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Abstract

Photoacoustic imaging (PAI) is an emerging hybrid biomedical imaging modality that combines the
high molecular contrast of optical excitation with the deep tissue penetration of ultrasound detection.
This review presents recent advances in PAl-based techniques for the detection and characterization
of gynecological and gynecological diseases in women, with particular focus on endometriosis and
uterine-related disorders. We summarize the application of PAI across preclinical and translational
studies, highlighting progress in photoacoustic microscopy, spectroscopic photoacoustic imaging,
and endoscopic and probe-based implementations for noninvasive, high-resolution tissue
evaluation. The role of functional and contrast-enhanced PAI approaches is discussed, emphasizing
their ability to enhance diagnostic sensitivity, enable longitudinal monitoring, and provide detailed
information on vascular, biochemical, and structural tissue characteristics. Furthermore, the
expanding applications of PAI in assessing uterine, cervical, and ovarian pathologies, including
tumor detection and tissue remodeling, are reviewed. Finally, current challenges, limitations, and
future directions toward clinical translation are addressed. Collectively, this review underscores the
potential of photoacoustic imaging as a powerful, noninvasive platform for early diagnosis, disease
monitoring, and improved management of women'’s health conditions.

Keywords: photoacoustic imaging; contrast agents; women’s health; gynecological disorders;
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1. Introduction

Gynecological disorders represent a significant and often underrecognized health burden
among women of reproductive age, largely due to their gradual onset, nonspecific clinical symptoms,
and frequent recurrence [1,2]. Conditions such as endometriosis [3-5], uterine abnormalities [6,7],
and ovarian pathologies [8,9] can progress silently over long periods before becoming clinically
evident, at which stage treatment options are often more invasive or limited. Delayed diagnosis not
only increases disease severity but also adversely affects fertility, quality of life, and long-term
reproductive health outcomes [10,11].

Current diagnostic approaches rely primarily on conventional imaging modalities, including
ultrasound and magnetic resonance imaging (MRI), often complemented by invasive procedures
such as laparoscopy and biopsy for definitive confirmation [12,13]. Although these methods provide
valuable anatomical information, they frequently lack sensitivity to early-stage functional,
biochemical, and microvascular alterations that precede visible structural changes [14].
Consequently, many gynecological diseases are identified only after substantial progression,
reducing opportunities for early intervention and personalized therapeutic strategies.
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In response to these limitations, there is an increasing demand for noninvasive imaging
technologies capable of detecting early pathological changes and guiding clinical decision-making
[15]. Photoacoustic imaging (PAI), also known as photoacoustic tomography (PAT), has emerged as
a promising modality that addresses this need by enabling functional and molecular-level tissue
assessment at deep penetration depths of 5—7 cm [16]. By combining optical absorption contrast with
ultrasonic spatial resolution, PAI allows visualization of vascular remodeling, tissue oxygenation,
and biochemical alterations associated with early disease development [17,18]. This capability
positions PAI not only as a diagnostic tool but also as a platform for treatment guidance and
longitudinal monitoring, facilitating timely intervention and evaluation of therapeutic response.

With ongoing advances in bioengineering and imaging technology, photoacoustic systems hold
substantial potential to transform the clinical management of gynecological disorders by shifting the
diagnostic paradigm from late-stage detection toward early diagnosis, targeted therapy, and
improved patient outcomes [19-21]. In this review, we summarize recent progress in PAI
technologies for the early detection, characterization, and treatment monitoring of gynecological
diseases, with particular emphasis on their translational relevance to women’s health.

2. Basic Principle and Fundamentals of Photoacoustic Imaging
2.1 Basic Principle of Photoacoustic Signal Generation

PAI is a hybrid optical-acoustic imaging modality that enables high-contrast visualization of
biological tissues by converting absorbed optical energy into ultrasonic signals. Upon nanosecond-
pulsed laser-light irradiation, photoabsorbing molecules undergo rapid nonradiative relaxation,
resulting in localized temperature increases that induce transient thermoelastic expansion and
generate acoustic pressure waves [22]. These ultrasound signals propagate through tissue and are
detected by ultrasonic transducers, allowing image reconstruction based on signal intensity and time-
of-flight characteristics (Figure 1A) [23]. In contrast to conventional ultrasound imaging, which relies
primarily on differences in mechanical impedance, PAI exploits variations in optical absorption,
thereby providing enhanced contrast for imaging chromophores within complex biological
environments. Compared with purely optical imaging techniques, PAI achieves substantially greater
penetration depths extending to several centimeters while maintaining micrometer-scale spatial
resolution. Photoacoustic contrast can originate from endogenous absorbers, such as hemoglobin and
melanin, or from exogenously administered agents including organic dyes, fluorophores, and
nanostructured materials (Figure 1B) [24,25]. However, endogenous chromophores are often present
at limited or heterogeneous concentrations, which can restrict sensitivity and reproducibility.
Consequently, exogenous contrast agents are frequently employed to amplify photoacoustic signals
and improve imaging reliability (Figure 1C) [26].

The initial pressure rise (Po) generated during photoacoustic signal formation can be described by the
following relationship:

Po=Tn_thu aF 1)
where I' denotes the Griineisen parameter describing the efficiency of thermoelastic conversion, n_th

corresponds to the fraction of absorbed optical energy converted into heat, u_a represents the optical
absorption coefficient of the photoabsorber, and F is the local optical fluence. This expression
highlights that photoacoustic signal intensity is determined by both the absorption efficiency and
photothermal conversion capability of the contrast agent. Accordingly, the rational design of
photoacoustic probes, particularly organic dyes and dye-based nanomaterials, that exhibit strong
absorption and high photothermal efficiency, is critical for optimizing PAI performance.

Beyond structural imaging, PAI effectively addresses key limitations of traditional optical
techniques by minimizing photon scattering in biological tissues, enabling high- resolution imaging
at deep-tissue penetration [27-29]. A distinctive advantage of PAI is its ability to perform multi-
wavelength spectroscopic imaging, which allows quantitative assessment of physiologically
important parameters such as tissue oxygenation [30], vascular dynamics [31], and metabolic
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activity[32]. Furthermore, PAI can be readily integrated with other imaging modalities, including
ultrasound and fluorescence imaging, enabling multimodal and multiscale imaging platforms that
span spatial resolutions from the cellular level to whole organs [33,34]. Its rapid data-acquisition
capability also facilitates real-time monitoring of dynamic biological processes, such as blood
perfusion and drug distribution.
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Figure 1. Basic principle for PAIL (A) Illustration of the fundamental working mechanism and image
reconstruction process of PAI, along with a representative reconstructed photoacoustic image demonstrating
melanoma visualization. Reproduced with permission from [23]. Copyright 2016, Nature Publishing Group. (B)
Absorption spectra of key endogenous chromophores present in biological tissues at physiologically relevant
concentrations are shown. These include oxyhemoglobin (HbO;) and deoxyhemoglobin (HbR) at approximately
150 g/L in blood, lipids comprising about 20% tissue volume, and water representing nearly 80% of tissue
composition. Additional absorbers include nucleic acids (DNA and RNA) at ~1 g/L within cell nuclei, melanin
at roughly 14.3 g/L in average human skin, reduced and oxygenated myoglobin (MbR and MbQO,) at
approximately 0.5% by mass in skeletal muscle, and bilirubin at a concentration of about 12 mg/L in blood.
Reproduced with permission from [24]. Copyright 2014, Elsevier. (C) Pictorial representation for the commonly

used exogenous contrast agents for PAL

Owing to these advantages, PAI has emerged as a valuable tool in both preclinical and clinical
biomedical research, with demonstrated applications in oncology[35], neurology[36], vascular
biology[37], and inflammatory diseases[38]. In cancer imaging, PAI provides access to functional
features of the tumor microenvironment that are difficult to capture using conventional imaging
approaches alone. These include vascular morphology, perfusion patterns, and oxygenation
heterogeneity, all of which are closely associated with tumor progression, therapeutic resistance, and
disease outcome. By leveraging the distinct optical absorption spectra of oxygenated and
deoxygenated hemoglobin, PAI enables noninvasive assessment of tissue hypoxia, a hallmark of
aggressive and treatment-resistant tumors. Additionally, single-wavelength imaging strategies can
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be employed to visualize tumor-associated vasculature [39] and monitor angiogenic remodeling[40],
while quantitative parameters such as vessel density [41], diameter [42], and geometric complexity
serve as imaging-derived biomarkers for longitudinal disease evaluation [27].

2.2. Imaging Configurations

Depending on the imaging depth, resolution and application context, PAI uses multiple imaging
configurations. These configurations broadly include photoacoustic microscopy, photoacoustic
computed tomography, and endoscopic or probe-based photoacoustic systems, each offering distinct
advantages for biological and biomedical investigations.

2.2.1. Photoacoustic Microscopy (PAM)

Photoacoustic microscopy (PAM) represents a high-resolution implementation of PAI designed
to visualize biological structures within shallow to moderate tissue depths [43]. In PAM, imaging is
performed in optical regimes where light propagation is partially ballistic or weakly diffusive,
enabling detailed visualization of micro-scale features. PAM is generally characterized by spatial
resolutions finer than tens of micrometers, well below the resolving capability of the unaided human
eye. A defining distinction between PAM and photoacoustic computed tomography lies in the image
formation strategy: PAM typically employs a focused, single-element ultrasound detector to acquire
spatially resolved signals, whereas tomographic approaches rely on multi-element detector arrays
and computational reconstruction algorithms.

The spatial resolution of PAM is governed by both optical excitation and acoustic detection
parameters. Lateral resolution arises from the combined influence of the illumination profile, and the
acoustic point spread function, while axial resolution is dictated primarily by the bandwidth of the
ultrasound transducer. Based on the dominant contributor to lateral resolution, PAM systems are
commonly categorized into optical-resolution PAM (OR-PAM) and acoustic-resolution PAM (AR-
PAM) [17,43]. In OR-PAM, the excitation beam is tightly focused to a diffraction-limited spot that is
significantly smaller than the acoustic focal zone, making the optical focus the primary determinant
of lateral resolution. As a result, OR-PAM achieves exceptionally fine spatial resolution but is
restricted to superficial imaging depths due to strong optical scattering in tissue (Figure 2A)[44,45].
Conversely, AR-PAM employs a broader optical illumination that encompasses the acoustic focal
region, with lateral resolution primarily defined by ultrasonic focusing. This configuration allows
imaging at deeper penetration with reduced sensitivity to optical scattering, at the cost of spatial
resolution (Figure 2B)[46]. As illustrated in Figure 2C, an in vivo scan was performed on the dorsal
region of an athymic nude mouse. Optical-resolution (OR) and acoustic-resolution (AR) PAM (Figure
2D and 2E) were collected simultaneously during a single scanning session, using step sizes of 2 um
and 20 um and laser pulse repetition rates of 20 kHz and 2 kHz, respectively. The AR-PAM image
captured prominent, deeper blood vessels but resolved fewer superficial microvessels compared with
the OR-PAM image. In contrast, OR-PAM provided high-resolution visualization of small, shallow
vasculature that was not clearly detected in AR mode. The combined image from Figure 2F,
integrates both datasets, revealing superficial microvascular details from OR-PAM alongside deeper
vascular structures from AR-PAM [47].
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Figure 2. Optical Resolution Photoacoustic microscopy for in vivo imaging. (A) Schematic illustration of a
second-generation optical-resolution photoacoustic microscopy (2G-OR-PAM) system, in which lateral spatial
resolution is governed by diffraction-limited optical focusing. Components include an acoustic lens (AL),
correction lens (CorL), right-angled prism (RAP), rhomboid prism (RhP), silicone oil layer (SOL), ultrasonic
transducer (UT), and water tank (WT). (B) Configuration of dark-field acoustic-resolution photoacoustic
microscopy (AR-PAM), where lateral resolution is primarily defined by diffraction-limited acoustic focusing.
(C) Photograph of the mouse indicating the selected imaging area outlined by a dashed box. (D) Optical-
resolution PAM (OR-PAM) image showing superficial skin vasculature. (E) Acoustic-resolution PAM (AR-
PAM) image highlighting deeper vascular structures. (F) Merged PAM image combining both datasets. OR-
NPA represents the normalized photoacoustic amplitude obtained from the OR-PAM image, while AR-NPA
denotes the normalized photoacoustic amplitude from the AR-PAM image. Reproduced with permission from
[47]. Copyright 2013, Optica Publishing Group.

