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Abstract: Optical-resolution photoacoustic microscopy (OR-PAM) is a promising noninvasive biomed-
ical imaging technology with label-free optical absorption contrasts. Performance of OR-PAM is
usually closely related to the optical-acoustic combiner. In this study, we propose an optical-acoustic
combiner based on a flat acoustic reflector and an off-axis parabolic acoustic mirror with a conical
bore. Quantitative simulation and experiments demonstrated that this combiner can provide bet-
ter acoustic focusing performance and detection sensitivity. Moreover, OR-PAM is based on the
combiner suffer low optical disorders, which guarantees the good resolution. In vivo experiments
of the mouse brain and the iris were also conducted to show the practicability of the combiner in
biomedicine. This proposed optical-acoustic combiner realizes a high-quality optical-acoustic confo-
cal alignment with minimal optical disorders and acoustic insertion loss, strong acoustic focusing,
and easy implementation. These characteristics might be useful for improving the performance
of OR-PAM.

Keywords: photoacoustic microscopy; photoacoustic imaging

1. Introduction

Photoacoustic (PAI) imaging is a promising noninvasive biomedical imaging technol-
ogy and has been rapidly developed in recent years [1–8]. Optical-resolution photoacoustic
microscopy (OR-PAM) is one form of the PAI inheriting its characteristics and is useful
in both preclinical and clinical research [9]. In OR-PAM, the tissue is irradiated usually
by a focused short-pulsed laser beam to achieve a thermal and acoustic impulse response,
which is called the photoacoustic (PA) effect [10–12]. PA wave is received by the ultrasonic
transducer, and transferred into a computer to form the images of the tissues. OR-PAM
could achieve images with a resolution of micron-scale or even submicron-scale level and
a penetration depth of up to one millimeter [13]. Moreover, it is unique among optical
microscopy technologies for its label-free detection of optical absorption with a relative
sensitivity of 100% [14]. Hence, OR-PAM has shown great potentials in various biomedical
applications, such as brain imaging [2,5,15,16], breast cancer imaging [3], animal embryo
imaging [4,17], cell imaging [18–20], and microcirculation imaging [6,21–30].

Usually, an OR-PAM system involves an optical-acoustic combiner to achieve the
optical-acoustic confocal alignment. An early design of the combiner is composed of two
prisms sandwiching a thin layer of silicone oil [31]. Then, its improved version is made
of a rhomboid prism and a right-angle prism, which overcomes the series of acoustic
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insertion loss induced by the transforming from longitudinal-mode wave to shear-mode
wave at the interface [17,32]. Customized ring-shaped focused ultrasonic transducer with
a central hole to pass the optical beam is also designed to achieve optical-acoustic confocal
alignment [2,20]. Furthermore, optically-transparent focused ultrasound transducers could
be considered as its advanced solution [33,34] to make PAM highly integrated, and it will
have great potential when the processing costs is reduced. A parabolic acoustic mirror was
combined with an optical lens that has a large optical numerical aperture (NA) together
to realize a submicron-resolution reflection-mode OR-PAM [23]. This combiner aimed to
achieve a large optical NA, and showed good acoustic potential. Additionally, another
kind of combiner is arranging a thin glass plate or perforated acoustic mirror to redirect the
ultrasonic beam propagating in water to a focused ultrasonic transducer, and a confocal
laser beam can pass through the transparent glass plate [26,27] or the central hole [28] to
achieve confocal alignment. In a word, performance of OR-PAM is closely related to the
optical-acoustic combiner. A good combiner usually requires low optical disorders, low
acoustic insertion loss, strong acoustic focusing, to ensure superior optical resolution, good
PA excitation efficiency, and high acoustic detection sensitivity.

In this study, we propose an optical-acoustic combiner composed of a flat acoustic
reflector and an off-axis parabolic acoustic mirror (OPM) with a conical bore. The optical
beam can be undistorted focused on the sample through the conical bore. The OPM
provides strong acoustic focusing with a large acoustic NA. To realize the large acoustic
NA, the structure of the parabolic mirror used in our study is different from the reported
one [23]. Additionally, in order to facilitate the placement of the transducer, we have
designed a sound path with two reflection in the combiner. In comparison to the other
methods, the entire acoustic propagation path from the source to the transducer in our
combiner is in the water, which ensures low insertion loss and a better detection sensitivity.
Additionally, the proposed combiner does not rely on customized ultrasound transducer.
Commonly used commercial transducers are suitable. We demonstrated the advantage and
practicality of the proposed design by using numerical simulations, phantom measurement,
and in vivo imaging experiments.

