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ABSTRACT. Significance: Optical-resolution optoacoustic microscopy (OR-OAM) enables label-
free imaging of the microvasculature by using optical pulse excitation and acoustic
detection, commonly performed by a focused optical beam and an ultrasound trans-
ducer. One of the main challenges of OR-OAM is the need to combine the excitation
and detection in a coaxial configuration, often leading to a bulky setup that requires
physically scanning the ultrasound transducer to achieve a large field of view.

Aim: The aim of this work is to develop an OR-OAM configuration that does not
require physically scanning the ultrasound transducer or the acoustic beam path.

Approach: Our OR-OAM system is based on a non-coaxial configuration in which
the detection is performed by a silicon-photonics acoustic detector (SPADE) with a
semi-isotropic sensitivity. The system is demonstrated in both epi- and trans-
illumination configurations, where in both configurations SPADE remains stationary
during the imaging procedure and only the optical excitation beam is scanned.

Results: The system is showcased for imaging resolution targets and for the in vivo
visualization of the microvasculature in a mouse ear. Optoacoustic imaging with
focal spots down to 1.3 um, lateral resolution of 4 um, and a field of view higher than
4 mm in both lateral dimensions were demonstrated.

Conclusions: We showcase a new OR-OAM design, compatible with epi-illumination
configuration. This setup enables relatively large fields of view without scanning the
acoustic detector or acoustic beam path. Furthermore, it offers the potential for
high-speed imaging within compact, miniature probe and could potentially facilitate the
clinical translation of OR-OAM technology.
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1 Introduction

Optical-resolution optoacoustic microscopy (OR-OAM) is a leading modality for high-resolution
imaging of the optical absorption contrast in biological tissue and often the method of choice for
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label-free imaging of the micro-vasculature.'™ In the common applications of OR-OAM, the
image is acquired using ultrasound piezoelectric transducers in either a trans-illumination
configuration, in which the illumination and detection are performed from opposite sides,® or
epi-illumination configuration where they are performed from the same side.” Although
trans-illumination is simpler to implement and does not impose any restrictions on the focusing
optics, it is limited to thin tissues. When the tissue is thick, epi-illumination is used, in which the
main challenge is achieving coaxial operation of the optical excitation and acoustic detection.
Conventionally, coaxial operation is achieved by either beam combiners, such as prisms,>’
parabolic reflectors,'” or hollow ultrasound transducers of special shape, such as ring-shaped
transducers.'"'? In those cases, the coaxial configuration imposes restriction on the focusing
optics, often limiting the use of objective lenses with high numerical apertures (NAs) owing
to their short working distance. In addition, adding elements such as beam combiners to the
optical path can result in diminished optical quality due to wavefront distortions of the optical
beam through the element.

An additional challenge shared by most OR-OAM configurations is the need to scan both the
optical and acoustic paths together to maintain the coaxial or confocal operation. In early imple-
mentations, both the optical and acoustical elements were mechanically scanned together,
leading to long imaging times due to the limited speed of linear translation stages.'* To improve
the scan speed, submergible mirrors based on MEMs,'*!> galvo actuators,'® and rotating
polygons'” have been developed and used to rapidly steer the optical and acoustic beams.
However, these implementations were also limited to low-NA optics and addition still required
mechanical scanning in one of the axes, which resulted in a bulky setup. Furthermore, it neces-
sitated a water-immersible configuration, which not only added complexity to the design but also
introduced reliability concerns during its utilization.

The restrictions on OR-OAM systems may be alleviated by using transparent acoustic detec-
tors, which enable one to illuminate through the detector with minimal aberrations, achieving
diffraction-limited lateral resolution in setups of significantly reduced size.'® Transparent acous-
tic detectors for OR-OAM have been developed using two main technologies: transparent piezo-
electric materials'®* and polymer optical resonators, namely micro-rings.>'*> Transparent
piezoelectric detectors employ a focused geometry to maximize sensitivity, thus necessitating
confocal operation, whereas polymer detectors can be unfocused. Nonetheless, the low refractive
index difference between the core and cladding of polymer micro-rings limits their miniaturi-
zation, and thus their field of view (FOV). In addition, OR-OAM configurations that rely on the
transparency of the acoustic detector may require developing separate detectors for different
wavelengths. For example, in Ref. 20, a designated piezoelectric detector was developed for
transparency in the ultraviolet (UV) to enable OR-OAM for these wavelengths, whereas the
detector in Ref. 19 was developed for optoacoustic illumination in the visible spectrum.