PAM architectures can be further adapted for internal organ imaging applications through
miniaturization, leading to the development of photoacoustic endoscopy (PAE). These systems often
utilize rotational or linear scanning mechanisms and can operate in either optical- or acoustic-
resolution modes, depending on the design of the illumination and detection components. By
systematically adjusting optical parameters such as numerical aperture and excitation wavelength,
or acoustic parameters including transducer frequency and focusing geometry, PAM platforms can
be tuned across a wide range of resolutions and penetration depths. This scalability makes PAM a
versatile tool for studying microvascular structures, tissue morphology, and functional biomarkers.

2.2.2. Photoacoustic Computed Tomography (PACT)

In photoacoustic computed tomography (PACT), image formation relies on mechanical or
electronic scanning of multi-element ultrasound detector arrays, followed by computational
reconstruction of the acquired signals [17]. Unlike photoacoustic microscopy (PAM), where signals
arise from a spatially confined focal volume and can be directly mapped along the acoustic axis,
PACT detectors possess broad angular sensitivity and require data integration from multiple
elements to reconstruct an image. Based on detector arrangement, PACT systems are commonly
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categorized into planar, cylindrical, and spherical geometries, each offering distinct imaging
capabilities.

Planar-view PACT systems typically employ two-dimensional piezoelectric transducer arrays
or optical sensors such as Fabry—Perot interferometers, enabling wide-field signal acquisition (Figure
3A) [48]. While optical interferometric detectors offer high sensitivity and fine spatial sampling, their
sequential readout can limit imaging speed compared to array-based approaches. An example of in
vivo abdominal imaging obtained using a Fabry-Perot interferometer-based PACT system is
illustrated in Figure 3B. The image clearly delineates two developing embryos (red color), together
with surrounding uterine blood vessels and overlying skin structures, demonstrating the capability
of this approach to resolve both anatomical and vascular features in a pregnant mouse model [48].
Cylindrical-view PACT, often implemented using ring-shaped transducer arrays, provides efficient
cross-sectional imaging and can be extended to three-dimensional visualization through axial
scanning (Figure 3C) [49,50]. This configuration is particularly suitable for rapid two-dimensional
imaging of dynamic physiological processes and for visualizing vascular structures within deep
tissues. Figure 3D illustrates the configuration of a ring-array-based small-animal imaging platform
along with representative reconstructed images [49]. Organs with high vascular content, including
the liver, spleen, spine, kidneys, and gastrointestinal tract, are distinctly visualized. Fine vascular
networks within these structures are also resolved, demonstrating the system’s capability for high-
resolution angiographic imaging.

Spherical-view PACT systems employ transducer arrays arranged over curved geometries to
achieve near-isotropic spatial resolution within the central imaging volume [51,52]. Although these
systems can deliver high-quality volumetric images, they typically require mechanical scanning and
full data acquisition prior to image reconstruction, which can limit real-time imaging performance.
Recent advances in reconstruction algorithms have partially alleviated these limitations by enabling
dynamic imaging from sparsely sampled datasets [27]. Collectively, the flexibility of PACT detection
geometries allows the technique to be adapted for diverse preclinical and translational imaging
applications.
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Figure 3. Photoacoustic Computed Tomography Imaging system for in vivo applications. (A) Schematic
representation of a Fabry—Perot interferometer-based photoacoustic computed tomography (PACT) system.
Photoacoustic signals are generated following absorption of nanosecond pulses from a wavelength-tunable
optical parametric oscillator (OPO) laser and are detected using a transparent polymer Fabry-Perot ultrasound
sensor. The sensor consists of two dichroic mirror layers separated by an approximately 40 pm polymer
spacer, forming the interferometric cavity. Acoustic waves are recorded by raster-scanning a continuous-wave
(CW) focused interrogation laser across the sensor surface, where acoustically induced changes in cavity
reflectivity are measured at each position to generate two-dimensional maps. (B) Maximum-amplitude
projection of the reconstructed three-dimensional dataset (0—6 mm depth), highlighting two embryos (shown
in red). Reproduced with permission from [48]. Copyright 2012, SPIE Digital Library. (C) Experimental
configuration of a full-ring confocal whole-body photoacoustic computed tomography (RC-PACT) system. A
schematic overview of the imaging setup is presented, with the dashed inset illustrating a cross-sectional view
of the confocal geometry. (D) Representative in vivo RC-PACT images of athymic mice obtained noninvasively
in the kidney region. Labeled anatomical structures include backbone muscle (BM), gastrointestinal tract (GI),
kidney (KN), liver (LV), portal vein (PV), spinal cord (SC), and spleen (SP). Reproduced with permission from
[49]. Copyright 2012, SPIE Digital Library.

2.2.3. Endoscopic and Probe-Based PAI

Photoacoustic endoscopy (PAE) enables minimally invasive PAI by integrating optical
excitation and acoustic detection within compact endoscopic probes [53,54]. This configuration
allows localized visualization of tissue composition, vascular architecture, and functional biomarkers
inside luminal organs, including the gastrointestinal and reproductive systems. When combined with
ultrasound imaging, PAE provides complementary structural and functional information,
supporting real-time guidance during endoscopic procedures. Early PAE platforms demonstrated
intraluminal PAI but were limited by single-modality operation and slow acquisition speeds.
Subsequent developments introduced dual- and multimodal probes incorporating photoacoustic,
ultrasound, and fluorescence imaging, enabling three-dimensional visualization of vascular and
luminal anatomy [55]. Continued probe miniaturization improved compatibility with standard
endoscopic channels, advancing its translational potential[56].

Although PAE has been explored for many years as a clinical extension of PAI, several technical
challenges have hindered its widespread clinical adoption [57]. Recent studies, however,
demonstrate meaningful progress toward overcoming these barriers, particularly in probe design
and light-acoustic integration. One of the primary challenges in multimodal PAE systems is
achieving efficient, stable light delivery within the compact endoscopic geometries. To address this,
Wen and co-workers developed a disposable photoacoustic-ultrasound (PAUS) endoscopic catheter
coupled with a dedicated power interface, enabling switchable operation, internal three-dimensional
scanning, and reproducible performance for gastrointestinal imaging [58]. By optimizing optical
relay design, they significantly reduced waveguide insertion losses while maintaining high optical
power delivery. Their focus-adjustable acousto-optic coaxial probe enabled high-sensitivity optical-
resolution imaging, achieving real-time visualization of colonic microvasculature and tissue layering
at micrometer-scale resolution in rats, highlighting its promise for the detection of gastrointestinal
disease.

Complementary advances have focused on improving probe adaptability to the endoscopic
environment. Zhu and colleagues introduced a hydrostatic balloon-based catheter incorporating a
miniaturized ultrasound array and angled optical fiber, allowing conformal acoustic coupling along
irregular intestinal surfaces [57]. This design enabled effective photoacoustic evaluation of
inflammatory and fibrotic intestinal conditions and demonstrated sufficient penetration depth for in
vivo differentiation of normal and pathological tissue states. Notably, the collapsible balloon
configuration is compatible with conventional ileocolonoscopy, underscoring the translational
potential of such PAE systems for clinical gastrointestinal diagnostics.
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The fundamental trade-offs between spatial resolution and penetration depth have led to two
principal PAE modes: acoustic-resolution systems optimized for deeper imaging and optical-
resolution systems that achieve higher lateral resolution at superficial depths[59]. Recent advances in
scanning strategies, autofocusing mechanisms, and panoramic imaging geometries have improved
imaging speed, resolution, and robustness. More recently, optical-scanning—based and Fabry-Pérot—
based probes have enabled compact, high-resolution PAE systems with enhanced signal-to-noise
ratios, facilitating in vivo assessment of vascular dynamics and tissue oxygenation [60]. Collectively,
these developments position PAE as a promising tool for functional, image-guided endoscopic
diagnostics.

3. Advantages of PAI Compared with Other Imaging Modalities

PAI is a hybrid modality that uniquely combines optical excitation with ultrasonic detection,
thereby overcoming key limitations of conventional optical and clinical imaging techniques. Unlike
traditional optical methods that rely on weakly penetrating ballistic photons, PAI detects ultrasound
waves generated by optical absorption, allowing high-resolution imaging at depths far beyond the
optical diffusion limit. Because acoustic waves scatter minimally in soft tissue, PAI preserves spatial
resolution even at depths of several millimeters to centimeters beneath the surface.

PAl is inherently sensitive to optical absorption, making it exceptionally powerful for molecular
and functional imaging[61]. By selecting excitation wavelengths matched to specific absorption
spectra, PAI can differentiate a wide range of endogenous chromophores, including hemoglobin,
melanin, lipids, and water, thereby enabling anatomical, functional, metabolic, and histological
imaging without ionizing radiation. The use of exogenous absorbers, including organic dyes,
nanoparticles, and genetically encoded probes, further enhances sensitivity and enables deep-tissue
molecular imaging under clinically safe laser exposure limits.

Compared with established clinical modalities, PAI offers a unique balance of penetration depth,
spatial resolution, and contrast[35,36]. MRI provides excellent soft tissue contrast but suffers from
long acquisition times and limited temporal resolution. PET and SPECT enable high sensitivity but
are constrained by poor spatial resolution and reliance on ionizing radiation, limiting longitudinal
studies. X-ray CT similarly employs ionizing radiation and lacks molecular specificity, while
conventional ultrasound imaging provides limited contrast beyond vascular structures [62,63]. PAI
bridges these gaps by delivering high-resolution, noninvasive imaging with rich optical contrast at
clinically relevant depths.

The advantages of PAI are increasingly supported by translational and early clinical
investigations, particularly in oncology[35]. Studies using prototype PAI systems for breast imaging
have demonstrated the ability to visualize tumor-associated vascular patterns and reduced
hemoglobin oxygenation relative to surrounding healthy tissue, enabling differentiation between
benign and malignant lesions and improved lesion delineation [64]. Multispectral imaging
implementations have further enabled discrimination of sentinel lymph node metastases in
melanoma by separating melanin-derived signals from hemoglobin absorption, addressing a major
challenge in conventional nodal assessment. Beyond breast and melanoma applications, PAl-based
analyses of hemoglobin oxygenation and lipid content have shown promise in distinguishing
malignant from benign tissue in prostate, thyroid, and ovarian specimens [61,65]. Together, these
findings underscore the growing potential of PAI as a complementary clinical imaging modality
capable of noninvasive functional and molecular characterization of disease.

An additional advantage of PAI is its scalable resolution, which can be tuned by adjusting the
detected acoustic frequency, enabling multiscale imaging from cellular and tissue levels to whole-
organ and small-animal imaging using the same optical contrast mechanism [66]. This versatility has
driven rapid advances in preclinical research and growing clinical translation, including functional
brain imaging [67,68], whole-body small-animal imaging[69,70], human organ visualization[71,72],
and emerging machine learning-assisted reconstruction techniques[73,74]. Overall, PAI represents a
powerful complementary modality that uniquely integrates depth, resolution, and molecular
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specificity, positioning it as a transformative tool for biomedical research and future clinical
applications. Table 1 compares PAI with other imaging modalities in terms of resolution, sensitivity,
and application.

4. Functional and Contrast-Enhanced PAI

Functional PAI exploits the intrinsic optical absorption of endogenous chromophores, including
hemoglobin, lipids, and water, to noninvasively assess physiological and metabolic processes[26,75].
Multispectral acquisition allows quantitative mapping of parameters such as blood oxygen
saturation, hemoglobin concentration, and hemodynamic changes, providing valuable insight into
tissue perfusion, oxygen utilization, and organ function. In contrast, contrast-enhanced PAI employs
exogenous photoabsorbing agents to further improve sensitivity and molecular specificity[76,77].
These agents, ranging from small organic dyes to engineered nanoparticles, are designed to generate
strong photoacoustic signals, enabling visualization of weakly absorbing structures and targeted
molecular events. Continued advances in contrast agent design are expanding the diagnostic and
theranostic potential of PAI, supporting its growing role in biomedical imaging and precision
medicine.