2. Materials and Methods
2.1. Experimental Setup

The Nd:YAG laser (EXPL-532-2Y, Spectra-Physics Inc., Santa Clara, CA, USA) worked
at a wavelength of 532 nm and the repetition rate was set at 10 kHz. Haemoglobin has
strong optical absorption near 532 nm, and this laser will benefit imaging the microvascular
network in tissue. The laser beam was coupled into a single mode optical fiber via a
free-space-to-fiber coupler. The output light was collimated and guided into the combiner.
The photodiode (PDA10A-EC, Thorlabs, Inc., Newton, NJ, USA) monitored the intensity
and the stability of the laser beam. Its output was also served as a trigger for PA signal
detection. The ultrasonic coupling was through water. The detected PA signals were
amplified by a low noise amplifier (SA-915D1, NF Corporation, Yokohama, Japan) with a
gain of 46 dB and digitized by the DAQ card (NI 5761, National Instruments Corporation,
Austin, TX, USA) at a sampling frequency of 250 MHz. The samples were scanned by a
2D motorized translational stage (M-VP-25XA, Newport Corporation, Irvine, CA, USA) to
achieve the PA images.

In the optical-acoustic combiner, the light was focused on the sample by an objective
with the NA of 0.10. PA signals were detected by a flat ultrasonic transducer (A319S,
Olympus Corporation, Tokyo, Japan) with a center frequency of 15 MHz, and a relative
bandwidth of 47% at −6 dB. Ultrasound with low frequency has much smaller attenuation
than that with high frequency. The home-made OPM (details of its size is discussed in
Section 3.1) was made of aluminum alloy, with an acoustic impedance approximately
7.0 × 106 N s/m3. We firstly had the aluminum alloy computerized numerical control
(CNC) machined according to our design diagram. Then, the parabolic surface of the OPM
was polished to improve the reflection performance. Huge acoustic impedance mismatch
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between aluminum and water (approximately 1.48 × 106 N s/m3) promises highly efficient
acoustic reflections at the water–aluminum interface.

2.2. Animal Preparation

We used Balb/c mice for the in vivo studies. The mice were around 8 weeks and
approximately 30 g. After being anesthetized through a vaporized isoflurane system, the
scalp of the mice were carefully removed and the skull was preserved before imaging
experiment. The concentration of isoflurane gas used during the experiments was 3%. Our
experiments were performed in a temperature-controlled room. During the experiment,
the mice lay in a constant-temperature blanket, the temperature of which was controlled
and monitored to be between 35.5 ◦C and 36.5 ◦C. A small animal oximeter (MouseOx
Pulse Oximetry System, Starr Life Sciences, Oakmont, PA, USA) was used to monitor the
heart rates, respiration, and oxyhemoglobin saturation. After the imaging experiments,
the mouse was sacrificed using a standard procedure. All the animal procedures were
performed in accordance with institutional guidelines and approved by the First Affiliated
Hospital of Nanjing Medical University.

3. Results and Discussion
3.1. The Optical-Acoustic Combiner Based on the OPM

Figure 1 gives the schematic map of the OR-PAM and the design of the optical-acoustic
combiner. The emitting laser was coupled and focused on the sample through the combiner,
exciting a PA wave. The excited PA wave was redirected in the combiner and received by
the ultrasonic transducer. The photodiode monitored the intensity and the stability of the
laser beam. Its output was also served as a trigger for PA signal detection. The detected
PA signals were amplified and digitized by the data acquisition (DAQ) card. Scanning the
sample by a 2D motorized translational stage, images can be extracted from the detected
PA signals.
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Figure 1. Schematic diagram of optical-resolution photoacoustic microscopy (OR-PAM) setup. FC:
fiber coupling, SMF: single mode fiber, CL: collimating-mirror, BS: beam splitter, PD: photodiode,
DAQ: data acquisition. Dotted box gives the details of the optical–acoustic combiner. OL: objective
lens, OPM: off-axis parabolic acoustic mirror, UT: ultrasonic transducer, FR: flat acoustic reflector.
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The design of the optical-acoustic combiner is given in the red dashed box in Figure 1.
The combiner was composed of a flat acoustic reflector and an OPM with a conical bore.
The incident laser beam was focused on the sample, through the conical bore in the
OPM. The PA wave was generated from the laser’s focal spot and emitted toward the
surrounding media. The focal point of the OPM was overlapped with the optical focal
spot. The divergent PA wave from the focus was reflected by the OPM and turned into
a collimating beam. Then, the collimating ultrasonic beam was redirected by the flat
acoustic mirror placed toward the OPM, and finally received by an unfocused immersion
ultrasonic transducer. The purpose of the confocal alignment was to improve the sensitivity
of OR-PAM. At the optical focal point, the maximum optical absorption happens and the
strongest PA signal was generated. At the acoustic focal point, i.e., OPM focal point, the
ultrasound transducer had the maximum detection sensitivity. Therefore, overlap between
OPM focal point with optical focal spot will maximize the PAM image sensitivity. This
combiner promises high efficiency of PA excitation and detection, benefitting from the
optical-acoustic confocal alignment.