In this paper, we demonstrate an OR-OAM configuration that utilizes the previously
demonstrated silicon-photonics acoustic detector (SPADE)**** with semi-isotropic sensitivity,
enabling a non-coaxial setup. Specifically, as SPADE detects signals from all directions, it ena-
bles the focusing of the optoacoustic beam to the side of the detector rather than through it,
facilitating epi-illumination with opaque detector materials. Imaging is then performed by scan-
ning the optical beam over paths typically several millimeters in length, without scanning the
acoustic detector or the acoustic beam path. Figure 1 provides an illustration of both
epi-illumination and trans-illumination implementations of our OR-OAM system. In the
epi-illumination configuration, the detector and the optics are positioned on the same side relative
to the sample, and the optical beam is scanned only on one side of the detector. In the trans-
illumination setup, the detector and the optics are positioned on opposite sides of the sample and
the optical beam is scanned over both sides of the detector, doubling the FOV. In both arrange-
ments, no elements are placed between the objective lens and sample, thus offering the utmost
flexibility in choosing the objective lens and illumination wavelength. Specifically, our
OR-OAM configuration is compatible with both low-NA lenses for larger depth of field
(DOF) and high-NA lenses for superior lateral resolution. The resolution, in this case, is solely
determined by the optical diffraction limit associated with the chosen lens.

In this work, the SPADE sensing element is a 30 ygm micro-ring resonator fabricated in
silicon nitride, which has achieved a bandwidth of 120 MHz and a noise-equivalent pressure
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(a) Epi-illumination configuration (b) Trans-illumination configuration
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Fig. 1 OR-OAM implementations configurations: (a) illustration of the epi-illumination geometry
where both the detector and the optics are positioned on the same side of the sample, and the
optical beam is focused to the side of the detector. The 2D optical beam scanning pattern is
illustrated, with a range restricted to one side of the detector. (b) lllustration of the trans-illumination
implementation geometry. The detector and the optics were positioned on opposite sides of the
sample. The optical beam undergoes a 2D scanning process across both sides of the detector,
effectively doubling the FOV.

of 7 mPa/Hz'/2.>* The high sensitivity of SPADE is crucial for enabling a non-coaxial configu-
ration due to the high attenuation of the acoustic waves away from the focal spot. Our OR-OAM
system is demonstrated in both epi- and trans-illumination configurations, and its performance is
assessed in phantoms and in vivo. In the phantom measurements, we characterized the spatial
dependence response of SPADE to an optoacoustic point source and showed the ability to detect
signals at lateral offsets exceeding 3 mm from the detector center in both directions and axes.
SPADE’s imaging capabilities were demonstrated in a resolution target with up to 4 ym
separation between the resolution bars, in addition to in vivo imaging of the micro-vascular
network of a mouse ear at a wide FOV higher than 3 X 4 mm.

2 Methods

2.1 SPADE

The fabrication process and sensing performance of SPADE are thoroughly described in Ref. 24.
Briefly, the detector relies on a micro-ring resonator (MRR) implemented in a silicon nitride
(SiN) platform, where ultrasound detection occurs through the evanescent field of the guided
optical mode. The waveguide core had a cross-section with a height of 400 nm and widths
of 1 ym, while the MRR had a diameter of 30 ym. In addition, a double-layer cladding,
composed of silica and polydimethylsiloxane (PDMS), was directly applied onto the SiN layer.
This cladding serves as an additional outer layer to enhance sensitivity.

Grating couplers were used to couple light in and out to the transverse electric (TE) mode of
the SiN core, where a double-apodized design was employed to minimize the insertion loss.”
Fiber coupling was performed by horizontally bonding two polarization-maintaining fibers to the
top of the grating couplers. The fiber tips were polished at a 40-deg angle and coated with a
150 nm thick layer of gold using electron-beam physical vapor deposition (EB-PVD, BAK-
501A, Evatec AG, Triibbach, Switzerland) to enforce light at the fiber output to be reflected
vertically into the chip, even under water submersion. Based on previous characterization mea-
surements,'’ the SPADE design used in this work exhibited a fiber-to-fiber insertion loss of
19 dB, measured at a wavelength of 1558 nm, and a quality factor (Q-factor) of ~6.1 x 103
for this central transmission resonance.