4.1. Endogenous Contrast Mechanisms

Several natural tissue components, including hemoglobin, melanin, lipids, collagen, elastin, and
water, act as intrinsic optical absorbers and form the basis of this molecularly sensitive, label-free
imaging strategy, which is well suited for rapid clinical translation (Figure 4A)[78]. These
endogenous chromophores exhibit distinct absorption profiles across the near-infrared (NIR)
window (approximately 700-1100 nm), allowing wavelength selection to optimize photoacoustic
contrast from specific tissue constituents.

Hemoglobin serves as a highly effective intrinsic absorber for photoacoustic signal generation
across the visible and near-infrared spectral regions[79]. Beyond structural visualization of blood
vessels, PAI enables assessment of vascular function by exploiting wavelength-dependent optical
properties of hemoglobin. In particular, the relative concentrations of oxygenated (HbO,) and
deoxygenated hemoglobin (Hb) can be quantified, as oxygen binding induces characteristic
alterations in hemoglobin’s absorption spectrum[80,81]. By acquiring photoacoustic signals at
multiple visible and near-infrared wavelengths, it is possible to estimate blood oxygen saturation and

Table 1. A comparison of various imaging modalities with PAI
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distinguish oxygen-rich from oxygen-poor regions within tissues. This capability allows real-
time, in vivo mapping of both vascular architecture and oxygenation status, providing valuable
insights into a wide range of physiological and pathological conditions. Photoacoustic assessment of
hemoglobin oxygenation has been applied to the study of tumor hypoxia[82], tissue regeneration
during wound healing[83], ischemic injury such as stroke[84], impaired placental oxygen
delivery[81], and functional processes within the brain[85]. Together, these applications highlight the
versatility of hemoglobin-based photoacoustic contrast for diagnosing disease and monitoring
dynamic biological processes.

Representative demonstrations of blood-derived contrast in PAI are illustrated in Figure 4. One
example shows a depth-resolved maximume-intensity projection of vascular networks in the human
palm acquired at 795 nm, where color mapping indicates vessel depth (Figure 4A)[86]. This image
reveals clear stratification of the vascular anatomy, with major arterial structures such as the
superficial palmar arch and digital arteries positioned deeper within the tissue than the superficial
venous network. In addition to structural visualization, PAI supports functional assessment of tissue
physiology. As shown in Figure 4B, wavelength-dependent imaging enables mapping of blood
oxygen saturation within the somatosensory cortex during electrically evoked neural activity,
allowing simultaneous observation of microvascular architecture and dynamic oxygenation changes
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[87]. This ability to image both normal and pathological vasculature underlies the value of PAI in
cancer detection, particularly in breast tissue. An example of whole-breast vascular imaging is
presented in Figure 4C, where depth-encoded visualization provides three-dimensional insight into
vascular distribution throughout the tissue, offering a comprehensive view of breast vasculature
relevant for diagnostic evaluation[88].

(A) (B)

50 um Norm. PA amplitude

o) 04—1
(C) (D)

® .. .

Figure 4. Endogenous contrast-based PAI application. (A) Maximum-intensity projection photoacoustic (PA)
image showing the vascular network of the palm acquired at 795 nm, where the color scale indicates imaging
depth. Reproduced with permission from [86], Copyright 2018, Nature Publishing group. (B) Photoacoustic
oxygen saturation map of the somatosensory cortex recorded during electrical stimulation. The blue box
highlights the selected region of interest used for subsequent functional imaging analysis. Reproduced with
permission from[87]. Copyright 2020, SPIE. (C) Photoacoustic computed tomography image illustrating the
vascular architecture of the right breast in a healthy female volunteer, with depth information represented
using a color-coded scale. Reproduced with permission from [88]. Copyright 2018, Nature Publishing group.
(D) Composite maximum-amplitude projection (MAP) images obtained by projecting the maximum
photoacoustic signals along the z-axis. Blood vessels (584 nm) are pseudo-colored red, and melanoma (764 nm)
is pseudo-colored brown. Six hierarchical levels of vascular branching (1-6) are visible. (E) Three-dimensional
reconstruction of the melanoma from 764 nm data. MAP images projected along the x- and y-axes are shown
on the side walls, and the composite image from D is displayed at the bottom. The tumor surface is located 0.32
mm below the skin, with a thickness of 0.3 mm. Reproduced with permission from [89]. Copyright 2006,
Nature Publishing group.

The strong hemoglobin contrast also makes PAI exceptionally powerful for characterizing
vascular structure and function across different spatial scales[90]. From resolving microvascular
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networks to assessing larger vessel architecture, PAI provides scalable resolution at depths beyond
the reach of purely optical techniques. This capability has been widely applied to study vascular
remodeling in tumors, where abnormal vessel organization and hypoxia are hallmarks of disease
progression, as well as in metabolic disorders such as diabetes, where micro- and macrovascular
dysfunction play a central role[35,42]. In addition, PAI has demonstrated promise in imaging
specialized vascular beds, including lymph nodes and chorioretinal tissues, highlighting its potential
for both basic biological discovery and future clinical translation in vascular diseases[91].

Melanin also produces intense photoacoustic signals and has been successfully explored for
melanoma detection [92]. Melanin has a broad absorption spectrum that spans from visible light to
near infrared region (NIR) wavelengths (400-1064 nm) and thus allows for a wide range of excitation
wavelengths to be used in PAI Melanin present in ocular tissues such as the uvea and is highly
concentrated in pigmented tumors, including ocular melanoma[93]. PAI studies have shown that
melanin generates stronger signals at shorter wavelengths (e.g., 532 nm) compared to longer
wavelengths (e.g., 1064 nm), reflecting its wavelength-dependent absorption, while longer
wavelengths provide greater imaging depth [79]. High-resolution photoacoustic microscopy has
further enabled differentiation between retinal pigment epithelium and choroidal melanin, aided by
optical modeling approaches to optimize spatial resolution [94,95]. Beyond ocular applications,
photoacoustic detection of melanin has been explored for identifying circulating melanoma cells,
offering potential benefits for melanoma diagnosis and treatment monitoring [96]. While near-
infrared wavelengths can enhance contrast between melanin and hemoglobin, limited penetration
depth restricts detection of thicker or deeply located lesions. Spectral overlap between melanin and
blood remains a challenge, though advanced spectral analysis and three-dimensional image
reconstruction approaches have improved sensitivity and enabled visualization of small melanoma
features that are difficult to resolve using conventional two-dimensional imaging. Langhout and co-
workers advanced spectral photoacoustic analysis by systematically evaluating the absorption
signatures of multiple chromophores across the 680-970 nm range [97]. While this approach enabled
differentiation between hemoglobin and melanin, detection of small melanoma lesions remained
challenging due to insufficient photoacoustic signal intensity, resulting in poor agreement with the
expected spectral signature. This limitation was later addressed by Zhang and colleagues, who
employed depth-resolved reconstruction of photoacoustic z-stacks acquired at 764 nm to generate
three-dimensional morphological representations (Figure 4D) [89]. The resulting volumetric imaging
strategy improved feature visibility and allowed identification of melanoma structures that were not
discernible using conventional two-dimensional PAI (Figure 4E).

In contrast, although lipids, collagen, elastin, and water can contribute to endogenous
photoacoustic contrast and are valuable in other biological contexts, their relevance in oncology
remains limited[79] . Their comparatively weaker absorption in the near-infrared region and lower
signal-to-noise ratios reduce their reliability for robust tumor visualization when compared with
hemoglobin-based contrast.

4.2. Exogenous and Functional Enhancement Strategies

Endogenous photoacoustic contrast is inherently constrained by the narrow optical absorption
range of native biomolecules, limiting both imaging depth and molecular specificity. In contrast,
recent advances in the design of organic dyes and nanomaterials with tunable absorption spanning
the NIR-I and NIR-II windows have significantly expanded the capabilities of PAI [75,98]. These
exogenous contrast agents can be engineered to exhibit red-shifted absorption profiles that minimize
interference from intrinsic chromophores, enabling deeper tissue penetration and more selective
visualization of cellular and molecular processes beyond conventional anatomical and functional
imaging. An effective exogenous photoacoustic probe must combine strong, spectrally distinct signal
generation with molecular or cellular targeting capability. Typically, such agents comprise a signal-
producing core coupled to a targeting moiety, with the mode of assembly dictated by their chemical
properties and stability. Simple surface-conjugation strategies are commonly employed for inorganic
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nanostructures, whereas hydrophobic small-molecule dyes are frequently incorporated into
polymer-based carriers to confer aqueous solubility and biological targeting [99]. Table 2 represents
a range of exogenous contrast agents used for the PAI for various disease.

Table 2. List of various exogenous contrast agents for PAL

Exogenous Contrast Size Absorpti Application Ref
agents on (nm)
Small organic

contrast agents

Indocyanine green ~2nm 810 In vivo mouse imaging [100,1
01]

BSA-Cerium-ICG 28 nm 790 Endometriosis detection [102]

Methylene blue ~2 nm 650-700 In vivo imaging for sentinel lymph [103,1
node; Monitoring of drug release 04]

Evans Blue <2nm 610 In vivo capillary imaging. [105,1
in vivo mouse brain imaging 06]

Phthalocyanine <2nm 759 DNA-based nanosensor for interferon [107]

Gamma detection

NIRb14 Dye <2nm 800 In vivo imaging for 4T1 tumor-bearing [108]
mice; PTT for 4T1 tumor-bearing mice

BODIPY-Xanthene Not 700-1000  Intestinal and whole-body vasculature  [109]
Hybrids reported nm
Perylene Diimide 70 nm 400-800 In vitro PAI [110,1
NPs 48 nm nm Brain tumor imaging 11]
700 nm
Inorganic
Nanoparticles
Gold nanorod Aspect 700 nm Imaging of inflammatory response [112,1
ratio: 2 13]
Gold nanorod L: 780 nm Endometriosis detection and PTT [16]
52.75n
m
W:
20.71n
m
Miniature gold L49nm  1000-1700  Molecular imaging of tumor targeting [114]
nanorod W: 8 nm nm via gastrin-releasing peptide receptor
Gold sphere 20 nm 700-780 Intravascular imaging of macrophages  [115,1
nm 16]
Gold-Silver hybrid W: 12— 530, 800 Monitoring silver release for [117]
nanorods 14 nm L: nm antibacterial treatment
50-55
nm
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Thickne
ss: 10
nm
Prussian blue L:Small: 700 nm In vivo imaging of mouse abdomen [118,1
20 nm upon subcutaneous injection of PBNCs 19]
Medium in Matrigel
:40 nm.
Large:
170 nm
Exosome-Prussian ~70nm  700-750 In vivo brain tumor imaging and PTT [67]
blue nm
Gold nanostar 35 nm 700-900 In vivo tumor imaging [120]

nm
Where W: Width, L: Length for nanoparticles.

4.2.1. Nanoparticles as Exogenous Contrast Agents

Among various exogenous contrasting agents, gold nanoparticles (AuNPs) are a promising
candidate owing to tunable optical absorption, surface chemistry modification and excellent
photothermal conversion efficiencies[116,121]. Since the discovery of local surface plasmon
resonance depends on the AuNPs geometry, a myriad of gold nanostructures, including gold
nanorods (AulNRs), gold nanocages (AuNCs), gold nanoshells (AuNShs), and gold nanostars
(AuNSts) had been synthesized, offering tunable optical windows from 530 to beyond 1000 nm
depending on their anisotropic structure [116].