Figure 2 illustrates the profile map of the OPM. In the following simulation and
experiments, an unfocused ultrasonic transducer with a diameter of 16 mm (the nominal
element size is 12 mm) was used to detect PA signals. Based on the dimension of the
ultrasonic transducer, the OPM was designed as a diameter of D = 16 mm, which was the
same as that of the transducer. The parent focal length (PFL) of the parabolic surface was
PFL = 8.5 mm, and the off-axis distance (OAD) between the focal point and the bottom of
the OPM was OAD = 6 mm. The reflected focal length (RFL), i.e., the distance between
the center of the OPM and the focal point, was RFL = 14 mm. Moreover, the system
specifications are presented in Table 1.
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Figure 2. Profile map of the OPM, CA: central axis, D: diameter; OAD: off-axis distance; PFL: parent
focal length; RFL: reflected focal length.

Table 1. The system specifications of the proposed OPM.

Off-Axis Distance
[mm]

Diameter of OPM
[mm] RFL of OPM [mm] PFL of OPM [mm]

6 16 14 8.5

Numerical simulations were applied to examine the acoustically focusing ability of
the combiner. We computed the sound pressure with the Rayleigh Integral in MATLAB
(R2019b, Mathworks, Natick, MA, USA). Figure 3 shows the two different schemes to
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achieve acoustic focusing. One was achieved by a spherically focused ultrasonic transducer
and a flat acoustic reflector [28]. Another one was achieved by an unfocused transducer
and the proposed combiner. The surface sensitivity of the transducer was set as the same
with each other. The two transducers had the same element size of 12 mm and the same
central frequency of 15 MHz. Moreover, the focuses were both fixed at the same position
(14 mm below the central axis). During this process, the flat acoustic mirror and the focus
remains stationary and the transducer’s position was adjusted along the central axis of
the OPM to fix the focus at the same position. This meant that the focus was maintained
14 mm under the central axis. The distance L between the transducer and the mirror center
was 10 to 30 mm in the following simulation. For the spherically focused transducer, its
focal length varied from 24 mm to 44 mm, in order to keep consistent with the set position.
The surrounding media is water, in which the speed of sound is 1500 m/s.
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reflector. (b) A flat transducer combined with the OPM.

Figure 4 compares the acoustic focusing performance of two schemes. Figure 4a
illustrated the predicted detection sensitivity achieved by a spherically focused transducer
and a flat acoustic reflector. Figure 4b gives the detection sensitivity achieved by the OPM
with a flat transducer. It was seen that the focal spot achieved by the scheme one was much
bigger than that achieved by the proposed scheme. Additionally, its focal intensity was
much weaker than the proposed scheme, as shown in Figure 4c. It meant that the proposed
method had stronger acoustic focusing ability. It was said that the proposed combiner has
better receiving sensitivity than the scheme of the focused transducer and the flat acoustic
reflector. This was because the proposed combiner had a larger acoustical NA, as shown in
Figure 3.

