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Abstract

Photoacoustic brain imaging (PABI) has emerged as a promising biomedical imaging modality, combining high
contrast of optical imaging with deep tissue penetration of ultrasound imaging. This review explores the applica-
tion of photoacoustic imaging in brain tumor imaging, highlighting the synergy between nanomaterials and state
of the art optical techniques to achieve high-resolution imaging of deeper brain tissues. PABI leverages the photoa-
coustic effect, where absorbed light energy causes thermoelastic expansion, generating ultrasound waves that are
detected and converted into images. This technique enables precise diagnosis, therapy monitoring, and enhanced
clinical screening, specifically in the management of complex diseases such as breast cancer, lymphatic disorder,
and neurological conditions. Despite integration of photoacoustic agents and ultrasound radiation, providing

a comprehensive overview of current methodologies, major obstacles in brain tumor treatment, and future direc-
tions for improving diagnostic and therapeutic outcomes. The review underscores the significance of PABI as a robust
research tool and medical method, with the potential to revolutionize brain disease diagnosis and treatment.
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Introduction

Nanophotonics involves the manipulation of light-matter
interactions at the nanoscale, encompassing the inves-
tigation of new materials, optical interactions, manu-
facturing processes, and the development of inorganic/
organic nanomaterials, and chemically synthesized
materials as like quantum dots (QDs), sub-wavelength
structures, plasmonic and photonic crystals, holey fib-
ers, presents both scientific and technological chal-
lenges [1, 2]. In particular, the detection, prevention, and
treatment of disease using photonics have become rap-
idly developing and ground breaking technologies [3].
Thanks to remotely accessible optical operations with
extremely high-speed light modulation, light can be used
to enhance diagnosis and drug production. This has led
to significant advancements in specific diagnostic tech-
niques, enabling improved tracking of patient therapy
and clinical screenings [4, 5].
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Photoacoustic imaging (PAI) combines the excellent
contrast of traditional optical imaging with the excep-
tional spatiotemporal resolution of ultrasound (US)
imaging, making it a remarkable biomedical imaging
modality [6-8]. The phenomenon known as PAI effect
was first discovered by Alexander Graham Bell in the year
1880. Absorbed light energy leads to quick thermoelas-
tic expansion of biological structures, leading to creation
of a US wave that can be identified by a US transducer
and transformed into electric signals for processing into
a PA image. PAI relies on the light-absorption coefficient
of the tissue being imaged, without the need for invasive
methods. Because the PA signals changes based on how
light is absorbed in biological tissue, PA imaging is akin
to optical imaging, offering enhanced imaging contrast
and tissue sensitivity. Nonetheless, the result transmit-
ter of the light-absorption data is not interpreted as an
optical signal but as a US wave signal transformed into an
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image, with the advantages of minimal scattering and loss
in biological tissue. As a result, PA imaging combines the
contrast obtained in the optical imaging with deep tissue
penetration of US [9]. Therefore, PA has the capability to
image tissue at greater depths than other optical imaging
techniques [10, 11].

The synergy between light-matter interactions at
nanoscale and PA imaging grasps tremendous capabil-
ity in the field of biomedical applications. By leverag-
ing nanomaterials and advanced optical techniques, PA
imaging can achieve high-resolution images of deeper
tissues, surpassing the limitations of traditional opti-
cal imaging technologies and has been illustrated in
Fig. 1a. Consequently, it enables precise diagnosis and
prognosis of many complex diseases, facilitates therapy
monitoring, and enhances clinical screening, thereby
driving significant advancements in healthcare. Despite
the impressive advancements in PA technology, experts
still find it challenging to clinically apply them in treat-
ing complex diseases. Photoacoustic (PA) imaging in
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a clinical set up predominantly aided in visualizing
blood vessels and measuring blood oxygenation levels
with support from endogenous contrast agents, such
as hemoglobin and melanin, which exhibit strong near-
infrared (NIR) absorption properties. These agents
enable the visualization of angiogenesis in the can-
cer microenvironment, atherosclerotic plaques, and
vascular tissue composition. However, PAI has cer-
tain limitations for diagnosis of diseases with complex
pathophysiological mechanisms, due to lack of endog-
enous agents and this also complicates imaging certain
systems, such as the lymphatic system or deep-seated
organs. Invasiveness due to laser exposure in PA imag-
ing is a notable factor and Laser intensity must remain
below the maximum permissible exposure (MPE) to
ensure safety, though higher laser intensities yield
stronger signals, posing risks to the healthy tissues. To
enhance PA signals, exogenous contrast agents, includ-
ing organic dyes, polymers, and metal-based nanoparti-
cles with NIR absorption, are increasingly used. Quality
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Fig. 1 a Schematic illustration of the photoacoustic imaging of brain tumor and cross the PA agents into blood brain barrier (BBB); b basic principle

of photoacoustic imaging. Created with BioRender.com
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of the output images depends on optical absorption and
light fluence in the region of interest (ROI). Further, tis-
sue interference and decreased signal-to-noise ratios
while imaging deep seated organs can create irregulari-
ties in the received acoustic signals. Additionally, tem-
poral resolution remains a critical issue, with ongoing
efforts focused on developing real-time PA imaging
systems to improve imaging quality and clinical appli-
cability [12]. Lymphatic imaging, breast cancer, and
neurological disorders are established imaging domains
of PA systems. Additionally, PAI has also played a
pivotal role in image-guided biopsies, targeted drug
delivery, and surgical procedures and can be shown in
Fig. 1b [13].

Scientific studies utilizing PAI have been showed and
effectively testified in the diagnosis of breast cancer,
inflammation-mediated ailments such as cancer and
rheumatoid arthritis, as well as for the detection of brain
tumors [14—16]. In this review, we have elucidated the
importance of PAI and PA contrast agents specifically in
brain tumor imaging coining the terminology of photoa-
coustic brain imaging (PABI). Our emphasis has been on
using PABI as tool for research and as a medical approach
for detecting brain disorders. Utilizing PABI images can
offer significant insights into brain disorders and improve
existing imaging modalities. Continued investigation
could reveal additional practical uses for PABI within the
biomedical sector.

Nanophotonics exemplifies the intersection of numer-
ous scientific fields, bringing together ideas from physics,
chemistry, material science [17], and biology to transform
biomedical imaging [18], specifically in brain imaging.
This interdisciplinary collaboration has resulted in the
development of novel approaches that use light-matter
interactions at the nanoscale [10] to provide non-invasive
visualization of complex neural structure. The inclu-
sion of nanomaterials such as quantum dots (QDs) [19],
organic/inorganic nanoparticles, and organic dyes [20]
into photoacoustic imaging systems has greatly improved
imaging resolution and depth, allowing for more precise
identification of brain tumors [21] and vascular abnor-
malities. These materials have exceptional optical char-
acteristics making them ideal for deep tissue penetration
and high contrast imaging [22]. The combination of com-
putational modeling [23] and artificial intelligence (AI)
expands the potential of nanophotonic brain imaging
by addressing the complexity of models [24], processing
this data effectively, and recognizing subtle patterns and
anomalies indicative of neurological disorder. Simultane-
ously, computational modeling replicates light while also
providing predictive diagnostics. Together, these interdis-
ciplinary technologies enable non-invasive brain imag-
ing with remarkable accuracy, real-time monitoring, and
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tailored treatment planning, as well as the development
of adaptive imaging systems that learn and improve over
time, resulting in breakthrough therapeutic innovations.

Synergistic approaches: photoacoustic agents

and ultrasound radiation

Biomedical imaging technologies are vital in modern
medicine with respect to timely and precise diagnosis of
diseases that guides towards most acceptable treatment
plans for enhanced health outcomes [25-27]. Key clinical
imaging methods consists of X-ray, CT-scans, MRI, PET
scans, optical imaging and US [28, 29]. CT is noted for its
high resolution, rapid scanning, and multi-level imaging,
but it exposes patients to radiation and has limited tis-
sue differentiation capabilities. MRI provides radiation-
free, high-resolution, multi-parametric imaging with
excellent soft tissue contrast, but it is time consuming
and costly due to its need for exogenous contrast agents
and extensive data processing [30]. PET offers molecular-
level metabolic insights, useful for early disease detec-
tion, treatment evaluation, and tumor diagnosis, but
involves radiation exposure and high costs due to radio-
active tracers [31]. Optical imaging, with its high contrast
and resolution, is extensively used in various medical
research fields; however, its imaging depth is limited by
photon propagation [32]. Ultrasound imaging, using
echo signals from tissue interfaces, enables non-destruc-
tive visualization of deeper tissues but struggles with
structures smaller than 100 pum without contrast agents,
which may reduce sensitivity to disease-related changes.
It faces challenges in functional information extraction,
like blood oxygenation. Ultrasound’s non-invasive nature
is advantageous, though its resolution and target differ-
entiation are lower. The central frequency of ultrasound
waves affects penetration depth and resolution balance,
critical in applications. Integrating ultrasound with new
technologies, particularly photoacoustic imaging, prom-
ises non-destructive imaging with improved resolution
and penetration compared to pure optical imaging.

In photoacoustic imaging, short laser pulses are
directed into tissue, absorbed by biological components
such as hemoglobin, causing a sudden rise in tempera-
ture followed by thermal expansion, which produces
ultrasound waves (PA effect). These waves, carrying
structural and compositional information, are detected
by ultrasound sensors. Optical imaging is hindered by
significant light scattering in biological tissues, restricting
imaging to depths of up to 1 mm [32]. Conversely, sound
waves scatter 2 to 3 orders of magnitude less than light
waves [8—10], permitting deeper tissue penetration, espe-
cially in soft tissues [10, 11]. Photoacoustic imaging lev-
erages ultrasound generated by the thermal expansion of
heated tissues to capture optical absorption information.
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Fig. 2 Typical system diagram and imaging results of PAI-US. a PACT-US imaging (results from PAl with breast cancer) [35]; b PAM-US imaging
(results from human brain) [36]; ¢ PAE-US imaging (results from a rat colon acquired in vivo) [37]

Overcoming the penetration depth limitation of optical
imaging, enabling imaging up to 7 cm deep [33, 34].

