cular system, and these appear in the body due to the accumu-
lation of low-density cholesterol (LDL), which causes the radius
of the arteries. In some cases, the artery is so affected that it
can explode from a lack of diagnosis. This has been one of the
biggest causes of death in industrialized countries®, in which the
population tends to eat junk food. There are other methods for
detecting atheroma plaques, such as angiography or ultrasound.
However, they do not provide sufficient information. Also, angio-
graphy uses x-rays, so this study should be minimized to the
maximum because it can be harmful to the patient. Intravascu-
lar and extravascular molecular photoacoustic imaging (IVPA)
and extravascular (EVPA) have been shown to detect atheroma
plaques thanks to their composition®. Endogenous chromopho-
res have been shown to contrast specific components present
in this atheroma plague, such as lipids, calcium deposits, ma-
crophage content, and fibrous material; However, it is necessary
to use exogenous contrast agents directed with biomarkers to
intensify differentiation and improve image quality®*.

Similarly, MPI has been used to obtain stent images of the
coronary arteries. This technique applies to arteries that have
a severe case of atherosclerosis. Although stents are success-
ful, they can bring restenosis and hyperplasia, so to treat it, you
need imaging. In these cases, IVPA is used because it shows
good penetration into the tissue and a high resolution. These
images are taken ex vivo. Other methods are used to obtain
in vivo images, but the stent is made of metal, which is very
susceptible and challenging to obtain the image®.

|
Conclusions

MPI is a modality with increasing interest that allows
simultaneous imaging through endogenous chromophores
present in exogenous tissues and contrast agents that visua-
lize biological processes in vivo. These chromophores are of
paramount importance in applying molecular photoacoustic
images because they are responsible for absorbing energy.
Compared to traditional optical images, molecular acoustic
photo images have advantages because they detect acoustic
signals that are much less attenuated than photons in tissues.
In addition to using non-ionizing radiation and real-time ima-
ges with high spatial resolution, technology also can perform
a relatively inexpensive system. Due to these advantages, this

molecular imaging modality has allowed the detection of bio-
logical and pathological events in vivo at unprecedented tissue
depths with enhanced fluorescence images that traditional op-
tical images expose us to. For this reason, molecular acoustic
photo images are in high demand due to their relatively high
advantage and biosecurity in living organisms.

This method is expected to significantly improve deep tis-
sue images of anatomical structures, disease-related bhiomar-
kers, or physiological processes to improve the diagnosis of
life-threatening diseases. In addition to obtaining deep tissue
images, the flexibility of this method opens up doors of integra-
tion with other functional remains for multiple purposes, such
as multifunctional theragnostic platforms, studies in oncology,
neuroscience, and cardiovascular diseases; preliminary clinical
trials have focused mainly today on the detection, staging and
therapeutic follow-up of cancer.
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