Additionally, we also predicted the situation when the transducer is far away from the
reflector. For the scheme composed of a focused transducer and a flat acoustic reflector, the
focal length must be increased in order to maintain the focal position. The results showed
the sensitivity at the focus was decreased as the distance L was increased, as shown in
Figure 4d with the solid dots. However, for the proposed combiner, as the transducer
was far away from the OPM, the intensity at focus almost remained stable, even when
the distance L was increased from 10 to 30 mm. This was because the ultrasonic beam
excited from the focus of the OPM was reflected and redirected into a collimated beam.
The collimated beam meant that the receiving transducer could be placed at any position
of the central axis, which brings much convenience while designing the combiner scheme.
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The proposed combiner has the following characteristics. First, the ultrasonic beam
propagating path in this combiner is only in water. The ultrasonic beam does not transmit
through any acoustic lens or other solid separators. It prevents the acoustic energy loss
due to the acoustic impedance mismatching or the longitudinal-shear mode transforming
at the liquid–solid interface. Therefore, this design guarantees low insertion loss. Second,
the combiner achieves the acoustic focusing using the OPM, instead of acoustic lens. The
OPM can provide a larger NA than the focused transducer. Therefore, the combiner has
stronger acoustic focusing ability and better receiving sensitivity. Third, the ultrasonic
beam is approximately collimated after being reflected by the OPM. It is convenient to
settle a flat transducer or flat acoustic mirror in the combiner to redirect and receive the
ultrasonic beam. Fourth, the combiner does not bring any additional optical element in the
optical path, which promises low optical disorders. These characteristics would be useful
in improving the performance of OR-PAM.

3.2. System Performance

The performance of the proposed optical-acoustic combiner was tested by phantom ex-
periments. The experimental setup used for the performance test and imaging experiments
is presented in Figure 1. The optical-acoustic confocal alignment was achieved before
experiments. First, we carefully designed and customized the combiner and the parabolic
mirror. The ultrasound transducer can be stably fixed in the combiner and the position of
the acoustic focal spot can be approximately estimated according to the design. Second,
by illuminating unfocused laser (not through the combiner) on a particle, we generated
a point acoustic source. We could determine the position of the acoustic focal point, by
adjusting the combiner in x, y, z direction until maximizing the received signal, which is
similar to the experiments given in Figure 5. Third, we moved the acoustic focal spot to a
black tape and adjust the position of the incident laser beam (through the combiner) until
maximizing the receiving signal. Then, we can say that the confocal alignment is achieved.

In the first experiment, we examined the ability of ultrasonic focusing of the combiner.
The imaging target is a single polyester particle with a diameter of approximately 100 µm.
We separated the single microsphere and then taped it on a cover glass. There was some
interspace between the tape and the microsphere and we filled it with distilled water. Laser
beam with a diameter approximately 5 mm was directly illuminating on the micro-particle
from below, through a mirror under the target, but not through the combiner. Whereas,
generated PA signals were detected through the ultrasonic transducer in the combiner.
The combiner was moved by the 2D motorized translational stage. Then, images of the
micro-particle were obtained by scanning the sample along the x-y plane with a step size
of 5 µm. By changing the depth of the combiner in the z direction and repeating the
scanning processes, a series of images were obtained. Since laser was unfocused and fixed
in this experiment, the image quality depended on the acoustic focusing of the combiner.
The diameter of the particle was small enough to be approximately estimated as a point
source. Therefore, these images can be used to approximately evaluate the acoustic focusing
performance of the combiner. A total of 18 images were obtained from 2.1 mm above the
focus to 3.3 mm below it, with an axial (z-direction) interval of 0.3 mm.

Figure 5a demonstrates 5 layers around the focal plane, from 1.2 mm below the focus
to 1.2 mm above the focus. Figure 5b compares the focusing condition along the acoustic
axis, where the blue empty dot is measured in the experiment and the red solid line is
predicted by numerical simulations. Figure 5c gives the image obtained on the focal plane.
Figure 5d,e plot two cross sections of the acoustic focus along x and y direction, with their
simulated results. The full width at half maximum (FWHM) of the profile in the image was
only approximately 183 µm in x direction and only approximately 151 µm in y direction,
which was close to the simulated data at the focus in the two directions. The small focal size
implied strong acoustic focusing ability and high receiving sensitivity. These experimental
results demonstrate the proposed combiner can provide efficient acoustic focusing and is
in good agreement with the theoretical predictions, which means strong acoustic focusing.
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Figure 5. Measurement of acoustic field experiment of the combiner. (a) Five images around the focus. (b) Normalized
acoustic pressure along the acoustic axis, where blue empty dots represent experiment results and the red solid line is the
simulative data. (c) The image obtained on the focal plane. Two black dashed lines marked profiles at the focus along x
direction and y direction. The white scale bar in the figure represents 200 µm. (d,e) Profiles along x direction and y direction
in (c).