Photoacoustic imaging utilizes the differential absorp-
tion characteristics of laser light by different tissues to
provide structural and functional information. It facili-
tated quantitative analysis of tissue components, finely
depicting subtle abnormalities and important physiologi-
cal parameters such as hemoglobin concentration [38],
blood oxygenation [39, 40], oxygen metabolism rate [41],
blood glucose content [42]. This technology offers cross-
scale, multi-functional, non-destructive, and high-resolu-
tion biomedical imaging.

Photoacoustic imaging is categorized into three types:
photoacoustic computed tomography (PACT), photoa-
coustic microscopy (PAM), and photoacoustic endos-
copy (PAE) as shown in Fig. 2a—c. PACT uses full-field
illumination with a larger diameter pulsed laser beam for
deep tissue and whole-body imaging, providing struc-
tural and functional information [43, 44]. PAM employs
mechanical scanning with focused ultrasound detectors
or laser beams for high-resolution, cellular-level imaging
of superficial tissues as presented in Fig. 2b [25, 45]. Pho-
toacoustic endoscopy (PAE) facilitates endoscopic imag-
ing of rat colon is shown in Fig. 2¢, useful for evaluating
coronary artery diseases, gastrointestinal lesions, and
prostate cancer [37].

Combining these techniques with ultrasound imag-
ing (US) overcomes the limitations of individual
modalities, achieving high-resolution, high-contrast,

deep-penetration, real-time, and non-invasive imaging as
presented in Fig. 2a—c. The ultrasound imaging can eas-
ily be merged with PACT, PAM, and PAE, detailing their
principles, configurations, characterizations, develop-
ment status, and biomedical applications, while exploring
future directions for each approach. The interdisciplinary
domains of ultrasound and photoacoustic imaging has
played a vital role in biomedical applications specially, to
understand the complex structure of brain and still lot of
work to be needed for brain imaging due to its vastness
and complexity.

According to the detailed discussions, these synergistic
approaches of PAI and US imaging have revolutionized
biomedical imaging by combining the strengths of each
modality. Photoacoustic imaging, encompassing PACT,
PAM and PAE, leverages the differential absorption char-
acteristics of laser light to provide detailed structural
and functional information across various scales. This
includes quantification of critical physiological param-
eters such as hemoglobin concentration, blood oxygena-
tion, oxygen metabolism rate, and blood glucose content.

PACT excels in deep tissue and whole-body imag-
ing with its full-field illumination, ideal for analyzing
large-scale anatomical features, while PAM offers high-
resolution cellular-level imaging for superficial tissues.
PAE targets specific internal systems like the gastroin-
testinal tract and coronary arteries. This integration is
particularly valuable for brain imaging, where PACT’s
deep tissue imaging and PAM’s high resolution provide
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comprehensive insights into tumor localization, vascular-
ization, and metabolic activity. These combined modali-
ties promise advancements in brain tumor diagnostics
and treatment, even more research and advancement
are necessary to fully utilize their capabilities. Photoa-
coustic brain imaging (PABI) uniquely integrates optical
and acoustic modalities, providing significant advantages
over conventional imaging techniques. It combines the
high contrast of optical imaging with the deep tissue
penetration of ultrasound, enabling imaging depths of
several centimeters—far beyond the superficial reach of
fluorescence imaging. PABI achieves high spatial resolu-
tion, even at intermediate depths, and supports real-time
imaging, making it well-suited for monitoring dynamic
physiological changes [46]. Its enhanced contrast arises
from the detection of endogenous chromophores (e.g.,
hemoglobin and melanin) and exogenous contrast
agents, facilitating functional and molecular imaging of
oxygen saturation, hemoglobin concentration, and vascu-
lar structures.

PABI also excels in tumor visualization by delineating
clear boundaries and monitoring vascular and meta-
bolic changes in real-time, making it a valuable tool for
intraoperative applications [47]. Unlike CT and PET, it
employs non-ionizing laser pulses, ensuring safety for
repeated and long-term use, while minimizing photo-
toxicity. The modality supports multispectral imaging to
differentiate tissues based on absorption spectra, offering
insights into oxygen metabolism and brain hemodynam-
ics. Additionally, PABI systems are cost-effective, port-
able, and versatile, with applications in neurovascular
imaging, neurodegenerative disease research, and drug
development, establishing it as a promising tool for diag-
nosis and prognosis of brain pathologies.

Photoacoustic brain imaging (PABI) offers unique
advantages over conventional techniques like MRI, CT,
PET, and fluorescence imaging, particularly in tumor
boundary depiction, depth detection, and contrast (see
Table 1). By integrating optical contrast with acoustic
resolution, PABI provides detailed visualization of tumor
margins, maps functional and molecular features such
as oxygen saturation and hemoglobin concentration,
and supports real-time imaging for intraoperative appli-
cations. It achieves superior resolution at intermediate
depths (up to a few centimeters) and penetrates deeper
than fluorescence imaging, while filling the gap between
superficial optical methods and whole-brain imaging
techniques. PABI also delivers high contrast by exploiting
the optical absorption of endogenous chromophores (e.g.,
hemoglobin, melanin) and exogenous agents, with mul-
tispectral imaging providing functional and molecular
insights. Unlike CT and PET, it uses non-ionizing radia-
tion, ensuring safety and reducing risks. Additionally,
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PABI is cost-effective, portable, and capable of dynamic
imaging, making it a versatile tool for real-time, high-
contrast, and depth-resolved tumor visualization.

Overview of brain tumors: incidence, diagnosis

and treatment approaches

Brain tumors, a diverse collection of cancerous growths
in the central nervous system (CNS), are deadly ill-
ness with poor survival rates [62]. Over 15,000 cases of
primary malignant brain tumors occur each year in the
United States [63]. Glioblastoma multiforme (GBM) is
the most aggressive type of brain tumor, making up 60%
of primary brain cancers and having a low survival rate
[64, 65]. GBM is categorized as grade IV by the World
Health Organization (WHO), and is the most prevalent
and violent type [66]. Despite aggressive standard care
treatments, the majority of individuals with brain tumors
eventually dies from the illness. Patients with anaplas-
tic astrocytomas have a median survival of about three
years, while those with GBM typically survive for around
14.6 months [67, 68].

Brain metastases are notable group of tumors found
in the CNS that mainly come from systemic cancers in
the lung, breast, and skin [69]. The treatment protocol
for malignant brain tumor patients typically includes a
combination of surgery, radiation, and chemotherapy
[70]. Aggressive tumor resection followed by postopera-
tive radiation has been shown to significantly improve
survival rates [71]. Adjuvant chemotherapy can also be
given at different times as well [70, 72]. Chemotherapy
agents used to treat brain tumors fall into two catego-
ries: cytotoxic and cytostatic. They are being operated by
the methods like inducing cell death directly, preventing
blood vessel formation, blocking growth factor pathways,
and hindering tumor invasion. Temozolomide, a deriva-
tive of imidazotetrazine, is the primary chemotherapy
drug used for patients with brain tumors [73].

Unorthodox treatments like immunotherapy, gene
therapy, and photodynamic therapy (PDT) are being
tested in clinical trials as supplementary treatments
for brain tumors [74, 75]. These new treatments have
broadened the selection of therapeutic tools to encom-
pass antibodies, genetic material, and photosensitizers.
Moreover, progress in anatomical and functional imag-
ing methods plays a critical role in the treatment of
brain tumors by facilitating detection, diagnosis, surgi-
cal preparation, and postoperative assessment [76, 77].
The typical imaging methods for diagnosing, elucidat-
ing, and imaging brain tumors comprise of MRI, CT,
and PET, briefly presented schematically in Fig. 3 [28,
29]. Furthermore, intraoperative fluorescence-guided
tumor resection has been improved with the devel-
opment of fluorescence imaging [78]. Such imaging
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Fig. 3 The Schematic illustration with various modalities and treating brain tumors. PET: Positron Emission Therapy, PTT: Photothermal therapy, CT:
Computed Tomography, and MRI: Magnetic Resonance Imaging. Created with BioRender.com

techniques help identify the borders between cancer-
ous and healthy tissue, helping physicians decide on the
best treatment plan.

From the above discussion, GBM is the most severe
form of brain cancer, is categorized as grade IV by WHO.
Standard treatment involves a multimodal approach; sur-
gical resection, radiotherapy, and chemotherapy. Aggres-
sive resection followed by radiation improves survival,
and chemotherapy agents, such as temozolomide, are
considered as standard agents. New treatments such as
gene therapy, PDT, and immunotherapy are currently
being tested in clinical trials. Sophisticated imaging
methods are essential for detecting and managing brain
tumors effectively diagnosis, surgical planning and fol-
low-up. Key imaging modalities include MRI, CT, PET,
and fluorescence imaging for intraoperative guidance.
Future directions emphasize enhancing these imaging
techniques to better delineate tumor boundaries and
integrate novel therapies, ultimately improving treatment
outcomes and patient survival.

Challenges in the treatment of brain tumors

Despite extensive attempts to create diagnostic tools and
treatment options, managing brain tumors continuous to
be a major trial in the field of neuro-oncology. Key chal-
lenges in effectively treating brain tumors include: (a) the
intricate structure of the brain; (b) the varied and invasive
characteristics of numerous brain tumors; (c) challenges
in pinpointing tumor boundaries and spread; (d) inade-
quate delivery of treatment to the tumor location; and (e)
development of resistance to chemotherapy drugs.