2.2 Interrogation System

The optical interrogation system for SPADE is based on monitoring the refractive-index modu-
lation caused by the impinging acoustic waves. In this study, we employed the phase-
monitoring technique developed in Ref. 26. This technique involves tuning a continuous laser
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to the maximum of the transmission resonance, where the resonator’s phase response is linear.
Accordingly, the optical signal resonance output experiences a phase modulation that is pro-
portional to the acoustically induced wavelength modulation. To detect this phase modulation,
we utilized an interrogation system based on a Mach—Zehnder interferometer (MZI) as
described in Fig. 2(a). The output of a tunable continuous-wave (CW) laser was split between
a sensing arm with the SPADE chip and a reference arm with a piezoelectric fiber stretcher
(OPTIPHASE, PZ3) and optical delay-line (OZ optics, ODL-100). The optical path difference
between the two arms was minimized to reduce the effect of laser phase noise, and the arms’
outputs were recombined and delivered to a balanced photodetector. The MZI was stabilized to
quadrature by the fiber stretcher, where the differential signal is zero, using a feedback circuit
with a bandwidth of 3 kHz.2® When the wavelength of the resonator was acoustically modu-
lated at frequencies above 3 kHz, the induced phase shift was not compensated by feedback
circuit, leading to a modulation in the output voltage signal, which was recorded by a digitizer
(M3i.4860-Exp, SPECTRUM).

2.3 Optoacoustic Setup

The optoacoustic excitation was performed using an Nd: YAG pulsed laser operating at the wave-
length of 532 nm (Optogama, “WAVEGUARD?”) with a pulse width of 1 ns, a repetition rate of
1 kHz, and pulse energy of 80 uJ [532 nm laser, Fig. 2(b)]. The laser beam was attenuated to
reduce the energy [A; Fig. 2(b)] then guided through two mirrors [M; Fig. 2(b)] and coupled
using an aspheric lens [L; Fig. 2(b)] to single mode fiber with a core size of 3.2 ym (P1-460B-
FC-1, Thorlabs). The average pulse energy at the fiber output was ~400 nJ. After collimation,
the light was focused using a collimator comprising plano-convex and aspheric condenser lenses,
followed by an objective lens with an NA of 0.3 (CFI Plan Fluor, Nikon), resulting in a focal
width of 1.3 um [Fig. 2(c)]. The scanning of the optical beam was performed by mechanically
translating the imaging head using X-Y-Z mechanical stages (XY: M-126.251, Z: M-112.12S,
PI). For each position of the optical beam, the resulting acoustic signals were detected by

(C) Optical spot size

. Imaging Head 13um
A obj.

Aspheric A e
Aspheric L £
Fiber | pEEcIERE R )
collimator i t
] M .
Feedback
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Fig. 2 System setup. (a) lllustration of the optical readout part of the system based on MZI (ODL,
optical delay line; FS, fiber stretcher; 50/50 or 90/10 — coupler). (b) lllustration of the optical
excitation part of the system (M, mirror; L, lens; gray tube, fiber; Obj., objective lens). (c) The mea-
sured optical spot size of the source utilized in the phantom measurements. (d) An exploded illus-
tration displaying the configuration and combination of epi-illumination within the system setup.
(e) An exploded illustration displaying the configuration and combination of trans-illumination
within the system setup.
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SPADE, which was static during the measurement. Imaging was performed in both epi- and
trans-illumination configurations, as shown in Figs. 2(d) and 2(e), respectively.

3 Results

3.1 Characterization and Imaging Measurements

Two types of absorbing structures were used as the optoacoustic targets in both trans- and
epi-illumination configurations: a glass slide uniformly covered with black ink, and a resolution
target fabricated in chromium on a glass slide.

The resolution target fabrication procedure begins by depositing a 40 nm chrome layer
(Evatec BAK-501A) onto the slide. Subsequently, a fine layer of positive photoresist (AZ1505,
MicroChemicals Germany) is applied using spin coating. Next, the desired resolution target
mask, designed using Celwin5 software, is drawn onto the photoresist-coated slide using a laser
writer (Heidelberg Instruments DWL 66+). The development of the target involves employing a
wet etching process, where the patterned photoresist serves as a protective mask for the under-
lying chrome. Finally, the residual photoresist is removed.

For both optoacoustic targets, the glass slides had a thickness of 100 ym and optical-grade
surfaces, enabling illuminating through the glass without significant light scattering or optical
aberrations. Both the targets and SPADE were submerged in water to enable acoustic coupling,
with SPADE positioned 2 mm above or below the target, depending on whether trans- or
epi-illumination was used.