Among AuNPs, gold nanorods (AuNRs) are among the most widely investigated exogenous
photoacoustic contrast agents due to their straightforward synthesis and the ability to precisely tune
their optical absorption into the near-infrared region by controlling aspect ratio[114,122]. Chen and
co-workers reported the development of ultrasmall AuNRs [(8 +2) nm x (49 + 8) nm] with dimensions
significantly reduced relative to conventional AuNRs, yet maintaining comparable aspect ratios
(Figure 5A)[114]. These miniaturized structures exhibited absorption extending into the NIR-II
window (1000-1700 nm) and produced markedly stronger photoacoustic signals than their larger
counterparts. Modeling studies attributed this enhancement to a size-dependent increase in surface-
to-volume ratio, revealing a quadratic dependence of photoacoustic amplitude on this parameter
when optical absorption is normalized across nanorods of different sizes. In vivo experiments
demonstrated a 4.5-fold increase in PA signal within tumor tissues following AuNR administration,
underscoring the influence of structural properties of nanorods on their optical absorption behavior.
Comparative analysis of small and large AuNRs in tumor-bearing mice revealed that both
nanoparticles achieved tumor targeting when conjugated with GRPR-binding peptides and Cy5
dyes. After 24 hours, non-targeted large AuNRs produced stronger PA signals than smaller
counterparts, likely due to tumor heterogeneity (Figure 5B (i-ii)). In contrast, targeted small AuNRs
generated higher PA signal intensity compared to larger targeted nanorods, emphasizing the critical
role of nanoparticle size in optimizing targeting efficiency and PA imaging performance (Figure
5B(iii-iv)). Despite improved tumor retention, comparable accumulation in clearance organs such as
the liver, kidney, and spleen was observed, reflecting limitations associated with reticuloendothelial
system uptake.

Beyond tumor imaging, AuNRs have been applied in several vascular and inflammatory
imaging contexts [112,115]. Their use as tracers for sentinel lymph node mapping has demonstrated
improved imaging depth and contrast relative to spherical gold nanoparticles. Targeted AuNRs and
gold nanoshells (AuNShs) functionalized against endothelial inflammatory markers, such as ICAM-
1, have enabled intravascular PAI of atherosclerotic lesions and vascular inflammation in preclinical
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models. In addition, polyethylene glycol-modified hollow AuNShs and nanocages (AuNCs) have
been employed for cerebral vasculature imaging following systemic administration, yielding
significantly enhanced vessel visibility compared to endogenous contrast alone[115].

Recent developments have further expanded the functionality of gold-based probes. Gas-
generating AuNPs have been engineered to amplify both ultrasound and photoacoustic signals
through laser-triggered nitrogen release, achieved by conjugating azide-containing compounds onto
polymer-coated gold surfaces[123]. Upon near-infrared excitation, these nanoparticles act as
photocatalysts, generating nitrogen gas that enhances acoustic contrast. Collectively, gold
nanoparticles remain attractive photoacoustic probes owing to their tunable surface plasmon
resonance and well-established gold-thiol chemistry for biomolecular conjugation. However,
challenges remain in achieving robust, scalable synthesis for complex morphologies and ensuring
thermal stability during laser irradiation, often necessitating additional surface modifications such as
silica encapsulation. Furthermore, comprehensive long-term studies are still required to fully assess
the biological fate and potential toxicity associated with gold nanoparticle accumulation in vivo.

AuNRs with a longitudinal absorption peak near 760 nm enabled contrast-enhanced PAI of
ovarian cancer, allowing clear visualization of MDA-4355 xenograft tumors in vivo[124]. To further
amplify photoacoustic output, gold nanoparticles were assembled into chain-like vesicular structures
using block copolymer templates. These chain vesicles exhibited enhanced optical absorption,
generating strong photoacoustic signals at 780 nm and producing an approximately eightfold signal
increase compared with non-assembled gold nanoparticles following subcutaneous administration
in mice (Figure 5C)[125]. Surface-engineered AuNPs have also enabled activatable photoacoustic
contrast mechanisms. Ag-AuNR hybrid nanoparticles were designed with a silver shell that
suppressed the photoacoustic signal originating from the AuNR core (Figure 5D) [117]. Upon
exposure to ferricyanide, the silver layer was selectively removed, releasing silver ions and
unmasking the photoacoustic signal from the underlying AuNRs. This activation produced strong
photoacoustic contrast at 750 nm while simultaneously delivering potent antibacterial activity
exceeding 99.99%. In vivo PAI before and after silver etching confirmed real-time silver ion release
through marked changes in photoacoustic signal intensity (Figure 5E).

Silver nanostructures have also been explored as plasmonic contrast agents for PAI due to their
strong localized surface plasmon resonance and morphology-dependent optical properties.
Compared with gold-based nanoparticles, silver exhibits sharper plasmon bands and approximately
10% higher optical absorption, resulting in enhanced photoacoustic signal generation. At the same
time, Ag presents important limitations, primarily due to its higher chemical reactivity relative to Au,
which can affect colloidal stability and biological compatibility. To combine the stronger plasmonic
performance of Ag with the chemical inertness of Au, Lee and colleagues developed porous Ag-Au
alloy nanoparticles (pAgAuNPs). In whole-body in vivo mouse imaging, these porous alloyed
particles generated substantially higher photoacoustic signals than standard AuNPs, with reported
enhancements of approximately 2.7-fold. Beyond Ag—Au alloy systems, other noble-metal pairings,
including Pt-Ag and Pd-Pt configurations, have also been explored to fabricate plasmonic
architectures with tunable optical properties.
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Figure 5. Gold nanoparticle based exogenous contrasting agents for PAI (A) Schematic representation and

(B) representative photographs of photoacoustic (PA) imaging in tumor-bearing mice (m1-m4) following
administration of large and small AuNR formulations. Panels (i, ii) show PA images of non-targeted large and
small AuNRs, respectively, while panels (iii, iv) display PA images of GRPR-targeted large and small AuNRs.
The color-coded PA signal maps are superimposed onto corresponding ultrasound images to provide
anatomical context. Reproduced with permission from [114]. Copyright 2019, Nature publishing group. (C)
Schematic depiction of the preparation of BCP-AuNP vesicles, along with their optical absorption
characteristics and contrast-enhanced photoacoustic (PA) images. Reproduced with permission from [125].
Copyright 2015, Wiley Publishers. (D) Illustration of the photoacoustic signal modulation in the presence and
absence of a silver (Ag) coating. (E) Combined PA and ultrasound (US) images acquired before and after silver
etching. Abbreviations: PA, photoacoustic; US, ultrasound; BCP, block copolymer; AuNP, gold nanoparticle;
AuNR, gold nanorod; Ag, silver. Reproduced with permission from[117]. Copyright 2018, American Chemical
Society.

Beyond metal nanoparticles, inorganic dye-based nanomaterials such as Prussian blue
nanoparticles (PBNPs) have emerged as versatile platforms for multimodal photoacoustic contrast
[67,118]. A key advantage of Prussian blue lies in its long history of clinical use and established FDA
approval, underscoring its favorable biocompatibility profile. PBNPs are known for its strong
photothermal therapy applications[119]. Building on this concept, size-controlled photomagnetic
Prussian blue nanocubes have been synthesized by Dumani et al. using superparamagnetic iron
oxide nanoparticles as sacrificial templates [118]. These nanocubes exhibit strong magnetic responses
along with pronounced optical absorption near 700 nm, enabling their use as stable, dual-function
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contrast agents for both magnetic resonance imaging and photoacoustic tomography in vivo. Meghan
and colleagues recently reported the development of PBNPs coated with exosomes derived from U-
87 glioblastoma cells as a targeted diagnostic platform for PAI of glioblastoma [67]. Owing to their
high photothermal conversion efficiency, these exosome-coated nanoparticles were also evaluated
for photothermal therapy, resulting in approximately 50% tumor growth inhibition in both in vitro
and in vivo models. PAI studies further demonstrated the superior tumor-targeting capability of the
exosome-coated PBNPs compared with PEGylated and RGD-functionalized counterparts.

4.2.2. Carbon Nanotube as Exogenous Contrast Agent

Carbon nanotubes (CNTs) have emerged as promising exogenous contrast agents for PAI owing
to their strong and broadband optical absorption in the visible and near-infrared regions, which
enables high-contrast imaging with improved penetration depth and spatial resolution[126-128].
Single-walled carbon nanotubes (SWNTs) generate robust photoacoustic signals even at low laser
fluence due to efficient NIR light absorption and thermal confinement[127,129]. Their photoacoustic
performance can be dramatically enhanced through molecular functionalization; for example,
conjugation with indocyanine green (ICG) increases optical absorbance by up to 20-fold at ~780 nm
and yields a ~300-fold improvement in detection sensitivity compared with unmodified SWNTs in
vivo imaging study [127]. At this wavelength, background tissue absorption is minimal, further
improving signal-to-noise ratios. Notably, ICG exhibits optical absorption efficiencies approximately
7-fold higher than SWNTs and ~8500-fold higher than commercial gold nanorods on a per-weight
basis, underscoring the strong photoacoustic sensitization achieved through SWNT-ICG hybrid
systems.

Beyond signal enhancement, CNTs offer substantial versatility for targeted, multimodal, and
theranostic photoacoustic applications [126]. Gold-plated CNTs, or golden carbon nanotubes (GNTs),
integrate the plasmonic properties of gold with the lightweight, hollow cylindrical structure of CNTs,
resulting in exceptionally high NIR contrast (up to ~102-fold enhancement), efficient photothermal
conversion, and low material dose requirements [130]. These properties have enabled combined
photoacoustic and photothermal tumor imaging and ablation with minimal observed toxicity in
preliminary studies. CNTs can also be functionalized for molecular targeting, as demonstrated by
RGD-conjugated SWNTs that selectively bind avf3 integrins and increase tumor photoacoustic
signal by 8-fold in glioma xenograft models [127]. Antibody [131], hypoxia[132], and inflammation-
targeted CNTs have further enabled sensitive imaging of early tumors [133], atherosclerotic
plaques[134], and disease-associated immune cell infiltration [135] using PAIL In addition to
oncology, CNT-based agents have been applied to vascular and lymphatic mapping, including
sentinel lymph node imaging. They can act as nanoscale photoacoustic emitters capable of generating
high-frequency, broadband ultrasound for imaging, drug delivery, and gene transfection[130,136].
Collectively, these studies highlight CNTs as multifunctional PAI platforms that combine high
sensitivity, molecular specificity, and therapeutic potential.

4.3. Organic Dyes as Exogenous Contrast Agents

Organic dyes, which can absorb light in NIR-I and NIR-II, are widely used as exogenous contrast
agents for PAI and for various biomedical applications[98,137,138]. FDA-approved dyes such as
methylene blue (MB), Evans blue (EB), and indocyanine green (ICG) are widely used as PA contrast
agents that absorb light in NIR region I. Dyes with moderate to low fluorescent quantum yields poses
high thermal conversion efficiencies which in turn enhance the PA signal intensity.

4.3.1. Organic Dyes as Contrast Agents with Low NIR Absorption (650-800 nm)

Small-molecule optical dyes have been among the earliest and most widely used contrast agents
for lymphatic PAI due to their strong absorption in the visible and near-infrared regions of the
spectrum. In rat models, local forepaw injection of MB enabled clear visualization of sentinel lymph
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nodes (SLNSs), yielding approximately a twofold increase in photoacoustic signal intensity relative to
control images when excited at 635 nm[139]. Comparable signal enhancement (~2x) was also
observed in SLNs following administration of EB, indicating that blue dyes with high visible
absorption can effectively accumulate in lymphatic structures and generate measurable
photoacoustic contrast[140]. Beyond free-dye solutions, stimulus-responsive contrast formulations
have been developed to enable functional control over photoacoustic signal generation. Dye-loaded
microbubbles containing MB were engineered to support combined photoacoustic and ultrasound
imaging, with both modalities exhibiting signal changes that scaled with microbubble
concentration[141]. Importantly, exposure to high-intensity ultrasound pulses induced microbubble
rupture, resulting in a pronounced 2.5-fold increase in photoacoustic signal output. This acoustically
triggered enhancement demonstrates the feasibility of externally controlled contrast activation,
enabling dynamic modulation of photoacoustic signals for biomedical investigations.

In addition to visible-absorbing dyes, near-infrared chromophores such as indocyanine green
(ICG) have become central to contrast-enhanced PAI owing to their strong absorption in the first
near-infrared window and favorable tissue penetration depth[142,143]. ICG-based imaging enabled
clear delineation of lymphatic vessels from the surrounding blood vasculature in rat models,
achieving photoacoustic signal enhancements of approximately 4.3-fold[144]. Notably, the higher
fluorescence quantum yield of ICG compared with methylene blue and Evans blue allows
simultaneous acquisition of fluorescence signals from SLNs. This property has been exploited for
dual-modal photoacoustic and fluorescence imaging, as demonstrated in organ-specific applications
such as bladder imaging following systemic or local ICG administration.