The brain, which is possibly the most intricate system
in the body, oversees a variety of tasks such as process-
ing information, interpreting sensory input, controlling
movement, maintaining balance, generating motivation,
acquiring knowledge, and storing memories. Because
brain functions are complex, effectively treating brain
tumors necessitates the thorough and precise removal
of all cancerous tissues, even those that have spread
from the main tumor into the surrounding healthy tis-
sue. Experienced surgeons are tasked with successfully
identifying all diseased tissue and removing it without
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damaging the surrounding healthy tissue. Even with thor-
ough removal, brain tumors frequently reappear nearby,
typically within a few centimeters of where they were
originally removed [66]. Additional therapies, such as
chemotherapy, only result in slight improvements in clin-
ical results.

Several physiological barriers hinder the effective-
ness of systemic delivery of therapeutic agents to brain
tumors. In contrast to other body parts, the brain is
shielded by the BBB as shown in Fig. 4a, b [79-81]. The
BBB stops harmful substances from entering the brain
from the blood, while also hindering brain tumor treat-
ment. Numerous studies have focused on overcoming
the BBB using nanoparticles. (i) Normally the NPs are
transported across the BBB through induced local toxic-
ity which effects the opening of tight junctions between
endothelial cells and increase the permeability of the
BBB; (ii) receptor-mediated transcytosis that transports
molecules through the cytoplasm into the brain; (iii)
transporter proteins that deliver specific molecules
through endocytosis and exocytosis; or (iv) combina-
tion of (i—iii) [80]. Typical brain capillaries function as
an unbroken lipid barrier that allows selective passage
depending on the solubility and size of molecules. The
lack of pinocytotic vesicles in brain endothelial cells also
adds to the BBB’s selectivity [80]. Furthermore, ATP-
binding cassette carriers, as like P-glycoprotein, function
as drug efflux transporters, restricting the transportation
of substrate across BBB [82]. Just lipophilic, electro-neu-
tral molecules, and nutrients under 400-600 Da can pas-
sively diffuse into the brain [19, 80].

Blood-cerebrospinal fluid (CSF) barrier is the second
line of protection which, blocks the passage of systemi-
cally administered therapeutic agents [83]. Consisting of
closely connected choroid epithelial cells, it controls the
entry of molecules into the interstitial fluid of the brain
parenchyma. Most large molecules are unable to enter
the CSF from the blood due to this obstruction. Addi-
tionally, active transportation mechanisms for biological
molecules, primarily found in the choroid plexus, rein-
force the intact blood-CSF barrier.

The blood-tumor barrier (BTB) in the tumor creates an
additional barrier for delivering medical treatments [84].
In contrast to typical brain capillaries, the tight junctions
between endothelial cells in the tumor are greatly weak-
ened. The leaky tumor blood vessels cause high pressure
inside the tumor, making it difficult for drugs to enter
from the bloodstream [85]. Additionally, the existence
of various types of tumor micro vessels and variations
in capillary functions across the tumor regions results in
inconsistence in drug penetration. It might result in het-
erogenous distribution of drug molecules, significantly
compromising therapeutic outcomes.
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From above discussion it might be figured out that
treating brain tumors remains a formidable challenge due
to multiple factors such as the brain’s structural complex-
ity, the heterogenous and invasiveness nature of cancers
can make it challenging to determine the boundaries of
the tumor, insufficient therapeutic agent accumulation,
and acquired drug resistance. The brain’s essential func-
tions necessitate precise elimination of cancerous tis-
sues while preserving surgical resection and adjuvant
chemotherapy. Effective drug delivery is hindered by the
BBB, CSF barrier, and blood-tumor barrier (BTB), which
restrict therapeutic agent penetration. Future treatment
directions focus on enhancing imaging techniques such
as MRI, CT, PET, and fluorescence imaging to better
delineate tumor boundaries, and developing nanoparti-
cle-based therapies to overcome these physiological bar-
riers, ultimately improving diagnosis, surgical precision,
and treatment efficacy.

Influence of PAl in overcoming physiological barriers (BBB/
BTB)

Optimal therapeutic outcome can be achieved primar-
ily by enhancing bioavailability of the drug molecules
at the disease site and evading the physiological barri-
ers. Blood brain barrier and blood-tumor barrier are the
vital factors with which the experts are constantly chal-
lenged specifically for the management of brain tumor
[86]. Among various external devices that aids the drug
formulations to cross the BBB & BTB, PAI has been
showing promising outcomes in the recent years. PAI is
one of the promising tools for several of cancer diseases
which are inaccessible due to several physiological bar-
riers because of its deeper penetrability. Several alterna-
tive methodologies separately or in combination, were
also employed to improve the theranostic outcome for
PAI mediated cancer management [87]. PABI has been
reported in several instances where it was instrumental
in diagnosis of cancer by providing real-time images with
high quality, successful delivery of biomolecular drugs for
chemo/gene therapy. The interesting combination of light
[9] and sound in this method has open several ventures
for usage of multifunctional biomaterials to help in differ-
ent stages of therapeutic process [88]. The output of PABI
can be enhanced by certain contrast agents and these
contrast agents formulated along with drug molecules
can help in monitoring biodistribution of drugs and PAI
guided targeted drug delivery. Drug encapsulated in NPs
aided by PAI can help in monitoring drug transport and
permeability of BBB/BTB might provide guidance about
optimal disruption method [89]. Further, delivery of the
drug molecules was also helped by PABI through pho-
tothermal or photodynamic mechanisms. Advantages of
PAI that involves laser and ultrasound principles have
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enhanced the multimodal mechanisms, deeper penetra-
tion and reduced the invasiveness [90]. PAI also supports
multimodal imaging applications by integrating with
techniques like PET, MRI, and CT. These combinations
provide complementary data, enabling functional imag-
ing of tumor oxygenation, structural mapping of tumor
vasculature, and molecular insights into tumor metabo-
lism. This multimodal approach enhances diagnostic
accuracy and therapeutic monitoring in brain tumor
management.

Role of PAl in nanoparticles mediated diagnostic imaging
and drug delivery

Although, exploiting PAI based methodologies for can-
cer therapeutic process is still underrated, several nano-
technological and biomaterials-based approaches has
shown significant promise in enhancing the diagnostic
and therapeutic potential of PABI based devices. Inor-
ganic nanoparticles like gold nanoparticles, iron oxide
nanoparticles, and molybdenum disulfide (MoS,) exhibit
strong photoacoustic signals and deep tissue penetra-
tion. Gold containing inorganic formulations such as
nanospheres, nanocomposites and quantum dots (QDs)
were also successful in PABI along with certain hybrid
materials such as metal containing nanodroplets. Several
nano formulations in the form of organic porphysomes,
perfluorocarbon-based nanodroplets, polymeric nano-
particles, were utilized as contrast agents for PABI [91].
Organic nanoparticles, such as ICG-conjugated polymers
and novel NIR-II dyes like A1094, improve brain imag-
ing with reduced scattering and enhanced photothermal
effects. Semiconductor nanoparticles offer high pho-
tothermal conversion efficiency, stability, and effective
BBB penetration, making them suitable for brain tumor
imaging.

Vascular permeability of tumor was monitored using
PAI after intravenous injection of ICG, which could be
utilized for screening the targeted delivery of drug mol-
ecules [92]. Cu?" based nanomaterial was reported to
cross BBB and has shown favor in PABI with Alzheimer’s
disease [93]. Similarly, nano formulations made of gold
and carbon nanotubes have been studied extensively for
crossing BBB, were also utilized for PAI due to the strong
NIR light absorption through localized surface plasmon
resonance (LSPR) effect [91, 94]. Several organic dye and
polymeric nanoparticles were successfully delivered to
the tumor site across the tumor vasculature guided by
photoacoustic imaging methods. Dendrimers incorpo-
rated with organic dyes were delivered across BBB and
was successful in imaging and treating glioblastoma using
thermal expansion and PA cavitation, respectively [95].

Utilization of gold nanoparticles as a substrate for ther-
apeutic gene containing vectors has shown successful
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delivery to breast cancer tissue and enhanced treatment
outcome [96]. In another study, the silica coated gold
nanoparticles incorporated contrast agents have helped
successful surgical resection of mouse brain tumor [47].
Utilization of perfluorcarbon nanodroplets containing
paclitaxel has shown successful treatment of xenograft
tumor in mice through combined photoacoustic-chemo-
therapy [97]. Liposomal nanoparticles masked by plate-
let membrane was utilized for NIR II based PAI-guided
photothermal therapy for glioma. The study reported
effective management of tumor growth in mice with
enhanced guidance from PAI [98, 99]. Monitoring drug
delivery and therapeutic efficacy was also executed using
PAI with support from nanofomulations fabricated with
gold nanocages, PLGA based nanoparticles [14], organic
dyes like nile blue or methylene blue [100]. Photoacous-
tic agents have been instrumental in potentiating the PAI
based disease management and its theranostic ability
against brain tumor has shown remarkable development.