3.1.1 Target 1: uniformly coated glass slide

In the first measurement, we characterized the distance-dependent response of SPADE to an
optoacoustic point source. Laser pulses were focused to a spot size of ~1.3 um on the uniformly
coated glass slide in the trans-illumination configuration. In the first step, the beam was aligned
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Fig. 3 SPADE distance-dependent response: (a) optoacoustic signals of an ink source measured
by SPADE after laterally scanning the beam in the X direction. The source was positioned 2 mm
above SPADE. (b) SNR as a function of the lateral distance from the center. (c) Pressure
waveforms (black) and bandwidth (blue) at center of the corresponding sinogram. (d) Pressure
waveforms (black) and bandwidth (blue) after a lateral offset of 2 mm from the center.
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coaxially with SPADE, leading to a minimum acoustic delay and maximum signal strength.
Then, the beam was scanned in both lateral directions across a 6 mm region centered around
SPADE’s axis with a 50 ym step size. Figure 3(a) shows the measured acoustic sinogram over
one of the lateral directions, i.e., a two-dimensional (2D) representation of the acoustic wave-
forms obtained at different offsets of the optical beam from SPADE’s axis. Figure 3(b) shows the
signal-to-noise ratio (SNR) as a function of the lateral offset; and Figs. 3(c) and 3(d) show the
acoustic waveform and spectrum at offsets of 0 and 2 mm, respectively. Similar results were
obtained for the scan in the other lateral axis, and for the epi-illumination configuration and
are therefore not presented.

As depicted in Figs. 3(c) and 3(d), a 6 dB bandwidth of 120 MHz is attained at a zero offset
from the detector, and a 60 MHz bandwidth is achieved at a distance of 2 mm. In addition, a total
FOV greater than 4 mm is realized in both the x and y axes, with an SNR exceeding 2.
Consequently, even with a reduction in SNR, imaging can still be conducted by scanning the
illumination away from SPADE’s axis while maintaining SPADE in a stationary position.

3.1.2 Resolution target

The capability of our OR-OAM system for high-resolution imaging was demonstrated in both the
trans-illumination and epi-illumination configurations using a resolution target. Figure 4(b) dis-
plays the maximum intensity projection (MIP) of a resolution target in both configurations. In the
transillumination configuration, the imaging capabilities were obtained at a 360 ym X 360 ym
region, with a 1 ym step size during the optical beam scan. The OR-OAM system can resolve
4 pum line pairs from an absorbing region of the resolution target (element 5). In addition, we
demonstrate the imaging capabilities of the epi-illumination configuration, obtained with a2 ym
step size for scanning the optical beam over an area of 400 ym X 380 um. Figure 4(c) shows the
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Fig. 4 OR-OAM performance at both illumination configurations: (a) chrome resolution target line
dimensions. Measurements were done by optical microscope. (b) Optoacoustic MIP images
obtained at the trans- and epi-illumination configuration. (c) Raw acoustic waveforms obtained for
the horizontal (top) and vertical (bottom) scans of zone 5. (d) One dimensional cross-sections of
the trans-illumination resolution target; Z marks the element number. () Comparison of opto-
acoustic MIP images acquired using the trans- illumination (top) and epi-illumination configurations
(bottom). (f) Horizontal (top) and vertical (bottom) line scan resolution comparison using both illu-
mination configurations.
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raw acoustic waveforms obtained for the horizontal and vertical scans of zone 5. Figure 4(d)
shows one-dimensional (1D) slices of both the vertical and horizontal lines in several zones
of the resolution target, obtained in trans-illumination, and demonstrates similar line pairs
resolution abilities in both horizontal and vertical directions. Figure 4(e) shows a juxtaposition
of images depicting an identical target, each acquired by a different illumination setup.
Figure 4(f) demonstrates comparable line-pair resolution capabilities in both horizontal and
vertical scans, encompassing both trans- and epi-illumination configurations.

3.2 In Vivo Measurements

To showcase the capability of our OR-OAM configurations for in vivo microvasculature im-
aging, ears of an albino CD-1 mouse model were imaged in both trans- and epi-illumination
configurations. The mouse model was anesthetized prior to imaging using isoflurane and placed
under an infrared heating lamp to maintain its body temperature during the imaging session.
In the trans-illumination configuration, SPADE was positioned inside a water reservoir held by a
thin polyethylene membrane in its bottom, where the distance between SPADE and the
membrane was ~2 mm. The water reservoir was placed on top of the mouse ear, where an
additional water drop was used to ensure continuous contact between the two. In the
epi-illumination setup, the mouse ear was laid flat on a 3 mm thick plastic substrate, which
included a round imaging aperture—an opening with a diameter of 5 mm in which the plastic
was removed. The SPADE chip was placed on a 100 pum thick cover glass, covered with a small
amount of centrifuged ultrasound gel, and positioned under this imaging aperture. The illumi-
nation was also performed from the bottom, through the cover glass and to the side of the
SPADE chip.