Beyond static contrast enhancement, organic nanostructures have enabled PAI of dynamic
biological responses through activatable and environment-sensitive designs. A pH-responsive
nanoprobe based on a semiconducting oligomer (SO) conjugated with a boron-dipyrromethene dye
exhibited distinct PA responses as a function of local pH (Figure 6A-B) [145]. When administered to
HeLa xenograft tumors in mice, the SO nanoprobes generated tumor-specific PA contrast due to the
acidic tumor microenvironment, as revealed by differential signals at excitation wavelengths of 680
and 750 nm in a ratiometric way (Figure 6C-D). Activatable probes have also been developed to
detect specific biochemical mediators using PAL Nitric oxide (NO)-responsive nanoprobes exhibited
a characteristic optical absorption shift from 770 nm to 680 nm upon NO interaction (Figure 6E)[146].
Multispectral PAI before and after nanoprobe administration in a lipopolysaccharide (LPS)-induced
inflammation mouse model confirmed probe activation, producing a significant PA signal
enhancement relative to controls (Figure 6F). Such approaches enable in vivo spatial mapping of NO
levels, providing insight into inflammatory signaling and tumor-associated pathophysiology.

4.3.2. Organic Dyes as Contrast Agents with High NIR Absorption (800-900 nm)

Naphthalocyanine-based agents have emerged as promising NIR chromophores, with tunable
absorption typically spanning the 800-1000 nm range [147]. Pioneering work by Zhang and co-
workers demonstrated the feasibility of naphthalocyanines as in vivo photoacoustic contrast agents
for imaging the gastrointestinal tract in mice [148]. Subsequently, a library of naphthalocyanine
derivatives with precisely tunable optical windows was developed and employed as multicolor
contrast agents for PAI of lymphatic networks in rats. In one representative study, two derivatives
with absorption maxima at 707 nm and 860 nm were independently injected into the left and right
forepaws of mice, enabling dual-color PAI that successfully delineated the lymphatic drainage
pathways on each side [149]. Beyond lymphatic imaging, naphthalocyanines formulated into
nanostructures have been applied for PAI of 4T1 breast tumors and for photothermal therapy[150].
In addition, naphthalocyanine-loaded nanodroplets have been explored for high-intensity focused
ultrasound (HIFU)-mediated tumor ablation, with treatment monitored by combined photoacoustic
and ultrasound imaging [151]. Naphthalocyanine dyes were encapsulated within perfluorohexane to
create nanodroplets optimized for effective HIFU ablation. The resulting formulation exhibited a
strong optical absorption maximum at 850 nm, and its in vivo imaging performance was validated
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following intravenous administration. Contrast-enhanced photoacoustic images were successfully
obtained from MDA-MB-435S xenograft tumor regions in mice. Beyond imaging, the therapeutic
efficacy of HIFU ablation was systematically evaluated, demonstrating enhanced treatment outcomes
when guided by photoacoustic contrast. In vivo PA/US-guided HIFU studies revealed that these
nanodroplets enhanced cavitation effects, promoted tumor cell necrosis and apoptosis, and
significantly suppressed tumor growth for up to 12 days.
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Figure 6. Ratiometric PAI using organic dyes. (A) Schematic illustration of the doping-induced photoacoustic

(PA) signal amplification and the underlying pH-sensing mechanism. (B) PA images of the SON50 solution at
different pH conditions (7.4, 6.4, and 5.5). Ratiometric imaging was performed using a pulsed laser tuned to
680 nm and 750 nm. (C) PA images and (D) corresponding ratiometric signals (AP Aggo/APA750) obtained from
muscle and tumor tissues following local administration of SON50 (10 uL, 10 ug mL™"). Representative PA
maximum intensity projection (MIP) images in the coronal view are shown. Reproduced with permission from
[145]. Copyright 2016, Wiley Publishers. (E) Schematic for the signal switching for an NO- activated PA Probe.
(F) Representative photoacoustic (PA) images demonstrating the response of APNO-5 to endogenous nitric
oxide (NO) in a murine LPS-induced inflammation model. PA images were obtained from the mouse flank
after subcutaneous administration of LPS or saline, followed by injection of APNO-5 (68 ug kg). APNO-5 and
its transformed product (tAPNO-5) were selectively imaged at 770 nm and 680 nm, respectively. Reproduced
with permission from [146]. Copyright 2018, American Chemical Society.
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4.3.3. Organic Dyes as Contrast Agents with High NIR Absorption (>1000 nm)

Semiconducting polymeric nanoparticles (SPNs) and their polymeric counterparts can be used
for NIR-II imaging applications owing to their combination of donor-acceptor moieties in the
backbones. Jiang et al. fabricated SPNs with one donor and two acceptors, and this special structure
allowed an optical absorption window at 750 and 1100 nm for the material (Figure 7A) [152]. PAI
under NIR-I (750 nm) and NIR-II (1064 nm) excitation was evaluated in rat brain models following
intravenous administration of the SPNs (Figure 7B). Notably, NIR-II excitation produced a 1.5-fold
enhancement in signal-to-noise ratio compared with NIR-I excitation, highlighting the advantages of
longer-wavelength excitation for deep-tissue imaging. In a related study, a metabolizable SPN
formulation was developed that degrades into ultrasmall (~1 nm) fragments readily cleared by
phagocytic pathways[153]. This SPN exhibited strong absorption near 1079 nm, enabling contrast-
enhanced PA imaging at 1064 nm excitation. Using this platform, deep transcranial PA imaging was
achieved with high signal fidelity, yielding signal-to-noise ratios of 4.6 for tumor regions and 2.3 for
vascular structures.

Zhang et al. reported metabolizable SPNs with strong absorption extending from ~1079 nm to
~1300 nm, which generated significantly enhanced photoacoustic contrast following systemic
administration in 4T1 tumor-bearing mice, yielding approximately twofold signal enhancement and
enabling deep transcranial imaging with high signal-to-noise ratios for both tumor and vascular
structures (Figure 7C-D) [154]. Building on this design strategy, Guo et al. developed an alternative
two-acceptor SPN formulation optimized for 1064 nm excitation, achieving high-resolution PAI of
the cerebral cortex vasculature with a signal-to-noise ratio of 22.3 at depths approaching 1 mm
through the intact skull[155]. Collectively, these studies highlight the versatility of two-acceptor SPN
architectures for wavelength-tunable, deep-tissue PAI with improved sensitivity and penetration
depth.

5. Dynamic Contrast-Enhanced PAI (DCE-PAI)

Dynamic contrast-enhanced (DCE) PAI combines DCE imaging with PAI, which tracks the
contrast agent uptake using light and ultrasound. This technique offers non-invasive detection of
various disease models, tissue vascularity, perfusion, etc. Yang et al. used this technique for chronic
wound curing and vascular perfusion studies [156].. OE-PAI was performed at different time points
(days 0, 3, 6, and 9). Immediately following wound formation, levels of oxyhemoglobin (HbO;),
deoxyhemoglobin (Hb), total hemoglobin (HbT), and blood oxygen saturation (sO,) are higher than
in wounded tissue, reflecting increased local blood content and oxygenation. By day 3, these metrics
declined markedly, preceding the measurable reduction in wound size observed at day 6. A
continued downward trend was observed through days 6 and 9, although values remained above
baseline, consistent with incomplete wound resolution at the final time point. Comparable temporal
patterns were observed under both normoxic and hyperoxic breathing conditions, except for oxygen
saturation at day 3 during hyperoxic exposure. DCE-PAI revealed slow ICG clearance immediately
after wounding (day 0), followed by progressively faster wash-out on days 3, 6, and 9, consistent with
advancing wound healing. Quantitative analysis over both short (120-180 s) and full (120-657 s)
intervals showed significant differences between day 0 and later time points, with higher exponential
wash-out rates on days 3-9 (p <0.0001). Analysis at 800 nm, which provided superior signal-to-noise
compared with 780 nm due to an in vivo red-shift of ICG absorption, reproduced these findings.
These results indicate that single-wavelength DCE-PAI at 800 nm is sufficient for quantitative
perfusion assessment without spectral unmixing.
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Figure 7. NIR-II organic probes for photoacoustic imaging. (A) Schematic illustration of SPN-II nanoparticles

for NIR-II PAI applications. (B) Representative PA images of the rat cortex acquired 70 min after intravenous
administration of SPN-II, recorded at 750 and 1064 nm. SPN-II was injected via the tail vein at a dose of 1.8 mg
per rat (n = 3). Reproduced with permission from [152]. Copyright 2017, American Chemical Society. (C)
Chemical structure of the semiconducting polymer materials used for NIR-II imaging. (D) PA/ultrasound co-
registered images of tumors without SPNs2-3 injection (control) and after intratumoral injection of SPNs2-3
(50 puL, 500 pg mL1). Dashed circles indicate the tumor region. Reproduced with permission from [154].
Copyright information 2019, RSC publishing group. .

In another study, Chen et al. used DCE-PAI for photothermal stimulation of nanoparticles for
tumor ablation studies [157]. PNIPAM polymers were loaded with AuNR and CuS spheres. After
heating above LCST, the nanogels shrink in size, and at room temperature, they show average
diameter of 700 nm (+70 nm). PAI showed PNIPAM AuNR generated PA signal intensity 3.5 times
higher than that of AuNR alone. Once the temperature exceeds the LCST, it shows an abrupt
additional intensity enhancement of 2.5 times. This increment happens as the temperature transitions
from 27 to 32°C, near the LCST of PNIPAM. Similar photoacoustic signal characterization is
performed using PNIPAM-CuS nanoconstructs and CuS NSs alone. The spherical nature of CuS NSs
provides PNIPAM-CuS with a better photothermal stability than PNIPAM-AuNR, which can
contribute to an improved repeatability as reusable stimuli-responsive agents. Although its trend in
photoacoustic intensity increase is similar to that of PNIPAM-AuNR, the enhancement factor of
PNIPAM-CuS is slightly different: 2- and 5.5-times clustering enhancements are observed at
background temperatures lower and higher than the LCST, respectively. This difference can be
attributed to the inherently lower absorption cross-section of the CuS NSs, which requires the
nanoparticles to pack more densely to achieve a comparable signal enhancement.

6. Application of PAI for Gynecological Disorders

Gynecological diseases represent a major global health concern, with some conditions leading
to severe complications such as infertility [2]. Disorders such as vaginitis affect nearly 75% of women
worldwide at least once in their lifetime, while gynecological cancers—including ovarian and cervical
cancers—continue to pose significant clinical challenges. For example, ovarian cancer is diagnosed in
approximately 314,000 women globally, and despite advances in treatment, the five-year survival
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rate remains below 50%[158]. Similarly, cervical cancer accounted for around 604,000 new cases and
342,000 deaths worldwide in 2020, primarily caused by oncogenic strains of human papillomavirus
(HPV), particularly types 16 and 18[159]. These statistics highlight the urgent need for improved
diagnostic and therapeutic strategies.

Gynecological diseases are broadly categorized into inflammatory conditions and tumors.
Inflammatory disorders such as vaginitis, cervicitis, and endometritis are often caused by infections
or hormonal imbalances, whereas tumors include cancers of the cervix, ovary, vulva, and
endometrium. Current treatments mainly involve antibiotics, antifungal drugs, surgery,
chemotherapy, radiotherapy, targeted therapy, and immunotherapy[160]. However, these
conventional treatments face several limitations, including drug resistance, poor targeting ability,
high recurrence rates, and systemic toxicity[161-163]. In addition, many gynecological tumors
remain asymptomatic during early stages, and inadequate screening methods often result in
diagnosis at advanced stages[164]. The nonspecific distribution of small-molecule chemotherapeutic
agents following intravenous administration further reduces drug accumulation at tumor sites while
increasing systemic side effects[165]. These challenges highlight the urgent need for minimally
invasive diagnostic tools, targeted therapies, and real-time monitoring strategies to improve
treatment outcomes while preserving fertility and minimizing off-target side effects.

In this context, advanced imaging technologies play a crucial role in improving early detection
and treatment monitoring. Among these, PAI has emerged as a promising non-invasive technique.
PAI enables deep-tissue visualization, high spatial resolution, and molecular-level detection of
disease biomarkers, making it particularly valuable for early screening and diagnosis, prognostic
assessment, and real-time monitoring of therapeutic responses in gynecological disorders. By
integrating targeted molecular probes with PAIL it may become possible to detect inflammatory
processes and tumors at earlier stages, ultimately improving clinical outcomes for patients with
gynecological diseases.