Fundamental principle of photoacoustic imaging
mechanism

The photoacoustic effect depends on varying thermoelas-
tic growth of species when exposed to non-ionizing elec-
tromagnetic waves, leading to broad sound generation as
explained by Bell in 1880. Research has focused on exam-
ining the identification of stress waves caused by lasers in
theoretical research [101, 102] cleared the path for pho-
toacoustic microscopes using laser technology [103, 104]
and tomographic imaging setups specifically designed
for imaging biological tissue [6], as outlined in a recent
review [105]. Contemporary biomedical photoacous-
tic imaging systems commonly employ adjustable laser
setups operating in visible/IR spectrum. Tissue chromo-
phores absorb some of the laser pulses, resulting in their
transformation into heat and generating a specific area’s
temperature rise in millikelvins [106]. The expansion
due to change in temperature creates a temporary rise
in pressure that travels as wide-ranging acoustic wave
through the sample. Ultrasound sensors can detect the
wave and use computational methods to create a map of
where light-absorbing molecules are located in the tissue
[106]. The main factor of image contrast is the diversity in
the absorption of laser light within biological substances.
Consequently, multispectral laser excitation has the abil-
ity to detect particular endogenous/exogenous chromo-
phores by pinpointing their unique photoacoustic spectra
[107]. Due to the significantly weaker acoustic scatter-
ing compared to optical scattering, PAI can accomplish
improved spatial resolution and tissue penetration com-
pared to traditional optical methods. This allows PA
imaging to get the abundant data stored in both endog-
enous/exogenous photo absorbing moieties [46].
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Photoacoustic neuroimaging techniques

In recent years, photoacoustic technology has led to
the development of specialized imaging configurations
that offer varying trade-offs between spatial and tem-
poral resolution along with depth of penetration [108].
Photoacoustic neuroimaging, a critical use of this tech-
nique, combines optical and ultrasonic imaging to gener-
ate high-resolution, label-free images of brain structures
and functions. It uses the photoacoustic effect, which
converts absorbed light into ultrasonic waves, to record
precise images of neurovascular networks, functional
brain activity, and pathological alterations. Unlike inde-
pendent imaging techniques, photoacoustic imaging
(PAI) provides depth penetration and visual contrast,
making it appropriate for non-invasive brain investiga-
tions. However, its use in neuroimaging necessitates
additional tuning of imaging parameters, data processing
methodologies, and contrast agent creation to improve
sensitivity and specificity [109]. Experts in the field of
photoacoustic imaging have classified the methodologies
in order to highlight the practical aspects such as accessi-
bility and their expected outcomes (Fig. 5) [110]. Photoa-
coustic microscopy (PAM) can be implemented in two
ways: by constraining the generation of photoacoustic
signals through laser beam focusing, referred to as opti-
cal resolution (OR) or by enlightening the sample widely
and only capturing ultrasound from a precise focal area,
known as acoustic resolution. The process of focusing a
laser beam onto a specific area of tissue and collecting
the US emitted that focal point using transducer within
connecting medium, called optical resolution photoa-
coustic microscopy (OR-PAM). Resolution is constrained

through tiniest optical focal spot size and image visibility
is restricted by an optical transport to mean free path of
1 mm [111-114]. Like optical microscopes, laser diffrac-
tion is also limited [108, 115]. OR-PAM requires scanning
across the sample in a raster pattern and is frequently
integrated into integrated microscopes to enhance the
visibility of the photo-absorption mapping [115]. PA
microscopes have been created due to impracticality of
acoustic coupling between the sample and the transducer
to remove the necessity for physical connection between
the instrument and biological organ. Remote sensing
photoacoustic spectroscopy (PARS) tackles this prob-
lem by concurrently concentrating a steady probe light
in addition to nanosecond stimulation beam. Altera-
tion refers to variations in the brightness of the reflected
probe beam in order to measure pressure induced by
absorbed light [116, 117]. This setup allows for diffrac-
tion-limited resolution without contact at distances of up
to 2.5 cm from the tissue being imaged [117], making it
appropriate for use during surgery.

On the other hand, AR-PAM works by using laser exci-
tation that covers the whole acoustic identification zone
due to lateral resolution being dictated through ultra-
sonic focusing abilities, (Fig. 5) [118—120]. Image forma-
tion occurs by scanning transducers focused on grids and
stacking depth profiles from laser shots. AR-PAM appli-
cations have the capacity to achieve deep brain imaging
up to 5 mm with axial resolutions remaining at 7 pm
and lateral resolutions of 30 um [121]. A demonstration
of this is the use of raster-scan optoacoustic mesoscopy
(RSOM), which seamlessly integrated with OR-PAM,
second, and third harmonic generation microscopy [122].
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Instead of moving one transducer through sample,
photoacoustic tomography (PAT) utilizes a multiple-ele-
ment ultrasound sensor arrangement for simultaneous
image capture in the sample with a single laser pulse [107,
123-125]. Light is typically transmitted using fiber optic
bundles positioned at the edge of the transducer arrange-
ment, and tomographic rebuilding is utilized to calculate
2D images from the PA signals [125, 126]. Either the sam-
ple or the transmitter array can be translated to obtain
manifold slices. Utilizing quickly adjustable pulsed lasers
in the visible/NIR spectrum allows for capturing PA
spectra in each sub-volume (MSOT), which enables the
mapping of different photo absorber’s distribution using
distinct spectra via spectral unmixing methods.

Key methods include photoacoustic microscopy (PAM)
and photoacoustic tomography (PAT). PAM has the
potential to be executed in the form of optical resolu-
tion, known as OR-PAM, which achieves high spatial
resolution limited by the optical focal spot size and imag-
ing depth of about 1 mm, or as acoustic resolution (AR-
PAM), providing greater imaging depths of up to 5 mm
with lateral resolution of 30 um and axial resolutions of
7 pm. PARS is able to achieve diffraction-limited resolu-
tion without making contact up to a distance of 2.5 cm
from the tissue, suitable for intraoperative applica-
tions. PAT utilizes a multi-element US detector array for
simultaneous plane acquisition, facilitating tomographic
reconstruction and multi-spectral optoacoustic tomog-
raphy (MSOT) for mapping photo absorbers. For brain
imaging, PARS is particularly promising due to its non-
contact and high resolution, though challenges remain in
achieving greater penetration depths and improving tem-
poral resolution for real-time imaging.

Optimization of imaging parameters, data processing

and quality assessment in photoacoustic imaging

High quality PA imaging demands careful optimization
of imaging parameters, robust data processing methods,
and rigorous image quality evaluation standards. These
components are critical for improving image perfor-
mance, ensuring reproducibility and facilitating cross-
study comparison. By tailoring these aspects to specific
applications, researchers can enhance the reliability and
clinical potential of PA imaging.

The adjustment of key imaging parameters is crucial
for producing high-quality and reliable PA images. The
choice of laser wavelength has a significant impact on
imaging performance as it determines the absorption
efficiency of target chromophore. NIR wavelengths
(700-1300 nm) are preferred for deep tissue imag-
ing due to scattering and greater penetration depth
[127]. Pulse duration, typically in millisecond range,
is required to cause thermoelastic expansion while
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avoiding heat accumulation and tissue injury, resulting
in significant PA signal under stress confinement condi-
tions [128]. The laser repetition rate ranging from ten
to hundreds of Hz, influences imaging speed and tem-
poral resolution, with higher rates allowing real-time
monitoring of dynamic processes but needs careful
control to avoid tissue photodamage. The energy den-
sity must be adequate to generate observable signals
while adhering to safety standards, American National
Standards Institute (ANSI), limit of 20 mJ/cm? for NIR
irradiation. Uniform energy distribution across the field
of view is also critical for producing consistent signals
and performing correct quantitative analyses. These
parameters must be customized to individual applica-
tions and meticulously recorded to assure reproducibil-
ity, cross-study comparability and safety.

Data processing plays a vital role in enhancing the
accuracy and quality of PA brain imaging. Preproc-
essing procedures such as noise reduction, bandpass
filtering and signal normalization are critical for reduc-
ing artifacts and increasing signal-clarity. Reconstruc-
tion algorithms as like delay-and-sum, time-reversal,
and model-based approaches are commonly employed
to turn raw PA signals into spatially resolved images.
Advanced approaches, such as compressed sensing and
iterative reconstruction, have increased resolution and
processing efficiency. Spectral unmixing techniques
are used in multispectral PA imaging to distinguish
between chromophores, allowing for functional and
molecular imaging. Furthermore, machine learning
(ML) and artificial intelligence (AI) techniques are
developing as effective methods for automating data
interpretation, decreasing noise, and improving image
reconstruction as it is illustrated in Fig. 6. The U-Net
architecture (Fig. 6a) was trained to detect artifacts
during sparse data reconstruction. The trained net-
work was then used to perform in-vivo imaging. Mice
were imaged using a PACT scanner with a full ring
transducer array of 512 elements (5 MHz central fre-
quency, 80% one-way bandwidth). The reconstructed
images with all 512-channel data served as the base for
training. The results of artifacts removal from cross-
sectional images reconstructed using 128-channel data
(illumination wavelength: 1064 nm) are presented in
Fig. 6 b-e. The reconstruction algorithm effectively dis-
tinguishes small blood vessels from streak artifacts (red
arrows in close-up; Fig. 6¢, e) and selectively suppresses
these artifacts. Here authors have utilized Y-Net, con-
volutional neural network (CNN) framework, to recon-
struct PA images as presented in Fig. 6f by connecting
two encoders for texture feature and physical feature.
The Y-Net’s performance was tested by numerical sim-
ulations in presented in Fig. 6g [129].
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Image quality assessment is critical component of PA  using a number of parameters. The system’s capacity to
imaging that guarantees accurate and reliable result discriminate between closely spaced structures is deter-
interpretation. Image quality is frequently accessed mined by its axial and lateral resolution. The acoustic
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bandwidth affects axial resolution. By measuring the PA
signal’s strength in relation to background noise, signal-
to-noise ratio (SNR) ensuring that important data is dis-
tinguished from artifacts. The contrast-to-noise (CNR)
assesses the capacity to distinguish between regions of
interest and surrounding tissues, particularly in applica-
tions that require the imaging of contrast agent. Another
important parameter is quantitative accuracy, especially
in research utilizing chromophores or NPs concentration
mapping, ensuring a precise link between signal intensity
and underlying biological/chemical features. Image qual-
ity validation includes comparisons with gold-standard
imaging modalities, phantom studies for controlled test-
ing, and real tissue trials to determine biological rel-
evance. Standardized quality assessment standards are
critical for reproducibility, allowing for fair comparisons
between different systems and studies while also further-
ing the clinical translation of PA imaging technology.