In both illumination configurations, to enable imaging of the mouse ear without vertically
scanning the optical beam, the NA of the focusing optics was reduced to 0.06. This reduction
corresponds to an increase in the DOF to 125 ym and in the lateral width of the beam waist to
5 um, which is comparable to the dimensions of red blood cells. To ensure that the mouse vas-
culature overlaps with the focal zone of the optical beam, the beam’s focal point was positioned
~150 um below the ear’s upper surface. Figures 5(a), 5(c), and 5(f) show optical images of the
imaged mouse ears, depicting regions with areas of 4.2 mm X 3 mm, 2.5 mm X 5 mm, and
2 mm X 3 mm, respectively. These regions are marked by rectangular frames. Figures 5(b),
5(d), and 5(g) display the respective maximum-intensity-projection images obtained through the
OR-OAM setup. The figure distinctly illustrates the capability to image single capillaries with
diameters as small as 10 ym, as demonstrated in Fig. 5(e).

4 Discussion and Conclusion

In conclusion, a new OR-OAM configuration is demonstrated, which enables relatively large
fields of view without scanning the acoustic detector or acoustic beam path. While conventional
OR-OAM schemes rely on focused acoustic detectors, whose focus needs to be scanned together
with the optical beam to assure that the optical and acoustic paths are coaxial, in our configu-
ration, an unfocused SPADE is used for acoustic detection, enabling non-coaxial operation. Our
scheme was successfully applied on a resolution target in both trans- and epi-illumination
configurations with lateral resolution down to 4 um. Furthermore, the system was demonstrated
in vivo for imaging the micro-vasculature within a mouse ear, visualizing capillaries with
diameters as small as 10 ym and covering scanning regions of up to 12.6 mm?.

In both the phantom and in vivo images, no significant difference was observed in the image
quality between the two configurations. Nonetheless, in the case of thin samples, it is advanta-
geous to work in trans-illumination since it enables imaging regions to which the illumination
path is blocked by the substrate of the detector in the epi-illumination configuration. In the case
of thick samples, epi-illumination is preferred, and might be the only viable option, since it ena-
bles detecting the acoustic signals at a small distance from their origin, thus maximizing the
measurement’s SNR.

Our SPADE-based OR-OAM scheme was demonstrated for both high-NA optics, in the
phantom measurements, and low-NA optics, for in vivo imaging of the mouse micro-vasculature.
We note that relatively low NAs are commonly used for micro-vasculature imaging since they
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Fig. 5 In vivo MIP images of a portion of a mouse ear. (a) Region of interest of 4.2 x 3 mm? is
highlighted in orange frame. (b) An MIP image corresponding to the FOV marked in orange
obtained using trans-illumination configuration. (c) Region of interest of 2.5 x 5 mm? marked in
green. (d) An MIP image corresponds to the FOV marked in green obtained using trans-illumination
setup. A small part of the capillary network is enlarged on the right of the full image. (e) Magnified
view of a 1D scan of two capillaries, indicated by a white dashed line is demonstrated to showcase
the system resolution capabilities. (f) Region of interest of 2 x 3 mm? marked in blue. (g) An MIP
image corresponds to the FOV marked in blue obtained using epi-illumination setup.

provide sufficient lateral resolution and reduce the need for vertical scanning.'' In contrast,
high-NA optics become essential when imaging sub-cellular structures, e.g., using UV
illumination,*” where sub-micron resolution is desired for imaging cells with quality comparable
to that of histology.

The main challenge in our scheme is the loss of signal due to the non-coaxial geometry.
Specifically, the farther the illumination axis is from SPADE, the weaker the signal becomes.
Several factors contribute to this effect. First, SPADE’s response is only semi-isotropic, i.e., it
lacks focusing, and its response decreases for higher angles. Second, the signals themselves
attenuate with increased propagation lengths. Most fundamentally, since the signals originate
in point, they suffer from an 1/r attenuation, where r is the distance between the focal spot
and SPADE. In addition, frequency-dependent attenuation due to water viscosity can reduce the
bandwidth and, thus, the signal’s peak-to-peak value. For example, at a 1 cm distance the acous-
tic attenuation is ~20 dB at 100 MHz.?®
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Several approaches may be used to improve the FOV while maintaining a non-coaxial
operation. First, the sensitivity of SPADE may be increased to overcome the signal loss at large
propagation distances. For example, while the NEP sensitivity of SPADE used in this work was
7 mPa/Hz"'/2, sensitivities down to 2 mPa/Hz~'/?> have been demonstrated.”*° Second,
SPADE may be further miniaturized, thus leading to a more isotropic response. We note that
in addition to silicon photonics, resonators fabricated in chalcogenide glass may also achieve
a high degree of miniaturization, with micro-rings with diameters as small as 40 pgm successfully
demonstrated.’' Third, an array of SPADEs may be fabricated on a single chip, where switching
between SPADE elements will be performed such that only the SPADE closest to the optical
focus is read out.