6.1. PAI for Uterine and Endometrial Microvessel Disorders

Complementing biological and nanomaterial-focused studies, system-level developments have
addressed the practical requirements for noninvasive pelvic imaging. Photoacoustic spectroscopy
and hybrid ultrasound—photoacoustic platforms designed for abdominal cavity imaging emphasize
the importance of illumination geometry, acoustic detection sensitivity, and real-time imaging
capability for clinical deployment [27]. Related work in adjacent uterine pathologies, such as
intrauterine adhesions, further supports the value of functional photoacoustic metrics, including
oxygenation and perfusion, for grading disease severity, suggesting that similar quantitative
biomarkers could be adapted for endometriosis assessment [166]. Intrauterine adhesion (IUA) is the
secondary reason for infertility in women. In a recent study, Dong et al. showed that endometrial
oxygen saturation can correlate with IUA using PAI, overcoming limitations of ultrasound-only
diagnosis (Figure 8A)[166]. In this study, IUA was established in a rat model through mechanically
induced uterine injury to mimic fibrosis and adhesion formation. The animals were subsequently
examined using both PAI and high-frequency ultrasound imaging to compare diagnostic
performance. Ultrasound imaging provided anatomical visualization of the uterine structure, while
PAI measured hemoglobin-related optical absorption signals to assess vascularity and tissue
oxygenation. The results showed that adhesion regions exhibited reduced vascular signals and
altered oxygenation patterns, which PAI detected more clearly than by ultrasound alone.
Quantitative analysis demonstrated that PAI enabled more sensitive evaluation of adhesion severity
and functional tissue changes, highlighting its advantage for noninvasive assessment and monitoring
of IUA (Figure 8B).

Endometrial microvessels provide oxygen and nutrients to the embryo, and they are of
significant importance in evaluating endometrial receptivity. Endoscopic PAI is used to study such
microvessel systems, which enabled real-time, high-resolution visualization of endometrial
microvessels and blood perfusion using endogenous hemoglobin contrast, outperforming
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conventional ultrasound in functional vascular assessment [167]. Figure 8C-I compares endometrial
microvascular imaging in normal rats using multiple imaging modalities. The endometrium
exhibited a dense, basket-like vascular organization consistent with previously reported anatomical
observations. MicroCT imaging following contrast administration provided a macroscopic overview
of uterine vasculature; however, fine microvascular structures were not clearly resolved in either the
original or magnified views (Figure 8C). In contrast, PAI enabled detailed visualization of the
endometrial vascular network, with three-dimensional reconstructions revealing continuous
microvessel architecture (Figure 8D). Compared with the 3D datasets, two-dimensional
photoacoustic slices displayed partial vessel discontinuity due to limited sectional information
(Figure 8E). Histological validation using CD31 staining confirmed the abundance of superficial
endometrial microvessels, although detailed structural morphology could not be fully appreciated
from histology alone (Figure 8F). Sequential B-scan imaging using endoscopic ultrasound, PAI and
their merged outputs further demonstrated depth-resolved vascular patterns, clearly revealing
microvessel distribution within the tissue (Figure 8G-I). Signal analysis indicated that the strongest
photoacoustic response originated from a depth of approximately 1.22 mm, corresponding to an
effective imaging penetration of at least 470 um.

6.2. PAI for Endometriosis

Endometriosis (EM) is a common gynecological condition in which endometrial-like tissue
grows outside the uterus, leading to chronic pelvic pain, infertility, and reduced quality of life for
millions of women globally[10,102,168]. Despite its prevalence and clinical burden, EM remains
difficult to diagnose, often resulting in prolonged diagnostic delays and disease progression.
Conventional imaging tools, including ultrasound, MRI, and CT, have been used for decades but
exhibit notable limitations. CT is primarily useful for thoracic manifestations but is less sensitive for
pelvic lesions. MRI can identify deep-infiltrating disease but requires cycle-dependent timing,
pharmacological bowel suppression, and still fails to reliably detect small or superficial lesions.
Ultrasound is similarly constrained
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Figure 8. Application of PAI for uterine diseases. (A) Representative images from ultrasound and PAI in
control rats (F0) and rats with mild (F1), moderate (F2), and severe endometrial fibrosis (F3). The dotted circle
shows the area where the fibrosis. (B) Represents the box plot indicating the PA oxygen saturation in each case.
*P <.05, #+P < .01, #+*P <.001. Reproduced with permission from [166]. Copyright 2024, Elsevier. (C-I)
Microvessels in normal rat endometrium visualized using multiple imaging modalities. (C) MicroCT image
with corresponding magnified region. (D) Photoacoustic DAP image with magnified view. (E) Photoacoustic
slice at ~300 um depth. (F) CD31 immunostaining of microvasculature. (G-I) Ultrasonic (US) B-scan,
photoacoustic (PA) B-scan with magnified region, and merged US/PA B-scan image. Yellow boxes indicate
representative microvessel regions. US: ultrasound; PA: photoacoustic imaging. Reproduced with permission
from [167]. Copyright 2024, Elsevier.

by poor contrast between lesions and surrounding tissues. As a result, laparoscopic surgery with
histological confirmation remains the diagnostic gold standard, despite its invasiveness and
associated risks[4,169]. These challenges underscore the urgent need for sensitive, specific, and non-
invasive imaging strategies for early EM detection.

Recent progress in biomedical imaging has introduced new opportunities to improve EM
diagnosis and better understand disease pathology[169]. Targeted nanoparticle-based approaches,
such as magnetic nanoparticles functionalized with RGD peptides or folate ligands, have shown
promise for lesion localization using MRI[170]. Among emerging modalities, PAI has attracted
particular interest due to its ability to combine optical contrast with ultrasonic resolution, enabling
real-time, deep-tissue imaging. This technique can leverage endogenous absorbers, such as
hemoglobin and lipids, to visualize vascular and compositional features of tissue. EM lesions, which
undergo cyclic bleeding, exhibit distinct optical absorption signatures that have been successfully
visualized using PAI in preclinical models. However, reliance on endogenous contrast, particularly
at visible wavelengths such as 532 nm, limits penetration depth and reduces sensitivity for deeply
located or weakly vascularized lesions. Additionally, some EM lesions lack sufficient intrinsic optical
contrast, making them difficult to distinguish from surrounding tissue. To address these limitations,
exogenous contrast agents have been explored to enhance photoacoustic signal strength, spectral
tunability, and target specificity. Nanoparticle-based contrast agents enable high signal-to-noise
lesion visualization and can be engineered to target molecular markers associated with EM
pathogenesis [12,20,75]. Beyond imaging, such nanoparticles can also serve therapeutic functions.
Gold -based nanomaterials efficiently convert near-infrared light into localized heat, enabling
photothermal ablation of diseased tissue while sparing adjacent healthy structures [16]. This dual
diagnostic-therapeutic capability highlights the potential of nanoparticle-enabled PAI as a powerful
platform for non-invasive detection and treatment of endometriosis.

6.2.1. PAI for Noninvasive Detection of Endometriosis

Recent preclinical studies demonstrate that both endogenous and exogenous photoacoustic
contrast mechanisms can be exploited to detect, characterize, and monitor endometriotic
lesions[15,171]. Early work using photoacoustic microscopy established the feasibility of imaging
endometriosis-associated vascular remodeling in murine models by leveraging endogenous
hemoglobin contrast [172]. These studies revealed distinct microvascular patterns and perfusion
characteristics associated with lesion development, highlighting the potential of label-free PAI to
probe lesion biology. As shown in Figure 9A-B, after subcutaneous implantation of endometriosis, a
nodule was observed in the skin 10 days later. The PAM studies revealed the maximum amplitude
projection (MAP) images of the region of interest (ROI), outlined in yellow dotted lines, indicated
that the lesion was surrounded by prominent blood vessels, as indicated by yellow arrows in Figure
9B. Corresponding B-scan images (Figure 9D-E), obtained along the dashed lines D and E shown in
Figure 9C, demonstrated strong PA signals originating from the lesion (red arrows) at depths
exceeding 1 mm beneath the epidermal surface. Notably, the PA signal intensity from the lesion was
significantly higher than that of the surrounding tissues, except for vascular signals. Subsequent
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hematoxylin and eosin (H&E) staining together with immunohistochemical analyses (Figure 9F-I)
confirmed the presence of endometriotic glandular and stromal morphogenesis within the targeted
lesion. In addition to the MAP imaging results, three-dimensional reconstruction and visualization
of the lesion were also performed. However, microscopy-based implementations are inherently
limited in penetration depth, restricting their applicability to superficial or surgically exposed tissues
and motivating the development of deeper-tissue PAI strategies more relevant to pelvic disease.

To overcome sensitivity and depth limitations, contrast-enhanced PAI approaches employing
nanoparticles have been introduced [173,174]. Gold nanorod (AuNR)-based labeling approaches
have enabled robust visualization of lesions when combined with ultrasound co-registration,
facilitating longitudinal imaging and multimodal validation through complementary fluorescence
signals. Ryan et al. prepared AuNRs labelled with FITC(fluorescein isothiocyanate) as multimodal
imaging agents for endometriosis [173]. They have prepared a stitch model for making the
endometriosis, where the uterine horn tissue fragments were supplemented with AuNR-FITC NPs
(Figure 9]). The nanoparticle-labeled tissue was injected into the peritoneal cavity of the recipient
mice for the endometriosis development (Figure 9]). After four weeks of lesion establishment,
noninvasive whole-body PAI imaging was performed, followed by fluorescence-guided lesion
isolation. In mice bearing AuNR-FITC nanoparticle-labeled lesions, strong gold-associated PA
signals were detected and colocalized with oxyhemoglobin and deoxyhemoglobin signals, whereas
no comparable signals were observed in control animals (Figure 9K). These results indicate selective
nanoparticle accumulation within highly vascularized endometriosis-like lesions. Quantitative

analysis confirmed a significant increase in gold-derived
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Figure 9. PAI application for endometriosis. (A) Positive identification of the endometriosis lesion using PA
microscopy. (A-B) Macroscopic images of the EM lesion (white arrows) before and after anatomical dissection.
(C) MAP image showing the EM lesion and surrounding blood vessels. (D-E) Corresponding B-scan images
from the regions marked in (B) (F) H&E staining. (G-I) Inmunohistochemical staining for PR, ER, and CD10.
GLE: glandular epithelial cells; STR: stromal cells. Scale bars: (A-B) 5 mm; (C-E) 1 mm; (F-I) 50 pm.
Reproduced with permission from [172]. Copyright 2014, Wiley Publishers. (J) Schematic of the surgical
induction of endometriosis in mice using gold—FITC nanoparticle-labeled uterine tissue. (K) Representative in
vivo PA images from control mice (no nanoparticles, left) and mice with gold—FITC nanoparticle-labeled
lesions (right), showing PA signals for gold (yellow), Hb (blue), and HbO, (red) four weeks after induction.
Orange dashed circles indicate lesions identified by dissection (left) or detected by PA imaging and confirmed
by dissection (right). Scale bar = 5 mm. (L) Quantification of gold PA signal intensities from ROIs around
endometriosis lesions (mean + SEM; control n = 4, gold-FITC NP n = 3; **p <0.001). PA signals were co-
registered with B-mode ultrasound images (gray). (M-N) FITC fluorescence images of control and gold-FITC
nanoparticle-labeled lesions after lesion dissection four weeks post-induction. Green fluorescence indicates
nanoparticle presence. Scale bar = 5 mm. Reproduced with permission from [173]. Copyright 2022, Springer
Publishers.

signals in labeled tissues compared with controls (p = 0.0004; Figure 9L), while local oxygen
saturation remained unchanged (p = 0.9538). Post-dissection imaging verified FITC-positive lesions
in the peritoneal cavity only in nanoparticle-labeled mice (Figure 9M-N). In addition, the combined
PA-ultrasound platform enabled the detection of implanted embryos as early as gestation day 7.5
based on anatomical ultrasound contrast and hemoglobin-derived PA signals, allowing longitudinal
monitoring of pregnancy alongside lesion imaging. Together, these studies demonstrate that
nanoparticle-enhanced PAI can markedly improve lesion conspicuity beyond endogenous contrast
alone, particularly for deeper or smaller lesions.