To ensure cross-compatibility and repeatability in
photoacoustic (PA) imaging, similar techniques and
practices must be implemented across experimental set-
tings. Key imaging parameters such as laser wavelength,
pulse duration, energy density, and repetition rate must
be consistently recorded and tailored for the individual
application in order to allow replication and comparison
across investigations. The use of well-defined phantoms
and calibration standards for system validation provides
consistency in performance parameters like as resolution,
signal-to-noise ratio (SNR), and contrast-to-noise ratio
(CNR). The adoption of open-source or standardized
data processing algorithms, as well as extensive docu-
menting of pretreatment and reconstruction procedures,
improves reproducibility of results. Multicenter partner-
ships can provide standard protocols, datasets for bench-
marking, can help to codify these processes. Finally,
making experimental data, raw signals, and reconstruc-
tion codes publicly available encourages transparency
and allows for independent validation, building confi-
dence and progress in PA imaging research.

To summarize, optimizing imaging parameters, using
robust data processing techniques, and establishing strin-
gent quality evaluation standards are critical for enhanc-
ing PA imaging. These initiatives will not only improve
reproducibility and cross-study comparability, but will
also speed up the clinical acceptance of PA imaging,
revolutionizing its potential in biomedical research and
healthcare applications.

Principles of photoacoustic and nanophotonic
ultrasonic imaging

Photoacoustic imaging (PAI) is a cutting-edge, non-
invasive practice, employs photon imaging to detect
diseases, observe biological tissue structures, and
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evaluate function. The underlying principle of PAI is
the photoacoustic effect in living tissue. When a short-
pulsed laser is directed at the imaged sample, the tissue
or substance absorbs the light energy, causing thermal
elastic expansion and resulting in rapid expansion and
contraction of the surrounding medium. Comprehen-
sive fluorescence mechanism of, heat and intersystem
conversion is illustrated in the Fig. 7a [130] while the
polymer nanoparticles were conjugated with target-
ing moiety is illustrated in Fig. 7b and allowed for the
simultaneous visualization via PA imaging; Fig. 7c [90].
This process generates ultrasound waves that travel
towards the tissue surface and are detected. By analyz-
ing the ultrasound signals and utilizing acoustic inverse
problems, it is possible to reconstruct the initial sound
pressure signal map of the tissue surface. This allows
for the observation and diagnosis of biological tissue
structure and function [34, 131].

Ultrasound waves and photons differ significantly in
scattering intensity within biological tissue (a difference
of approximately 2—3 orders of magnitude), resulting in
much lower scattering for ultrasound. Consequently,
PAI can transcend the diffraction limit of optical imag-
ing depth (1 mm) and offer high-depth, high-contrast,
and high-resolution imaging of biological tissue by
integrating the imaging depth of ultrasound with the
high contrast and resolution of optical imaging.

Photoacoustic imaging (PAI) is a widely used technol-
ogy with several forms, including photoacoustic tomog-
raphy (PAT), photoacoustic microscopy (PAM), and
photoacoustic endoscopy (PAE) [132]. PAT is a non-
invasive imaging technique that uses a large-diameter
pulsed laser beam to fully illuminate the tissue surface.
This is then followed by the use of an array transducer
to collect signals, which are then reconstructed into
an image using various inversion algorithms, such as
filtered back-projection (FBP), delay-and-sum (DAS)
beamforming algorithm, Fourier-based algorithms,
and time reversal (TR) algorithm. On the other hand,
PAM uses a short-pulsed laser to create a focused
point of illumination, followed by the use of a focused
transducer to collect the PA signal point-by-point. This
eliminates the need for additional inversion algorithms,
and allows for image reconstruction. PAE, on the other
hand, is an endoscope-based photoacoustic imaging
technology that has a wide range of applications in
clinical medicine, biomedical research, drug develop-
ment, material science, and other biomedical fields. Its
unique imaging principles and the advantages of optics
and acoustics make it a valuable tool in these fields,
and its application areas are constantly expanding and
deepening.
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Photoacoustic contrast agents for brain tumor imaging
The imaging quality in PAI depends on endogenous fac-
tors such as oxyhemoglobin (HbO)/deoxyhemoglobin
(Hb), melanin, lipids, and exogenous contrast agents
with unique spectral characteristics [133]. Most of the
studies conducted before clinical trials on brain imag-
ing have centered around identifying abnormal changes
in glioblastoma models, with additional applications in
animal models of stroke, epilepsy, Alzheimer’s disease
(AD), and neuroinflammation [134—136]. Various kinds
of external contrast agents have been established, com-
prising chemically synthesized dyes/NPs, genetic/semi-
genetic agents. Genetically designed Ca®* indicators and
proteins that can be toggled on and off [137-142]. The
requirements for contrast agents in PABI involve having
an appropriate absorption (> 600 nm) to distinguish them
from endogenic signals of Hb/HbO and melanin, efficient
penetration in brain regions, strong attraction with pre-
cise binding towards intended goal, effective BBB entry,
photostability, solubility, low toxicity, favorable thermo-
dynamics for MRI probes, and ideal pharmacokinetics
[133].

Synthetic dyes are often utilized for PA/fluorescence
imaging and offer benefits like minimal toxicity, easy

passage through BBB because of their small size, quick
metabolism, and elimination. Nevertheless, their abil-
ity to adapt is restricted. Nanoparticles for imaging con-
sist mainly of carbon, metal, Bi, polymer-incorporated
organic constituents, conjugated polymers, and innova-
tive DNA-based nanocarriers [143—-149].

NPs provide numerous benefits such as different imag-
ing abilities, a high signal-to-noise ratio, efficient trans-
formation of light into heat, strong ability to reach deeper
tissues with NIR-II probes and diverse designs and cat-
egories. Nevertheless, careful design is needed to address
challenges related to adherence, biodegradability, bio-
compatibility, minimum toxicity, control over nanostruc-
ture, and penetration through BBB [150].

Chemical dyes for photoacoustic imaging

Numerous chemical dyes commonly employed in PA
imaging also exhibit fluorescence characteristics and are
frequently used in combined PA/fluorescence imaging
[151]. Ideally, PA/fluorescence dyes should have a clear
absorption peak and a low quantum yield for effective
OA detection. Examples include IR dye 800CW [152],
naphthalocyanine, indocyanine green (ICG) [153], and
Prussian blue. Administering ICG can visualize blood
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vessels which allow for PA/fluorescence imaging brain
blood flow in a mouse model of glioblastoma [154].

Neuromodulation and activation of glial cells are
involved in various brain disorders, like, multiple sclero-
sis, stroke, and Alzheimer’s disease [155, 156]. Special-
ized probes, such as those for matrix metalloproteinases
(MMPs) and NO generation, used to observe inflamma-
tion in nervous system of mice [157]. For example, upreg-
ulated MMP levels were detected using an MMP-sense
probe (680 nm) with OA/fluorescence imaging in the cer-
ebral ischemic lesion region of a mouse model 48 h after
transient middle cerebral artery occlusion [158].

Recent research has revealed the utilization of NIR cya-
nine derivative CDnir7 for identifying microglia/astroglia
initiation in specific regions of brain (triple transgenic
AD mice). The buildup and propagation of abnormal
proteins play a key role in neurodegenerative disorders.
Multiple research studies have utilized PA hybrid dyes
that bind to B-sheet structures and have a peak absorb-
ance spectrum in the NIR range for imaging the accumu-
lation of proteopathy in the brain in vivo. Utilizing the
oxazine derivative AO1987, PA tomography successfully
visualized amyloid-B deposits in mouse models of AD
amyloidosis through skull. The same method has been
used with an A mouse model, but this time using opti-
cal acoustic tomography with the curcumin derivative
CRANAD-2 [159]. OA microscopy with Congo red has
been utilized to identify amyloid-p plaques and cerebral
amyloid angiopathy in the APP/PS1 mouse model [160].
Optical acoustic tomography with the chemical dye PBB5
has been used to detect tau deposits containing -sheet
in the P301L 4-repear (tau mouse) [161].

The OA tomography characteristic ability to detect
deep brain regions will likely be utilized with OA/fluo-
rescence [-sheet-binding dyes to image additional pro-
teopathy ailment models like Parkinson’s disease with
a-synuclein growth.

According to the discussion it is concluded that chemi-
cal dyes (IR dye 800CW, napthalocyanine, ICG, and
Prussian) are extensively used in PA imaging due to their
dual properties of fluorescence and PA signals, making
them ideal for hybrid PA/fluorescence imaging. Among
them ICG stands out as a particularly effective dye for
PA imaging due to its strong absorption in NIR region,
which is ideal for deep tissue imaging. It has the ability to
enhance PA imaging of cerebral perfusion highlighting its
potential in neuroimaging and provided detailed visuali-
zation of vascular structures. The future research should
focus on development of new dyes with enhanced sensi-
tivity for different molecular targets associated with brain
disorders. These dyes should further proceed to clinical
trials to validate their efficacy and safety in humans. The
B-sheet-binding dyes might have the potential to image
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proteopathy related diseases, such as Parkinson’s disease
and amyotrophic lateral sclerosis (ALS).

Photoacoustic brain imaging with nanoparticles
Brain Imaging, crucial for detecting and treating brain
diseases, typically utilizes CT, MRI, PET, SPECT [162,
163]. Despite their widespread and high-resolution, is
costly and time consuming. CT, PET and SPECT involve
ionizing radiation, making them unsuitable for repeated
brain measurements [164]. PA imaging offers significant
advantages over these traditional modalities, including
biosafety, low imaging time, cost-effectiveness, and high
spatial resolution [165, 166]. Unlike traditional methods,
PA imaging minimizes errors from temporary signals
during reconstruction [167] and can be used for vascu-
lar patterns and oxygenation mapping via multispectral
imaging [168].