In the second phantom experiments, we tested the resolution of the OR-PAM with the
proposed optical-acoustic combiner. A bunch of carbon fibers were used as imaging objects.
We took the fibers with a diameter of approximately 7 µm, placed it on a cover glass,
randomly separated them with distilled water, and taped them to the cover glass with
optically clear adhesive tape. The scanning step was 1 µm. Figure 6a shows the maximum
amplitude projection (MAP) image of carbon fibers. The OR-PAM system obtained the
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geometric shape, size, and position of the carbon fibers clearly. Figure 6b is the normalized
cross-sectional profile (the blue empty dots) of the carbon fiber image indicated by the
arrow in Figure 6a. We took logarithm of the PA value along x direction, and applied the
ordinary least squares method to get the fitting curve. By applying this Gaussian curve
fitting to the profile data (red solid line), we can estimate that the FWHM along the x
direction was approximately 13.2 µm. The green dashed rectangle marked an area with
higher PA amplitude, which means samples in this area were closer to the optically focal
plane. By choosing 20 profiles in the green dashed box and implementing curve fitting,
it was shown that the FWHM had a mean value ± standard deviation of 12.8 ± 1.8 µm.
The angle between the fiber and the x-direction was approximately 57.0◦, so the diameter
of the fiber was 9.6 µm. Considering the diameter of the fiber was approximately 7 µm,
the lateral resolution of the imaging system was estimated as 2.6 µm according to the
Rayleigh criterion. Taking account of the NA = 0.13 of the objective lens in water and
the laser wavelength λ = 532 nm, the lateral resolution of the OR-PAM system could be
theoretically estimated as 0.51λ/NA = 2.04 µm. It was shown that the lateral resolution
of our OR-PAM system was close to the theoretical resolution. This phantom imaging
result demonstrated the OR-PAM system was able to image biological tissues such as
microvasculatures (approximately 5 µm) clearly.

Photonics 2021, 8, x FOR PEER REVIEW  9  of  12 
 

 

our OR‐PAM system was close to the theoretical resolution. This phantom imaging result 

demonstrated  the  OR‐PAM  system  was  able  to  image  biological  tissues  such  as 

microvasculatures (approximately 5 μm) clearly. 

 

Figure  6.  Imaging  of  the  carbon  fiber.  (a) MAP  image  of  the  carbon  fibers.  The  green  dashed 

rectangle is the sampling region. (b) Profile along the x‐direction of the carbon fiber, indicated by 

the white arrow in (a). MAP: maximum amplitude projection. 

3.3. In Vivo Imaging Experiments 

Finally, we applied our OR‐PAM system for in vivo imaging of the brain and the iris 

of live mice to examine its practicability and potential in biomedicine. During the in vivo 

experiments, the energy of the laser at the sample was around 80 nJ per pulse. 

Figure 7 gives the PA image of the brain of a live mouse. The scalp was removed, but 

the skull was preserved before imaging experiment. The imaging area of 10 × 13 mm was 

scanned point‐by‐point with a step size of 10 μm, that is, the scanning brain image consists 

of 1000 × 1300 pixels. A denser scanning can take full advantage of the resolution. In our 

study, considering the diameter of microvasculature was approximately 10 μm, we used 

the step size of 10 μm. The total scanning time was about 16 min for in‐vivo 10 × 13 mm 

area. As shown, the vasculatures are clearly demonstrated in the MAP image. Encoding 

depth information through extracting the time delay of the PA signal at each position, we 

also achieved an imaging of the depth information in the brain area. The red and yellow 

areas represent the superficial layer, and the green and blue areas represent the deeper 

layer. Through the PA imaging, the superficial layer and a little deeper layer with high 

contrast and good resolution are shown in the image. 

 

Figure 7. PA imaging of the brain vasculatures of a mouse through an intact skull. (a) The 

normalized MAP image of the brain vasculature. (b) The depth‐encoded image of the brain 

vasculatures. The scale bar in the figure represents 1 mm. PA: photoacoustic. 

Figure 6. Imaging of the carbon fiber. (a) MAP image of the carbon fibers. The green dashed rectangle is the sampling
region. (b) Profile along the x-direction of the carbon fiber, indicated by the white arrow in (a). MAP: maximum amplitude
projection.