6.2.2. Endometriosis Treatment Validation Using PAI

Beyond detection, PAI has also been explored as a theranostic platform for endometriosis.
Polydopamine-based nanoparticles modified with targeting ligands, such as hyaluronic acid
(PDA@HA), have been shown to significantly enhance photoacoustic signal intensity within
endometriotic lesions in vivo[174]. This strategy capitalizes on the strong broadband NIR absorption
and photothermal efficiency of polydopamine while leveraging biological interactions within lesion
microenvironments to improve localization. In vivo PAI was conducted in C57BL/6] mice with
intraperitoneal lesions. Following intravenous injection of PDA@HA nanoparticles, photoacoustic
signals were recorded at 2, 4, 8, 12, and 24 h (Figure 10A). Signal enhancement was mainly observed
along the upper boundaries of the lesions (Figure 10B), while anatomical reference images were
simultaneously obtained using ultrasound (US) (Figure 10C-D). Background signals detected at the
skin surface were attributed to endogenous chromophores such as melanin. Quantitative analysis
(Figure 10B) showed a gradual increase in PA intensity, reaching a maximum at 8 h post-injection,
followed by a decline to approximately 32% of peak intensity at 24 h. These results indicate time-
dependent nanoparticle accumulation and subsequent clearance, identifying 8 h as the optimal
imaging time point. Combined US-PAI imaging further improved lesion delineation. Cystic lesions
exhibited low ultrasonic echogenicity but were clearly defined in merged images (Figure 10C-D),
with strong spatial agreement between modalities. Moreover, PAI enhanced visualization of lesions
with weak US contrast, particularly at their superficial margins (Figure 10D). Together, these findings
demonstrate that PDA@HA-assisted PAl effectively images orthotopic lesions with diverse ultrasonic
characteristics. Owing to the high photothermal conversion efficiency ~28%, these NPs were studied
for the treatment of endometriosis by measuring lesion size using a US-PAI system (Figure 10E).

Silica-coated gold nanorods (AuNRs) have been explored as both photoacoustic contrast agents
and photothermal transducers for targeted ablation of endometriosis lesions. Kumar et al. developed
FITC-labeled silica-coated gold nanorods (AuNR@Si(F)-PEG) with a fluorescence quantum yield of
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0.13, enabling in vivo fluorescence detection of lesions (Figure 10F)[16]. The strong NIR absorption
of AuNR enhanced PAI, while the silica shell improved nanoparticle stability and photothermal
conversion efficiency (~52.1%). Following intravenous administration, strong fluorescence signals
from FITC were observed at lesion sites and confirmed by lesion excision and tissue staining (Figure
10G-H). After four weeks of lesion development, noninvasive whole-body PAI followed by
fluorescence-guided excision was performed. As shown in Figure 101, strong AuNRs’ photoacoustic
signals colocalized with total hemoglobin (HbT), indicating nanoparticle accumulation in highly
vascularized ectopic tissues. Signal intensity peaked at ~2 h post-injection and gradually decreased,
with clearance by 48 h. Quantitative analysis confirmed significantly higher signals at 2 h compared
with pre-injection and later time points. Ex vivo biodistribution analysis using fluorescence imaging
and ICP-OES revealed the highest Au accumulation in the liver (28.2 pg g), followed by
endometriosis lesions (12.8 ug g), while spleen and kidney showed lower uptake (~2.4 ug g7).
Minimal Au was detected in lungs, heart, and uterus. Owing to the strong photothermal properties
of AuNR, lesions were ablated using an 808 nm laser, resulting in a ~77% reduction in lesion volume
as measured by US-PAI and by histological studies. Overall, PAI enables real-time visualization of
lesion distribution before therapy and monitoring of treatment response through vascular changes
after ablation. This image-guided “diagnose-and-treat” strategy is promising for endometriosis,
where localized therapy and preservation of surrounding reproductive tissues are essential.
However, challenges such as thermal dose control, off-target heating, and long-term safety remain.
In another study, Rahman et al. showed the use of ICG-conjugated nanoceria for theranostics of
endometriosis using PAI [102]. Owing to the anti-inflammation property of nanoceria, a reduced
number of lesions were observed in the nanoparticle-treated group compared to the control groups.
Moreover, there were no adverse effects for the pregnancy in mice using this nanoparticle as
compared with tofacitinib, which showed potential infertility for long-term use.

Collectively, existing studies position PAI as a promising modality for endometriosis research
and diagnosis. Endogenous PAI provides valuable insight into lesion vascular physiology, while
nanoparticle-enhanced and theranostic approaches expand sensitivity and functional scope. Future
progress will depend on improving molecular specificity, standardizing quantitative imaging
metrics, and integrating PAI with clinically established ultrasound workflows. With continued
advances in contrast agent design, biomarker selection, imaging hardware, and validation in
clinically relevant models, PAI has strong potential to evolve into a noninvasive tool for detection,
therapy guidance, and longitudinal monitoring of endometriosis.

6.3. Cervical Tissue Remodeling and Pregnancy-Related Conditions

The human cervix is a dynamic tissue composed of smooth muscle, epithelial cells, fibroblasts,
and blood vessels embedded within a collagen-rich extracellular matrix primarily consisting of type
I and type III collagen, elastin, and proteoglycans [175]. During pregnancy, progressive cervical
remodeling alters tissue stiffness and length through reorganization of the collagen network,
increased hydration, extracellular matrix degradation, and enhanced vascularity. These structural
and biochemical changes intensify as delivery approaches, and premature cervical shortening is
strongly associated with an increased risk of preterm birth [176]. Evidence suggests that early
disruption or disorganization of cervical collagen architecture contributes to abnormal remodeling
and may serve as an important predictor of preterm delivery [177]. PAl enables functional assessment
of cervical remodeling by quantifying changes in vascularity and oxygenation associated with
collagen reorganization, providing complementary information beyond conventional ultrasound-
based cervical length measurements.
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Figure 10. Application of PAI for endometriosis diagnosis and treatment. (A) PAI of endometriosis lesions
after injection of PBS or PDA@HA at 2, 4, 8,12, and 24 h. (B) Quantification of time-dependent PA signal intensity
in lesions (p-value: 8 h: **p <0.001,12 h: **p = 0.006; n = 3 per group). (C) Representative US, PAI, and merged
images of lesions showing distinct acoustic scattering variation. (D) US, PAI, and merged images of lesions
without noticeable acoustic scattering variation (scale bar: 4 mm). (E) Lesion volumes measured by US-PAI at
days 0, 14, and 21 after PBS or treatment, with corresponding photographs of excised lesions (orange dashed
circles indicate lesions; n = 4 per group). Reproduced with permission from [174]. Copyright 2024, Wiley
Publishers. (F) Schematic for the working principle for AuNR@Si(F)-PEG NPs for endometriosis detection and
treatment. (G) IVIS Spectrum in vivo imaging of a systemic mouse model used to validate endometriosis-like
lesions following intravenous injection of AuNR@Si(F)-PEG nanoparticles. (H) Fluorescence microscopy images
confirming endometriosis lesions after excision from mice. Blue = DAPL; green = FITC. (I) Representative in vivo
PA images from the endometriosis lesions in mice with AuNR@Si(F)-PEG NPs at different time intervals. AuNR
(green), HbT (orange red). Reproduced with permission from [16]. Copyright 2025, Wiley Publishers.

Yan et al. studied the collagen-to-water ratio (CWR) in cervical tissue compositions excised
human samples tissues using PAI [175]. The study compared cervical tissues from pregnant (21-36
years, median 30) and non-pregnant hysterectomy patients (29-58 years, median 42) to evaluate
structural and compositional differences using spectroscopic photoacoustic (sPA) imaging and
histology. Averaged sPA spectra revealed that non-pregnant cervical tissues exhibited strong
collagen-associated photoacoustic peaks within the 1150-1250 nm range, whereas pregnant tissues
showed higher signal amplitudes in the water-dominant region (1300-1650 nm), indicating increased
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tissue hydration. Histological analyses (H&E and Sirius Red staining) confirmed these findings,
demonstrating dense, well-organized collagen bundles in non-pregnant samples compared to loose
collagen architecture with edema in pregnant tissues. Quantitative wavelength unmixing showed
significantly higher collagen-to-water ratio (CWR) in non-pregnant women (55.0% =+ 20.3%) than in
pregnant women (18.7% + 7.5%; p = 0.00016). Subgroup analysis of patients under 41 years further
validated this difference, supporting pregnancy-associated collagen remodeling and increased water
content in cervical tissue. The developed imaging platform has the potential to enable accurate and
reliable screening and diagnostic assessment with improved sensitivity and specificity, facilitating
early detection of cervical insufficiency and offering a promising approach for predicting the risk of
preterm birth.

A dual-illumination US/PAI system was developed by Basiji et al. to enhance cervical cancer
detection. The study demonstrated that cancerous cervical tissues produced higher photoacoustic
signal amplitudes compared to normal tissues, due to increased hemoglobin content and tumor-
associated vascularization [178]. Dual-sided light delivery improved optical penetration and signal
uniformity, enabling more reliable visualization of deep cervical regions. The integrated imaging
approach allowed simultaneous anatomical localization and functional assessment of tissue
composition. These findings highlight the potential of PAI as a noninvasive modality for early
diagnosis and characterization of cervical cancer. The same group studied the biochemical and
structural changes in the uterine cervix during murine pregnancy by quantifying collagen and water
content [179]. Spectroscopic photoacoustic (sPA) measurements revealed a progressive decrease in
collagen-associated signals, accompanied by increased water-related signals, reflecting pregnancy-
induced cervical remodeling. These findings were validated by histological staining, which showed
collagen disorganization and increased tissue hydration during gestation. The study demonstrated
that PAI enables noninvasive, label-free monitoring of cervical softening processes. This approach
highlights the potential of PAI for assessing cervical maturation and predicting pregnancy-related
complications such as preterm birth.

Spectral PAI was utilized to evaluate age-related collagen remodeling in the reproductive tract
using a mouse model of pelvic organ prolapse [180]. In a study by Markel et al. a wavelength-
dependent PAI analysis revealed a significant reduction in collagen-associated photoacoustic signals
in aged mice compared with young controls, indicating loss of collagen density and structural
integrity. Their quantitative spectral unmixing demonstrated decreased collagen-to-water ratios
(CWR) and altered tissue composition consistent with age-associated extracellular matrix
degeneration. These photoacoustic findings were corroborated by histological analyses showing
disrupted collagen organization and reduced fiber alignment in prolapsed tissues. Collectively, the
results demonstrate that spectral PAI enables noninvasive, label-free assessment of collagen
degradation and provides a promising tool for monitoring tissue remodeling associated with aging
and pelvic organ prolapse.