PA imaging utilizes pulsed laser and light-absorbing
contrast agents, generating ultrasound waves through
rapid thermal expansion and relaxation of the agents after
absorbing light energy. These signals are captured to cre-
ate PA images. Nanoparticles-based exogenous contrast
agents are essential for PA brain imaging due to their
unique properties. Nanoparticles absorbing NIR laser
enhance the penetration ability of PA imaging, achieving
depths of up to 12 cm [169-171]. Notably, a pulsed laser
in PA imaging can open BBB with exogenous contrast
agents [172]. The small particle size of carbon dots (CDs)
allows for their accumulation in tumor regions, facilitat-
ing precise imaging. Li et al. [173] employed near-infra-
red carbon dots (NIR-CDs) with an emission wavelength
of 692 nm as imaging probes, co-incubating them with
HeLa cells for in vitro imaging studies. The findings dem-
onstrated that NIR-CDs could rapidly penetrate HeLa
cells and generate strong NIR emissions localized in the
cytoplasm, confirming their excellent cell-labeling capa-
bilities (Fig. 8a). For early diagnosis and visualization of
brain tumors, it is crucial that imaging probes possess the
ability to cross the blood—brain barrier (BBB). Liu et al.
[174] developed carbon-based polymer dots (CPDs) with
an emission wavelength of 630 nm and favorable BBB
permeability. An in vitro BBB model was constructed
using human umbilical vein endothelial cells (HUVEC)
and C6 brain glioma cells to evaluate their permeability.
In this model, C6 cells were cultured in 12-well plates,
while HUVECs were seeded into transwell inserts. CPDs
were added to the transwell lumen, and their presence
in the fluid of the lower compartment was detected. The
fluorescence intensity of CPDs that traversed the BBB
model and entered C6 glioma cells served as an indica-
tor of permeability (Fig. 8b). Results revealed that CPDs
exhibited a permeability rate of approximately 40% in the
in vitro model, highlighting their effective BBB-crossing
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Fig. 8 a NIR-emitting CDs imaging for Hela cell [173]. b Schematic diagram of the BBB model in vitro, and bright field and fluorescence imaging
of NIR-emitting CPDs on the brain of a tumor-bearing mouse ex vivo (white circle shows tumor tissues) [174] taken with permission from the ACS
publisher

capabilities. Furthermore, the NIR imaging properties of
CPDs enhanced the accuracy of in vivo glioma imaging
by minimizing autofluorescence from the skull and scalp.
CPDs effectively delineated brain tumor boundaries,
demonstrating significant potential for application in sur-
gical visualization and localization of brain tumors.
Furthermore, gold nanoshells have gained attention
as a novel contrast-enhancing agent for photoacoustic
(PA) tomography. These nanoparticles (NPs) consist of a
concentric structure with a dielectric silica core and an
outer gold shell. By adjusting the relative thicknesses of
the core and shell layers, the optical resonance of gold,
derived from its plasmonic properties, can be tuned
across a broad wavelength spectrum, ranging from vis-
ible to infrared, where physiological transmissivity is
maximized. For example, gold nanoshells featuring a
20-nm-thick gold shell and a 100-nm-diameter silica core
exhibit an optical absorption peak at 800 nm, enabling
in vivo imaging of the vascular architecture in the rat

brain [175]. The use of gold nanoshells as contrast agents
facilitates precise imaging of the rat brain by significantly
enhancing near-infrared contrast in the vasculature. This
advancement holds significant potential for biomedical
applications, such as in situ tumor detection and tumor
therapy guidance based on nanoshell technologies. These
findings underscore the capability of gold nanoshells to
provide precise, non-invasive imaging at cellular and
molecular scales, driven by their efficacy as contrast
agents. Additionally, nanoparticle-based PA contrast
agents enable simultaneous photothermal therapy (PTT).
The effectiveness of PA imaging and PTT is influenced by
the photothermal conversion efficiency (PCE), the ratio
of generated heat to input radiation energy [20]. Efficient
heat generation enhances PA signal amplitude through
nonradiative decay. Duan et al. designed NIR-absorb-
ing iron oxide nanoparticles targeting brain tumors for
simultaneous imaging and tumor inhibition [176]. Guo
et al. developed a PA contrast agent by polymerizing
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benzodithiophene and benzobisthiadiazole, conjugated
with a targeting moiety for dual tumor visualization and
treatment [90]. Thus, nanoparticle-based PA imaging is
a valuable brain imaging modality. Various nanoparticle
agents, including indocyanine green (ICG) [177], car-
bon nanotubes [178, 179], carbon gold nanoparticles [20,
178], and semiconducting polymer nanoparticles [180,
181], have been developed for visualizing brain tumors
and vasculature (see Table 2).

Despite its promise, several barriers limit the wide-
spread adoption of nanoparticle-enhanced PAI Ensur-
ing biocompatibility and mitigating immune responses
or toxicity are critical for clinical translation, particularly
for tumor and cardiovascular imaging. Challenges in
nanoparticle clearance and retention, including avoiding
accumulation in non-target organs, remain a significant
hurdle. In neuroimaging, crossing the BBB efficiently and
understanding the long-term effects of nanoparticles in
brain tissue are technical and safety concerns. Regulatory
hurdles complicate the approval process, while the high
cost and complexity of nanoparticle synthesis impede
scalability. For inflammation imaging and drug delivery,
achieving consistent targeting in dynamic environments
and integrating imaging with therapeutic functions
remain barriers. Furthermore, ensuring nanoparticle sta-
bility under physiological conditions and adapting imag-
ing equipment for enhanced PAI functionality increases
complexity. Patient-specific responses, including variabil-
ity in nanoparticle biodistribution and clearance, further
complicate standardization. Addressing these challenges
through optimized nanoparticle design and system inte-
gration can unlock the full potential of PAI in clinical and
research settings.

Future developments in PABI contrast agents should
focus on designing multifunctional NPs aligning with
image and therapeutic application such as drug delivery
[182] or PTT and integrating PABI with other modalities
like fluorescence, PET, PACT, and MRI for comprehen-
sive diagnosis [31]. Target specific agents with enhanced
BBB penetration, achieved through ligand-receptor
interactions or US assisted delivery, and molecular tar-
geting for brain-tumor markers or neurodegenerative
disease proteins are critical [79]. Advanced chemical
dyes absorbing in NIR-II region (1000-1700 nm) for
deeper tissue imaging, with improved photostability, can
enhance performance. Biodegradable NPs with less tox-
icity will ensure safety and facilitate clinical translation,
complemented by adherence to regulatory standards
[183]. Integration with neuroimaging systems using mul-
tispectral approaches like MSOT and real-time tracking
capabilities will provide dynamic imaging of vascular
and metabolic changes. Al-driven innovations, includ-
ing data-informed NP design and automated analysis,
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can optimize performance and interpretation. Finally,
scalable manufacturing and patient-specific adaptations
will support clinical translation, enhancing PA imaging’s
potential for personalized and effective diagnostic and
therapeutic applications.

Inorganic/metal nanoparticles for PA brain imaging.

Metal nanoparticles were the pioneering materials iden-
tified for their capability to generate robust photoacous-
tic signals. Among these reported metals, gold NPs have
demonstrated superior PA nanoparticles. In this regard,
gold nanoparticles are widely utilized as PABI contrast
material because of their distinct characteristics such as
optical absorption, size, shape and surface functional-
ity. These properties make them highly promising for
brain research. Smilowitz et al. found that intravenously
injected gold nanoparticles accumulated in intracerebral
tumor masses and migrated to tumor cells [184]. The size
controllability of gold nanoparticle is particularly advan-
tageous for brain imaging, as it influences their stability
to traverse the BBB [185]. Additionally, gold nanoparticle
facilitates multimodal brain imaging [186].

Other metals like iron, molybdenum, and copper have
also been integrated into nanoparticulate PA agents.
Thawani et al. created ICG-coated superparamagnetic
nanoparticle for PA brain tumor imaging [187]. These
nanoparticles, stabilized with 20-30% ICG, produced
strong PA signals in U251-glioma-bearing mice because
of better permeability and retention phenomenon. Given
both ICG/iron nanoparticles are FDA-approved, clinical
applications are promising as shown in Fig. 9a, b.

Chen et al. proposed using MoS, nanosheets for imag-
ing U87 xenograft mouse models [190], leveraging their
excellent NIR absorption and PA effect [191]. Improved
signals were seen in brain tumors following ICG-conju-
gated MoS, nanosheets injection. Liu et al. reported that
these nanosheets, absorbing NIR light, produced sig-
nificant PA signals from deep brain gliomas, with signal
amplitude 16 times higher than MoS, alone, Fig. 9¢c, d
[188].

After FUS-mediated BBB opening, these DOX-HCu
nanoparticles delineated orthotopic brain tumors in PA
imaging and selectively release doxorubicin in response
to the tumor microenvironment. The study confirmed
biodegradability and safety of DOX-HCu, demonstrat-
ing its efficacy in brain tumor imaging and therapy. These
studies illustrate that PA imaging, augmented with vari-
ous inorganic nanomaterials, is a potent modality for
brain research as presented in Fig. 9e—f [189].