The imaging speed in the current study was limited by the mechanical scanning of the beam
and the relatively low repetition rate of the optoacoustic laser, which was equal to 1 kHz. As in
conventional OR-OAM, the imaging speed may be radically improved by using laser with high
repetition rate, e.g., 800 kHz in Ref. 17, and fast schemes for beam scanning, e.g., using
polygon'” or MEMs mirrors.'*!> However, in our case, these rapid-scan mirrors would not need
to be submerged since only scanning of the optical beam would be needed, which may be
performed in air. Further improvement in the imaging speed may be achieved by performing
parallel interrogation of an SPADE array, enabled by either replicating the current setup or
by applying more scalable interferometric techniques®'* and combining it with multi-beam
illumination.

The potential for large fields of view and rapid imaging speeds in a compact probe with no
submergible parts and the compatibility with epi-illumination configuration makes SPADE-
based OR-OAM a promising approach for the clinical translation of OR-OAM. Specifically, such
an OR-OAM would be light weight and could therefore be used as a hand-held device without the
need for an articulating arm, which is often required due to the size and weight of mechanical
scanners.>** Further miniaturization of the imaging probe may be achieved using approaches
from the field of optical coherence tomography, e.g., using flexible fiber bundles with scanning
performed at the distal end,*® which may facilitate minimally invasive applications.

Disclosures

The authors have no relevant financial or non-financial interests to disclose. The authors declare
no conflicts of interest.

Code and Data Availability

The data files generated during and/or analyzed during the current study are available from the
corresponding author on a reasonable request.

Ethics Approval

Ethical approval for this study was obtained from the Ruth and Bruce Rappaport Faculty of
Medicine, Technion-Israel Institute of Technology (ID-168-12-19), for the development and dem-
onstration of optoacoustic systems for imaging of physiological parameters in small animals.

Funding

This work has received funding from the Israel Science Foundation (1709/20 A.R.), and the
Ollendorff Minerva Center.

Acknowledgments

We thank the Micro-Nano Center at the Technion for the use of the clean room facilities for the
SPADE and resolution targets fabrication.

References

1. W. Liu and J. Yao, “Photoacoustic microscopy: principles and biomedical applications,” Biomed. Eng. Lett.
8, 203-213 (2018).

Journal of Biomedical Optics S11511-9 Vol. 29(S1)


https://doi.org/10.1007/s13534-018-0067-2

Harary et al.: Large-field-of-view optical-resolution optoacoustic microscopy. ..

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

T. Jin et al., “Portable optical resolution photoacoustic microscopy (pORPAM) for human oral imaging,” Opt.
Lert. 42(21), 4434-4437 (2017).

J. Rebling et al., “Long-term imaging of wound angiogenesis with large scale optoacoustic microscopy,” Adv.
Sci. 8, 2004226 (2021).

L. Lin and L. V. Wang, “The emerging role of photoacoustic imaging in clinical oncology,” Nat. Rev. 19,
365-384 (2023).

J. G. Tserevelakis et al., “Hybrid multiphoton and optoacoustic microscope,” Opt. Lett. 39(7), 1819-1822
(2014).

T. T. W. Wong et al., “Fast label-free multilayered histology-like imaging of human breast cancer by photo-
acoustic microscopy,” Sci. Adv. 3, 1602168 (2017).

S. Jeon et al., “In vivo photoacoustic imaging of anterior ocular vasculature: a random sample consensus
approach,” Sci. Rep. 7, 4318 (2017).

K. Maslov et al., “Optical-resolution photoacoustic microscopy for in vivo imaging of single capillaries,”
Opt. Lett. 33, 929-931 (2008).

J. Kim et al., “Super-resolution localization photoacoustic microscopy using intrinsic red blood cells as con-
trast absorbers,” Light Sci. Appl. 8, 103 (2019).