3.3. In Vivo Imaging Experiments

Finally, we applied our OR-PAM system for in vivo imaging of the brain and the iris
of live mice to examine its practicability and potential in biomedicine. During the in vivo
experiments, the energy of the laser at the sample was around 80 nJ per pulse.

Figure 7 gives the PA image of the brain of a live mouse. The scalp was removed, but
the skull was preserved before imaging experiment. The imaging area of 10 × 13 mm was
scanned point-by-point with a step size of 10 µm, that is, the scanning brain image consists
of 1000 × 1300 pixels. A denser scanning can take full advantage of the resolution. In our
study, considering the diameter of microvasculature was approximately 10 µm, we used
the step size of 10 µm. The total scanning time was about 16 min for in-vivo 10 × 13 mm
area. As shown, the vasculatures are clearly demonstrated in the MAP image. Encoding
depth information through extracting the time delay of the PA signal at each position, we
also achieved an imaging of the depth information in the brain area. The red and yellow
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areas represent the superficial layer, and the green and blue areas represent the deeper
layer. Through the PA imaging, the superficial layer and a little deeper layer with high
contrast and good resolution are shown in the image.
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Figure 7. PA imaging of the brain vasculatures of a mouse through an intact skull. (a) The normalized MAP image of the
brain vasculature. (b) The depth-encoded image of the brain vasculatures. The scale bar in the figure represents 1 mm. PA:
photoacoustic.

Figure 8 gives PA image of the iris of a live mouse. The region of interest was 4 × 4 mm
and is scanned with a step size of 5 µm. As shown in Figure 8a, microvasculatures of the iris
and the surrounding tissues can be clearly observed. Also, extracting the time delay of the
PA signal at each position, an image encoded the depth information is given in Figure 8b.
In the figure, the main body of the radial vascular network and branch microvasculatures
distributed in the outer ring of the iris is clearly shown.
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Generally, the system with the proposed optical-acoustic combiner achieved high-
quality images of the brain and the iris of live mice. Benefitting from high detective
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sensitivity and low optical disorders, the obtained images had good contrast and res-
olution. Both the MAP images and depth-encoded images revealed abundant details.
Microvasculatures could be clearly observed. These in vivo experiments demonstrated the
practicability of the OR-PAM system with the proposed optical-acoustic combiner.

In comparison to the other methods, the proposed method has the following advan-
tages. First, since the proposed system has a large acoustic NA, it has a smaller acoustic
focal spot. In other words, the system is able to detect weaker signals at the acoustic focus.
Second, since the acoustic propagation path in combiner is only through water and there
is no other solid structure attenuating the propagation, the combiner has low insertion
loss. The above two advantages promise good detection sensitivity. Third, the proposed
combiner doesn’t rely on customized ultrasound transducer. Commonly used commercial
transducers are suitable. Additionally, benefiting from the good sensitivity, the system
might have potential to achieve better imaging depth.

The scanning time of the system could be reduced by increasing the motion speed
and laser repetition frequency, or enlarging the scanning step. Moreover, the size of the
combiner is limited by the volume of the selected transducer. To achieve a larger acoustic
NA and a long working distance, the element size of the transducer has a minimum size
limit, and this can be improved. Potential applications of the OR-PAM could be clinical
diagnostic imaging of eye, including choroid and retina, and the microscopic imaging of
superficial and thin tissues like microvasculatures at the extremity.

4. Conclusions

The performance of an OR-PAM system is usually closely related to its design of the
optical-acoustic combiner. In this study, we proposed an optical-acoustic combiner based
on an OPM and a flat acoustic reflector to achieve a high-performance OR-PAM system.
We examined the acoustic focusing ability of the proposed optical-acoustic combiner
by using quantitative numerical simulations and the experimental measurements. The
results showed that the proposed combiner has a larger acoustic NA. Moreover, the entire
ultrasonic propagation path is only through water. These characteristics of this combiner
promise good detection sensitivity. Then, it was demonstrated that this imaging system has
a spatial resolution of about 2.6 µm by imaging carbon fibers. Finally, in vivo imaging of
the mouse brain and the iris demonstrated the practicability and potentials in biomedicine.
In summary, the proposed optical-acoustic combiner based on the OPM could be useful
for improving the performance of OR-PAM. Compared to other methods of improving the
acoustic sensitivity, the proposed combiner could realize a large acoustic NA, and avoid
impedance mismatch due to the propagation path of pure reflection mode in water. In
future, more efforts will be made to realize a faster imaging speed.
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