Overall, various type of NPs has been utilized by many
researchers with specific advantages such as ICG-coated
superparamagnetic iron oxide NPs showed strong PA sig-
nals in brain tumors, promising for clinical applications.
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showing brain tumors before/after receiving NPs via intravenous injection, with/without BBB opening induced by FUS. e and f are reproduced

from reference [189] with permission of Wiley-VCH Verlag GmbH & Co

MoS, nanosheets exhibited excellent NIR absorption,
producing enhanced PA signals in brain tumors, while
copper-based NPs (DOX-HCu) used with FUS-mediated
BBB opening for imaging and therapy with biodegrada-
bility and higher efficacy. Among them gold nanopar-
ticles have been identified as highly effective contrast
agents for PAI because of their ability to absorb light,
size, shape, and surface functionality, which are advan-
tageous for brain research. They accumulate in intrac-
erebral tumor masses and can transverse the BBB,
facilitating multimodal brain imaging. Based on this dis-
cussion, these NPs should be investigated with respect
to safety, efficacy and biodegradability while exploring
multimodal imaging. The gold nanoparticles can also be
elevated into clinical trials to evaluate their effectiveness
and safety in humans.

Organic nanoparticles for PA brain imaging

Compared to inorganic nanoparticles, organic NPs with
NIR absorption provide superior biocompatibility, struc-
tural adaptability and optimal optical properties for PA

imaging [192]. Consequently, various organic NPs have
been developed for brain PA imaging. Organic dyes,
notably ICG, are ideal for nanoparticle formulation as
PA contrast agents due to their FDA-approved status and
NIR absorption capabilities.

Le Floc’h et al. synthesized ICG-conjugated poly-
mer nanoparticles of different sizes (40, 100, 240 nm)
to examine size effects on brain delivery. Using flash
microprecipitation and FUS-mediated BBB opening
post-injection, PA images revealed that 100 and 240 nm
nanoparticles were effective for in vivo brain imaging,
while 40 nm nanoparticles were not. This discrepancy
was attributed to size effects on the NIR absorption abil-
ity of ICG nanoparticles, with 100 and 240 nm nanopar-
ticles showing absorbances 5 and 6.3 times greater than
40 nm nanoparticles. The study highlighted the excep-
tional properties of ICG and identified the optimal nano-
particle size for brain PA imaging.

Liu et al. employed the organic mesionic dye A1094,
which absorbs in NIR-II range (1000—-1700 nm) exhib-
iting aggregation-induced absorption enhancement
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Table 2 Summary of important nanoparticles contrast agents used for photoacoustic brain imaging

Nanoparticle type Components Properties Laser wavelength Application Refs.
PDI'NPs PDI/DSPE-mPEG-5000 Enhanced PA signals, water 700 nm Deep brain tumorimaging  [194]
stability
ICG-coated Iron oxide NPs  ICG-SPIO Strong PA signal FDA-approved  Not specified Brain tumor imaging [187]
MoS,-ICG hybrid NPs MoS,-ICG (nanosheets) Enhanced NIR absorption Not specified Brain tumor imaging [188]
DOX-HCu NPS Copper based NPs, DOX Biodegradability high efficacy ~ Not specified Imaging [189]
FUS-mediated BBB opening
A1094 NPs Organic mesionic dye Aggregation-induced absorp-  1000-1700 nm Deep brain tumorimaging  [22]

Arg-Gly-Asp-modified hepatitis tion enhancement
B virus core Proteins

PDI'NPs PDI Efficacy through EPR effect 700 nm Deep brain tumorimaging  [14]
Low toxicity
PLGA-PEG NPs Benzobisthiadiazole, PLGA-PEG  Biodegradable Not specified Brain vascular visualization  [14]

Strong PA signals

PDI, perylene-3,4,9,10-tetracarboxylic diimide; ICG, indocyanine green; MoS,, molybdenum disulfide; PLGA, poly (lactic-co-glycolic acid); PEG, polyethylene glycol;
DOX, doxorubicin
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[22]. These properties stem from the m—m conjugation
of A1094, resulting in a narrow band gap between the
HOMO and LUMO. The NIR-II window (700—-1000 nm)
offers advantages such as reduced light scattering, lower
background signal intensity, and cost efficiency [60]. The
authors synthesized Arg-Gly-Asp-modified hepatitis B
virus core proteins encapsulating A1094 for PA contrast
agent in brain glioma imaging. Post-intravenous injec-
tion, the aggregated state of A1094 amplified PA signals
in brain tumors 5.9 mm beneath the skull’s surface. These
findings demonstrate the suitability of PA organic dye
nanoparticles for enhanced brain imaging.

Based on this discussion, ICG-conjugated polymer
with larger nanoparticles has enhanced PA effects in
brain imaging while novel organic dyes like A1094, which
absorb in the NIR-II range, offer advantages such as
reduced light scattering and enhanced PA signals, mak-
ing them suitable for deep penetration leading to deeper
tissue imaging. This is due to m—m conjugation resulting
in a narrow band gap between HOMO and LUMO lead-
ing to strong PA signals. These properties make A1094 a
promising choice for advanced PA brain imaging applica-
tions. Further research can be carried out to determine
the optimal sizes and compositions of the organic nano-
particles for various brain imaging applications.

Semiconductor nanoparticles for PA brain imaging
Semiconducting polymer nanoparticles have emerged as
promising contrast agents for PA imaging due to their
efficient photothermal conversion [193]. These nano-
particles, utilizing electron donor and acceptor pairs
with m-conjugated polymer backbones, exhibit excel-
lent photostability, NIR absorption and enhanced PA
effects in brain tumor imaging [181]. Fan et al. estab-
lished perylene-3,4,9,10-tetracarboxylic diimide (PDI)
nanoparticles, featuring a tertiary amine electron donor
and a diimide electron acceptor, for deep brain tumor
imaging (Fig. 10a) [194]. Modified with DSPE-mPEG
5000 for water stability, these PDI nanoparticles showed
enhanced PA signals in animal models with orthotopic
glioblastoma upon continuous 700 nm laser irradiation,
highlighting their efficacy through EPR effect and low
toxicity (Fig. 10b). The synthetic routes for semiconduct-
ing polymeric nanoparticles are shown in Fig. 10c along
with their reaction conditions [195].

Jiang et al. developed semiconducting polymer nan-
oparticles with a donor-acceptorl-donor-acceptor2
structure,  specifically  poly(diketopyrrolopyrrole-alt-
thiadiazoloquinoxaline), stabilized in water with a PEG-
b-PPG-b-PEG copolymer. These NPs absorbed in both
NIR-I and NIR-II regions, improving brain vasculature
visualization in rats using a NIR-II excitation laser 156.
The 1064 nm laser yielded PA signals 1.4 times more
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intense than a 750 nm laser. Additionally, the authors
created metabolizable NIR-II PA contrast agents using
benzobisthiadiazole encapsulated with biodegradable
PLGA-PEG, degraded by myeloperoxidase in phagocytes
(Fig. 10d). The principle of using DSPE-mPEG NPs as PA
agents for brain imaging. The lipids based DSPE-mPEG
structure provided stability and functionality. These NPs
were intravenously injected to bloodstream in mouse
model, where they circulate and reach the brain as shown
in Fig. 10d. NIR-II Laser targeted the mouse brain, excit-
ing the NPs to produce US waves (blue ripples), which
are detected by PA imaging system. The right panel in
Fig. 10d focuses on the brain, showed the interaction of
amphiphilic NPs with BBB, crossing into brain tissue,
facilitating non-invasiveness imaging of neural struc-
tures. This demonstrated the application of DSPE-mPEG
NPs in preclinical brain imaging. These NPs visualized
brain vasculature effectively, with signal persistence for
3 h post-injection (Fig. 10e), demonstrating their poten-
tial for PA brain imaging [14].

Semiconducting polymer nanoparticles (SPNs) have
proven to be highly effective contrast agents for PA imag-
ing, particularly in brain tumor imaging. Their unique
properties, such as efficient photothermal conversion,
excellent photostability, and strong NIR absorption, make
them ideal for deep brain imaging. Different donor—
acceptor systems have been explored to enhance their
PA affects and stability, resulting in nanoparticles that
can cross the BBB and provide clear PA signals with low
toxicity. The copolymer NPs (pentathiophene donors and
benzobisthiadiazole acceptors), Dithieno pyrrole copol-
ymers, and Metabolizable NIR-II PA contrast agents
encapsulated with PLGA-PEG showed effective brain
vasculature imaging and signal persistence. Among them,
PDI NPs stood out for their strong NIR absorption and
efficient photothermal conversion. With donor—acceptor
feature, these PDI NPs provide robust PA signals, espe-
cially when modified with DSPE-mPEG5000. PDI have
demonstrated significant PA signal enhancement under
700 nm laser irradiation with orthotopic glioblastoma.
These properties make PDI nanoparticles a promising
choice for advanced PABI applications.

Future aspects and clinical translation

The review has revealed the significance of nanopho-
tonic enhanced PAI and PA contrast agents particularly
for brain tumor imaging. PABI has been the focus of our
research efforts and clinical approach for detecting tumor
in brain regions. The utility of PA images can provide
pertinent information about cerebral pathologies and
other conventional imaging modalities [196, 197], there is
a possibility of investigating other areas where PAI could
be used in future as important tools in biomedical sector.
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The synergistic approaches of PAI and US imaging
have revolutionized biomedical imaging by combining
the strengths of each modality. PAI encompassing PACT,
PAM, and PAE, leverages the differential absorption
characteristics of laser light to provide detailed struc-
tural and functional information across various scales
[198]. This includes quantification of critical physiologi-
cal parameters such as hemoglobin concentration, blood
oxygenation [40], oxygen metabolism rate [41], and blood
glucose content [42].

PACT is excellent for deep tissue and whole-body
imaging using full field illumination, which is most suit-
able for studying gross anatomical structures, while
PAM provides high-resolution cellular level imaging of
superficial tissues [199]. On the other hand, PAE focus
on particular internal system such as gastrointestinal
track and coronary arteries [200]. In particular the use
of these two technologies in brain imaging will be ben-
eficial because PACT can help in localizing tumors in
deep tissues, it is unable to provide the spatial resolution
necessary to assess vascularization or metabolic activ-
ity; this resolution can only be solved by means of PAM.
These combined modalities have potential applications in
enhanced diagnostics and treatment approaches to brain
tumor with further research required for them to be fully
exploited.