H. Wang et al., “Reflection-mode optical-resolution photoacoustic microscopy based on a reflective objec-
tive,” Opt. Express 21(20), 24210-24218 (2013).

C. Taboada et al., “Glassfrogs conceal blood in their liver to maintain transparency,” Science 378(6626),
1315-1320 (2022).

D. Yao et al., “In vivo label-free photoacoustic microscopy of cell nuclei by excitation of DNA and RNA,”
Opt. Lett. 35(24), 4139-4141 (2010).

H. F. Zhang et al., “Functional photoacoustic microscopy for high- resolution and noninvasive in vivo im-
aging,” Nat. Biotechnol. 24, 848-851 (2006).

J. Yao et al., “High-speed label-free functional photoacoustic microscopy of mouse brain in action,” Nat.
Methods 12, 407-410 (2015).

J. Y. Kim et al., “Fast optical-resolution photoacoustic microscopy using a 2-axis water-proofing MEMS
scanner,” Sci. Rep. 5, 7932 (2015).

J. Y. Kim et al., “High-speed and high-SNR photoacoustic microscopy based on a galvanometer mirror in
non-conducting liquid,” Sci. Rep. 6, 34803 (2016).

B. Lan et al., “High-speed wide field photoacoustic microscopy of small animal hemodynamics,” Biomed.
Opt. Express 9, 4689-4701 (2018).

D. Y. Ren et al., “A review of transparent sensors for photoacoustic imaging applications,” Photonics 8, 324
(2021).

B. Park et al., “A photoacoustic finder fully integrated with a solid-state dye laser and transparent ultrasound
transducer,” Photoacoustics 23, 100290 (2021).

D. Kim et al., “An ultraviolet-transparent ultrasound transducer enables high resolution label free photo-
acoustic histopathology,” Laser Photonics Rev. 2023, 2300652 (2023).

Y. Lee, H. F. Zhang, and C. Sun, “Highly sensitive ultrasound detection using nanofabricated polymer
micro-ring resonators,” Nano Convergence 10, 30 (2023).

Q. Rong et al., “High-frequency 3D photoacoustic computed tomography using an optical micro-ring
resonator,” BME Front. 2022, 9891510 (2022).

T. Harary, Y. Hazan, and A. Rosenthal, “All optical optoacoustic micro-tomography in reflection mode,”
Biomed. Eng. Lett. 13, 475-483 (2023).

M. Nagli et al., “Silicon photonic acoustic detector (SPADE) using a silicon nitride microring resonator,”
Photoacoustics 32, 100527 (2023).

R. Marchetti et al., “High-efficiency grating-couplers: demonstration of a new design strategy,” Sci. Rep. 7,
16670 (2017).

L. Riob6 et al., “Noise reduction in resonator-based ultrasound sensors by using a CW laser and phase detec-
tion,” Opt. Lett. 44, 2677-2680 (2019).

R. Cao et al., “Label-free intraoperative histology of bone tissue via deep-learning-assisted ultraviolet photo-
acoustic microscopy,” Nat. Biomed. Eng. 7, 124-134 (2023).

X. L. Dean-Ben, D. Razansky, and V. Ntziachristos, “The effects of acoustic attenuation in optoacoustic
signals,” Phys. Med. Biol. 56, 6129-6148 (2011).

W. Westerveld et al., “Sensitive, small, broadband and scalable optomechanical ultrasound sensor in silicon
photonics,” Nat. Photonics 15, 341-345 (2021).

Y. Hazan et al., “Silicon-photonics acoustic detector for optoacoustic micro-tomography,” Nat. Commun. 13,
1488 (2022).

J. Pan et al., “Parallel interrogation of the chalcogenide-based micro-ring sensor array for photoacoustic
tomography,” Nat. Commun. 14, 3250 (2023).

Journal of Biomedical Optics S11511-10 Vol. 29(S1)