6.4. Ovarian Pathologies

Diagnosis of ovarian cancer and lesions is challenging due to the heterogeneity in clinical reports
[181]. Non-invasive detection techniques, such as US/PAI, can be used for the early detection of such
disease conditions [182-184]. In one of the studies, optical-resolution photoacoustic microscopy (OR-
PAM) combined with a vascular graph network was developed for automated classification of
ovarian lesions based on microvascular architecture[182]. The study extracted quantitative vascular
features, including vessel density, branching patterns, and network topology, from high-resolution
photoacoustic images to characterize lesion-associated angiogenesis. As shown in Figure 11A, the
vasculature in normal ovaries was very thin and sparsely distributed. But the ovarian lesions showed
abnormalities and morphological deformations under different pathological conditions. The graph-
based deep learning model achieved accurate differentiation between normal and pathological
ovarian tissues by leveraging vascular structural information derived from photoacoustic signals. As
shown in Figure 11B, the classification performance of the vascular graph network (VGN) at the
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individual graph level demonstrates strong diagnostic accuracy across different ovarian tissue types.
The model achieved the highest sensitivity and specificity in distinguishing normal ovaries and
benign solid lesions. Importantly, the system showed robust capability in differentiating malignant
tumors from benign pathologies, which is critical for clinical diagnosis. Analysis of vascular grafts
derived from cancerous tissues yielded a sensitivity of 0.795 + 0.022 and an area under the curve
(AUC) of 0.877 (95% CI: 0.859-0.891), indicating reliable cancer classification performance. These
results highlight the effectiveness of vascular-feature-based photoacoustic analysis for accurate
ovarian lesion discrimination. This work highlights the potential of photoacoustic microscopy
integrated with artificial intelligence for noninvasive, label-free ovarian cancer diagnosis and
automated lesion classification. In another study, the same research group demonstrated the use of
OR-PAM for label-free visualization and measurement of vascular parameters, including vessel
density, diameter, branching patterns, and spatial organization [183]. The study demonstrated
significant vascular heterogeneity in ovarian lesions compared with normal tissues, reflecting
disease-associated angiogenic remodeling (Figure 11C). Quantitative analysis revealed distinct
vascular characteristics that allowed differentiation between pathological and healthy reproductive
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Figure 11. PAI application in ovarian pathologies. (A) OR-PAM images of ovarian lesions representing
different pathological conditions, displayed with a 40 dB dynamic range. (B) Performance of VGN for five-class
classification. The confusion matrix represents the average of 100 random train-test splits and is normalized by
the number of vascular graphs in each category to report sensitivity (%) for each class. Standard deviations
derived from cross-validation are shown below the sensitivities to indicate prediction stability. Reproduced
with permission from [182]. Copyright 2026, Elsevier. (C) Representative micrographs of ovarian and fallopian
tube lesions exhibiting different levels of malignancy. Scale bar: 500 um. Reproduced with permission from
[183]. Copyright 2022, Nature Publishing group.

A combined ultrasound—photoacoustic (US/PA) imaging protocol was developed for
transvaginal imaging of ovarian lesions to enable simultaneous anatomical and functional
assessment.[184]. The integrated approach combined ultrasound-based structural visualization with
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photoacoustic detection of hemoglobin-related optical contrast, allowing improved characterization
of lesion vascularity. The study demonstrated enhanced visualization of ovarian lesion boundaries
and vascular features compared with ultrasound imaging alone. Photoacoustic signals provided
additional functional information related to blood content and tissue heterogeneity, facilitating
differentiation between lesion types. These results highlight the potential of combined US/PA
transvaginal imaging as a noninvasive strategy for improved evaluation and diagnosis of ovarian
abnormalities.

7. Clinical Translation and Integration

PAI is steadily advancing toward clinical implementation, driven by the development of probe-
based and intraoperative imaging systems designed for real-time use in surgical and diagnostic
procedures [29]. The integration of photoacoustic technology with conventional ultrasound
platforms has been particularly impactful, enabling simultaneous acquisition of anatomical,
functional, and molecular information, while maintaining the familiarity and efficiency of established
clinical workflows. Multimodal combinations with optical, Doppler, and spectroscopic imaging
further enhance diagnostic capability by providing complementary tissue contrast and quantitative
physiological parameters. Importantly, advances in laser safety standards, portable light-delivery
technologies, and regulatory-aligned device engineering have improved the feasibility of clinical
adoption by addressing safety, usability, and workflow requirements. Together with the emergence
of workflow-compatible handheld and transvaginal probes, these advances position PAI as a
promising translational modality for intraoperative guidance, disease diagnosis, and real-time
clinical decision-making.

PAI community is currently advancing toward greater standardization, a critical step for
ensuring reliable clinical translation and multicenter implementation. The International
Photoacoustic Standardization Consortium (IPASC) has established consensus guidelines for
technical specifications, data-acquisition parameters, and reporting standards to reduce variability
between imaging systems[185]. To address inconsistencies in proprietary data formats, standardized
metadata structures and an open-source application programming interface were introduced,
enabling conversion into a unified format and facilitating data exchange and cross-site comparison.
These initiatives have also accelerated the integration of PAI data into the Digital Imaging and
Communications in Medicine (DICOM) framework, thereby improving compatibility with existing
clinical imaging infrastructure[73,74,186]. Ongoing efforts include the development of open-source
image-reconstruction libraries that enable systematic evaluation of algorithm performance,
particularly as artificial intelligence methods become increasingly integrated into PAI data analysis.
In parallel, consensus terminology, imaging-biomarker definitions, and image-quality metrics are
being established to harmonize communication across research and clinical communities.
Furthermore, recognizing the need for reproducible validation, standardized tissue-mimicking
phantoms and testing protocols are being developed to provide reliable ground-truth datasets for
performance assessment, quality assurance, and system calibration. Although full clinical
standardization is still underway, the technical similarity of PAI to ultrasound and its favorable safety
profile have already enabled early clinical studies and multicenter investigations. Continued
progress will require coordinated regulatory alignment, standardized clinical training programs, and
close collaboration among engineers, researchers, and healthcare professionals to ensure safe and
consistent clinical adoption.

Several PAI platforms have been translated toward clinical use. Representative systems include
multispectral optoacoustic tomography (MSOT) devices such as the Acuity Echo platform, hybrid
ultrasound—photoacoustic systems such as the Imagio breast imaging system, and emerging
mesoscopic systems including raster-scan optoacoustic mesoscopy (RSOM). In addition, handheld
probes and endoscopic photoacoustic devices are under development to enable real-time clinical
imaging and image-guided interventions. Table 3 represents the major clinical approved PAI systems
and their applications.
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Table 3. Clinical Status of Major PAI Systems.

System Clinical Status Notes
Used in clinical research centers

MSOT Acuity / Acuity Echo Clinical research / human

for imacine infl i
(iThera Medical) trials oF Imaging mtammation,

cancer, and vascular disease.
Used clinically for breast lesion

Imagio Breast Imaging System

(Seno Medical) FDA-cleared clinical device evaluation alongside
ultrasound.
Used in human studies for
RSOM Explorer Clinical research device dermatology and microvascular
imaging.
Twente Photoacoustic . Used in clinical breast cancer
Clinical research prototype . . .
Mammoscope imaging trials.
till mainl imental but
Photoacoustic Endoscopy Preclinical / early St maiiy experimenta’ bu
. progressing toward human
systems translational research .
trials.
Used in several pilot clinical
Handheld PAI probes Clinical research prototypes studies but not yet standard

devices.

PAI has shown strong performance in preclinical small-animal studies and is increasingly
transitioning toward clinical applications. Several commercial PAI platforms have also emerged to
support this transition[187]. Although implementations vary, three primary configurations dominate
current clinical investigation according to the anatomical region of interest and diagnostic objective:
dual-modal photoacoustic—ultrasound imaging (PAUSI), station-based tomographic PAI, and
mesoscopic/microscopic PAI [29,72].

Dual-modal PAUSI integrates a conventional ultrasound imaging (USI) system with a portable
pulsed laser, allowing simultaneous acquisition of ultrasound and photoacoustic signals (Figure
12A). This approach provides complementary information on tissue structure and blood flow from
ultrasound, while adding optical absorption-based contrast from photoacoustics, such as
hemoglobin concentration, oxygen saturation, and molecular probe distribution. PAUSI systems can
be configured as handheld or endoscopic devices. Handheld systems typically employ linear, phased,
or curvilinear ultrasound arrays coupled with optical fiber bundles and are commonly used for
imaging superficial tissues, including the skin, thyroid, breast, and limbs. Endoscopic PAUSI
systems, incorporating transrectal or transvaginal probes with miniaturized optical fibers, enable
imaging of internal organs and facilitate the diagnosis of rectal and gynecological diseases.

Station-based tomographic PAI employs large detection apertures, such as hemispherical or
ring-shaped ultrasound transducer arrays, to efficiently capture omnidirectional photoacoustic
waves and improve image reconstruction quality (Figure 12B). In typical clinical configurations, the
detector array is placed beneath the imaging platform and integrated with a pulsed-laser and
synchronized ultrasound-acquisition electronics. A motorized stage allows scanning over larger
ROIs, expanding clinical applicability. These systems provide relatively deep tissue imaging in
humans (up to ~5 cm) while maintaining high spatial resolution, and have been applied to organs
such as the brain, breast, and peripheral limbs.

Mesoscopic and microscopic PAI utilize high-frequency single-element ultrasound transducers
combined with dark-field or weakly focused optical illumination (Figure 12C). The use of high
acoustic numerical aperture enables spatial resolution on the order of tens of micrometers, allowing
detailed visualization of microvascular and structural features. These systems are typically mounted
on articulated arms and acquire three-dimensional images through point-by-point raster scanning
using a motorized stage. Owing to their high spatial resolution, mesoscopic and microscopic PAI are
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particularly suited for imaging superficial tissues and diagnosing skin disorders such as skin cancer
and psoriasis.
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Figure 12. Application of various PAI systems for clinical trials. (A) Dual-modal photoacoustic-ultrasound
imaging (PAUSI) systems are derived from conventional ultrasound imaging (USI) platforms and are
generally implemented in two formats: a handheld configuration employing linear-array ultrasound
transducers (USTRs) and an endoscopic configuration utilizing endocavity array transducers. Handheld
systems are primarily used for imaging superficial tissues such as the skin, thyroid, breast, and peripheral
limbs. In contrast, endoscopic implementations enable imaging of internal regions, including the stomach,
vaginal canal, and rectum. (B) Station-based tomographic PAI employs hemispherical or ring-shaped
ultrasound transducer arrays, which allow efficient detection of photoacoustic signals for tomographic
reconstruction. These systems are mainly applied to imaging brain, breast, and limb tissues. (C) Mesoscopic
and microscopic PAI utilize high-frequency single-element ultrasound transducers, enabling high-resolution
imaging. This configuration is particularly suited for examining superficial tissues such as skin. Reproduced

with permission from [29]. Copyright 2024, Nature Publishing Group.
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8. Challenges, Limitations, and Future Directions Using Photoacoustic Imaging
for Women’s Health

Despite significant progress, several challenges remain for the widespread adoption of PAI in
women’s health applications. Limited optical penetration depth and signal attenuation in highly
scattering biological tissues restrict imaging performance in deep pelvic organs, necessitating
improved light-delivery strategies and optimized probe designs. Variability in imaging systems,
reconstruction algorithms, and data formats also limits cross-study comparability, highlighting the
need for standardized protocols and quantitative biomarkers. Motion artifacts, heterogeneous tissue
composition, and safety constraints related to laser exposure further complicate clinical
implementation, particularly in transvaginal and intraoperative settings. Future research should
focus on developing miniaturized probe-based systems, multimodal integration with ultrasound and
optical imaging, and using Al-assisted reconstruction and analysis to enhance sensitivity and
diagnostic accuracy. Advances in targeted contrast agents, real-time imaging workflows, and
regulatory standardization are expected to accelerate clinical translation, positioning PAI as a
promising noninvasive tool for early diagnosis, disease-progression monitoring, and image-guided
interventions in gynecological and reproductive health.

9. Conclusions

PAI has emerged as a powerful hybrid modality that bridges optical contrast with ultrasonic
resolution, enabling noninvasive visualization of structural, functional, and molecular changes in
biological tissues. Recent advances demonstrate the growing impact in women’s health applications,
including cervical assessment, ovarian lesion characterization, pregnancy monitoring, and evaluation
of reproductive tissue remodeling. By providing label-free sensitivity to hemoglobin, collagen, water
content, and vascular architecture, PAI offers unique diagnostic information that complements
conventional imaging techniques such as ultrasound and MRI. The incorporation of targeted
molecular probes has further enhanced its diagnostic sensitivity and expanded its theranostic
potential for gynecological diseases. Moreover, the integration of PAI with clinically compatible
platforms, together with advances in spectral imaging, artificial intelligence-assisted analysis, and
probe-based systems, has accelerated its transition toward translational and clinical use.

Despite remaining challenges related to imaging depth, system standardization, and regulatory
approval, ongoing technological innovations and collaborative standardization efforts are steadily
addressing these limitations. Future progress will likely be driven by multimodal imaging
integration, quantitative imaging biomarkers, targeted contrast agents, and workflow-compatible
clinical devices. Collectively, these advancements position PAI as a promising next-generation tool
for early disease detection, personalized diagnosis, and image-guided management in gynecological
and reproductive medicine, with the potential to significantly improve clinical outcomes in women’s
health.
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