PAI has shown significant progress in delineation of
tumor margin and been guiding surgical resection of
several type of tumor including the ones originates in
deep tissues. The potential of PAI to be utilized as intra-
operative imaging technique has shown significant suc-
cess in tumor removal surgery and several explorations
are currently in progress for much affordable and robust
process of intraoperative PAIL, which would greatly help
in surgical procedures pertaining to brain diseases, espe-
cially brain tumor. PAI has been employed in detecting
residual tumor cells in the lymphatic system by live cell
tracking method, plasmonic nanobubbles has been suc-
cessful in identifying single residual tumor cell at a depth
of 4 mm [201]. The success of PAI was also demonstrated
in drug delivery research where drug cargos in the form
of micro/nano-formulations were successfully accumu-
lated at the TME. Gold nanoparticles have been predom-
inantly successful as PAI mediated drug delivery systems.
Monitoring the drug delivery at the disease site was also
an important property of PAI, which was demonstrated
in small animals. There was a steady increase in number
of successful research reported on nanoparticle mediated
disease management that involved PAI as a tool for diag-
nosis, drug delivery, intraoperative imaging, and thera-
peutic aid, as observed in MRI, CT and other imaging
modalities [12].
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To treat brain tumor, neuroscientists are involved in
multimodal approach; surgical resection, radiotherapy,
and chemotherapy. Aggressive resection followed by
radiation improves survival, and chemotherapy agents,
such as temozolomide [202], are considered as stand-
ard agents. Emerging therapies like immunomodulation,
gene treatment, and PDT are under clinical trials. Brain
tumors management extremely relied on advanced imag-
ing approaches, which help in their detection, diagnosis,
surgical planning and follow-up. These include MRI, CT,
PET and fluorescence imaging for intraoperative use.
The future directions focus on the improvement of these
therapies thereby enhancing treatment outcomes and
patient survival.

The challenges of treating brain tumors have long been
recognized and are due to a number of factors, includ-
ing: the complexity of brain tissue surrounding it [203],
intolerance for movement or physical loss in response
to lesions forming around invasive tumors whose mar-
gins may be difficult to identify precisely, and the adop-
tion of treatment planning derived from techniques such
as radiotherapy and chemotherapy, which sometimes
have weak concentrations, leading to poor exposure and
eventual resistance. The tissue must be excised to his-
tological margins free of tumors, limiting normal brain
involvement during surgical debulking and adjuvant
chemotherapy. The blood-tumor barrier (BTB), BCB,
and CSF barriers, including the BBB, shield therapeutic
agents from effective drug delivery across these barriers
[81]. Future treatment directions aim to improve imaging
techniques such as MRI, CT, PET, and fluorescence tech-
nologies to better define tumor margins, neutralize these
physical barriers, and simultaneously enhance nanoparti-
cle-based therapies for better diagnosis guidance, surgi-
cal precision, and therapeutic efficacy.

The future of PABI holds significant promise, especially
in biomedical applications. A key area of development
is the improvement of imaging techniques to overcome
physiological barriers (BBB/BTB), which limit penetra-
tion of therapeutic agents and pose challenges for effec-
tive drug delivery. Future advancements are expected
to include the creation of multifunctional nanoparticles
(NPs) and the incorporation of sophisticated imaging
techniques like CT, PET, MRI, and fluorescence imag-
ing. These innovations aim to enhance the delineation
of tumor boundaries, thereby improving the precision
of surgical resection and effectiveness of adjuvant thera-
pies. In neuroimaging, PABI holds significant promise for
non-invasive imaging. It can produce detailed images of
brain structures and functions, aiding in the diagnosis
and monitoring of neurological disorders. The ability to
visualize vascular networks and blood oxygenation levels
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is especially useful for understanding disease progression
and evaluating therapeutic interventions.

Integrating PAI with other imaging techniques, such as
PET and MR, can significantly improve diagnostic accu-
racy and treatment planning. For example, PET/CT and
PET/MRI provide metabolic and anatomical information,
respectively, while PAI contributes functional and molec-
ular imaging capabilities. This multimodal approach
enables a more comprehensive and precise diagnosis,
facilitating personalized treatment plans and improving
patient outcomes.

These photoacoustic neuroimaging techniques have
been recently developed with different setups, offering
trade-offs between spatial resolution, temporal resolu-
tion, and penetration depth. Photoacoustic microscopy
(PAM) and photoacoustic tomography (PAT), with their
specific advantages, are the main methods used [204].
PAM has been realized as OR-PAM, achieving high spa-
tial resolution constrained by the optical diffraction limit
and an imaging depth of about 1 mm. Acoustic resolution
PAM (AR-PAM) gains greater imaging depth of approxi-
mately 5 mm, with lateral and axial resolutions of around
30 um and 7 um, respectively. PARS introduces diffrac-
tion-limited resolution up to a few millimeters away in
tissue, making it desirable, especially for intraoperative
applications. PAT has also become extensively used for
both small and large animals in pre-clinical studies, with
or without contrast agents, producing 3D quantitative
spatially resolved acoustic images. PARS is very promis-
ing for brain imaging as it is high-resolution and totally
non-contact. Yet, challenges remain in achieving deeper
tissue penetration and improving temporal resolution for
real-time imaging.

Chemical dyes like IR dye 800 CW, naphthalocyanine
organic particle [205], ICG, or Prussian blue can be used
to improve PA imaging by providing fluorescence sig-
nals. These particles make them suitable for performing
hybrid PABI. Among them, ICG is particularly favorable
for PABI owing to its high NIR absorption, allowing deep
tissue penetration [154]. This development significantly
strengthens cerebral perfusion detection in PABI and
opens up new prospects for neuroimaging by providing
a detailed view of vasculature structures. Future research
should focus on developing novel dyes for more specific
brain disorder-associated targets. These dyes, currently
studied in pre-clinical research, must undergo clinical
testing to verify their efficacy and safety. For example,
[-sheet-binding dyes [206] could serve as useful probes
to image proteinopathy-related diseases such as Parkin-
son’s and amyotrophic lateral sclerosis (ALS).

Besides chemical dyes, various types of nanophotonic
based nanoparticles have been implemented to enhance
PABI. ICG-coated superparamagnetic iron oxide
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NPS have demonstrated powerful PA signal in brain
tumors mediated by enhanced NIR absorption of MoS,
nanosheets, while copper-based NPs, DOX-HCu, have
been employed for imaging under focused ultrasound
(FUS)-triggered BBB opening, offering biodegradability
with high effectiveness. AuNPs are particularly desirable
as contrast agents in PA imaging of the brain due to their
biocompatible optical absorption and essential character-
istic like size, shape compatibility, and surface function-
ality. These NPs aggregate in intracerebral tumor masses
and can cross BBB, facilitating multimodal brain imag-
ing. Given these positive outcomes, further research is
needed to confirm their safety and efficacy in humans as
the next steps toward clinical trials.

Thus, starting from NPs, especially CDs and expanding
further, the newest modifications of the ICG-conjugated
polymers have increased nanoparticle size providing to
improve PA effects in brain imaging. At the same time,
new organic dyes like A1094 under NIR-II excitation
also provided such benefits as minimized scattering and
increased PA signals. These features make them par-
ticularly suitable for deep tissue imaging due to the m—n
conjugation in the dye’s molecular structure, which trans-
lates into a low energy gap between the highest occupied
molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) [207], thus providing intense
PA signals. Therefore, through the described properties
of A1094 it can be offered as a candidate for advanced
PABI. Thus, further studies can be carried out on finding
out the extent of potentiality of these organic NPs for var-
ious needs of neuroimaging which can be extended to the
development of better imaging methods with increased
accuracy and penetration.

Furthermore, machine learning (ML) and artificial
intelligence (AI) can dramatically improve image qual-
ity, data processing, and reconstruction in photoacoustic
brain imaging (PABI). AI-powered algorithms can reduce
noise in raw photoacoustic signals, improve resolution,
and optimize contrast, resulting in clearer and more
detailed photos. Advanced reconstruction methods, such
as deep learning-based neural networks, can speed up
image reconstruction while maintaining spatial accuracy
and reducing artifacts. Furthermore, ML models can sim-
plify data processing workflows, eliminate human bias,
and detect subtle patterns, hence increasing the overall
reliability and repeatability of photoacoustic imaging for
brain applications.

Conclusion

Photoacoustic imaging represents a significant advance-
ment in biomedical imaging, offering unique capabilities
that traditional imaging modalities lack. Its capability
to deliver high-resolution, real-time images containing
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functional and molecular information enable it an invalu-
able tool in clinical practice. The future of PABI lies in
its continued development and integration with other
imaging techniques, overcoming physiological barriers,
and enhancing its clinical applications. Advancements in
nanoparticles-based therapies and imaging techniques
will likely improve the precision of diagnosis and the
efficacy of adjuvant therapies. The evolution of neuro-
imaging techniques will offer better spatial and temporal
resolution, aiding in management of neurological dis-
eases. The clinical translation of these technologies will
revolutionize the early detection, diagnosis, and treat-
ment of various diseases, particularly cancer and neuro-
logical disorders.

In conclusion, photoacoustic imaging holds immense
potential for improving patient outcomes through its
innovative approach to biomedical imaging. Continued
research and development in, spanning from contrast
agents through various modalities to Al assisted tech-
niques, this area will lead to improved outcomes and per-
sonalized medical treatments, ultimately enhancing the
quality of healthcare.
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