https://doi.org/10.1364/OL.42.004434
https://doi.org/10.1364/OL.42.004434
https://doi.org/10.1002/advs.202004226
https://doi.org/10.1002/advs.202004226
https://doi.org/10.1038/s41571-022-00615-3
https://doi.org/10.1364/OL.39.001819
https://doi.org/10.1126/sciadv.1602168
https://doi.org/10.1038/s41598-017-04334-z
https://doi.org/10.1364/OL.33.000929
https://doi.org/10.1038/s41377-019-0220-4
https://doi.org/10.1364/OE.21.024210
https://doi.org/10.1126/science.abl6620
https://doi.org/10.1364/OL.35.004139
https://doi.org/10.1038/nbt1220
https://doi.org/10.1038/nmeth.3336
https://doi.org/10.1038/nmeth.3336
https://doi.org/10.1038/srep07932
https://doi.org/10.1038/srep34803
https://doi.org/10.1364/BOE.9.004689
https://doi.org/10.1364/BOE.9.004689
https://doi.org/10.3390/photonics8080324
https://doi.org/10.1016/j.pacs.2021.100290
https://doi.org/10.1002/lpor.202300652
https://doi.org/10.1186/s40580-023-00378-2
https://doi.org/10.34133/2022/9891510
https://doi.org/10.1007/s13534-023-00278-8
https://doi.org/10.1016/j.pacs.2023.100527
https://doi.org/10.1038/s41598-017-16505-z
https://doi.org/10.1364/OL.44.002677
https://doi.org/10.1038/s41551-022-00940-z
https://doi.org/10.1088/0031-9155/56/18/021
https://doi.org/10.1038/s41566-021-00776-0
https://doi.org/10.1038/s41467-022-29179-7
https://doi.org/10.1038/s41467-023-39075-3

Harary et al.: Large-field-of-view optical-resolution optoacoustic microscopy. ..

32. J. Song et al., “Ultrasound measurement using on-chip optical micro-resonators and digital optical frequency
comb,” J. Lightwave Technol. 38, 52935301 (2020).

33. Y. Hazan and A. Rosenthal, “Simultaneous multi-channel ultrasound detection via phase modulated pulse
interferometry,” Opt. Express 27, 28844-28854 (2019).

34. T. Jin et al., “Portable optical-resolution photoacoustic microscopy for volumetric imaging of multiscale
organisms,” J. Biophotonics 11(4), €201700250 (2017).

35. L. Linetal., “Handheld optical-resolution photoacoustic microscopy,” J. Biomed. Opt. 22(4), 041002 (2017).

36. L. M. Wurster et al., “Endoscopic optical coherence tomography with a flexible fiber bundle,” J. Biomed.
Opt. 23(6), 066001 (2018).

Tamar Harary received her BSc degree in physics and her MSc degree in biomedical engineer-
ing from the Technion—Israel Institute of Technology. She is currently a PhD candidate at the
Department of Electrical and Computer Engineering at the Technion. She is leading research and
development in the field of optoacoustic microscopy systems.

Michael Nagli received his BSc degree in physics and his BSc and MSc degrees in materials
science and engineering from Technion—Israel Institute of Technology. He is currently a PhD
candidate at the Department of Electrical and Computer Engineering at the Technion—Israel
Institute of Technology.

Nathan Suleymanov received his MSc degree in the Materials and Interface Department from
Weizmann Institute of Science, Rehovot. He is a researcher and nano-fabrication process
developer at the Nanoscale and Quantum Optoelectronics laboratory at the Nano Center,
Electrical Engineering Department, Technion.

Ilya Goykhman is an assistant professor at the Institute of Applied Physics, the Faculty of
Science at the Hebrew University of Jerusalem, where he leads the Laboratory for
Nanoscale and Quantum Optoelectronics. His main research interests span nanoscience and
nanotechnology, device physics, 2D materials and heterostructures and technology development
of graphene and layered materials for hybrid optoelectronics, quantum photonics, and sensing.

Amir Rosenthal received his BSc and PhD degrees from the Department of Electrical
Engineering, the Technion-Israel Institute of Technology, Haifa, in 2002 and 2006, respectively.
From 2009 to 2010, he was a Marie Curie fellow at the Cardiovascular Research Center at
Massachusetts General Hospital and Harvard Medical School, Boston, Massachusetts, and from
2010 to 2014, he was a group leader at the Institute of Biological and Medical Imaging,
Technische Universitit Miinchen and Helmholtz Zentrum Miinchen, Germany. Since 2020,
he has been an associate professor at the Andrew and Erna Viterbi Faculty of Electrical and
Computer Engineering at the Technion—Israel Institute of Technology. His research interests
include optoacoustic imaging, interferometric sensing, intravascular imaging, inverse problems,
and optical and acoustical modeling.

Journal of Biomedical Optics S11511-11 Vol. 29(S1)


https://doi.org/10.1109/JLT.2020.2982211
https://doi.org/10.1364/OE.27.028844
https://doi.org/10.1002/jbio.201700250
https://doi.org/10.1117/1.JBO.22.4.041002
https://doi.org/10.1117/1.JBO.23.6.066001
https://doi.org/10.1117/1.JBO.23.6.066001

