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Endoscopic dual-modality photoacoustic (PA) and ultrasound (US) imaging has the capability of providing
morphology and molecular information simultaneously. An ultrasonic transducer was applied for detecting PA
signals and performing US imaging which determines the sensitivity and performance of a dual-modality PA/US
system. In our study, a miniature single element 32-MHz lead magnesium niobate-lead titanate (PMN-PT) epoxy
1-3 composite based ultrasonic transducer was developed. A miniature endoscopic probe based on this trans-
ducer has been fabricated. Using the dual modality PA/US system with a PMN-PT/epoxy 1-3 composite based
ultrasonic transducer, phantom and in vivo animal studies have been conducted to evaluate the performance. The

preliminary results show enhanced bandwidths of the new ultrasonic transducer and improved signal-to-noise
ratio of PA and US images of rat colorectal wall compared with PMN-PT and lead zirconate titanate (PZT)
composite based ultrasonic transducers.

1. Introduction

Photoacoustic (PA) imaging is an emerging imaging modality that
has been applied in a wide variety of biomedical applications, such as
brain lesion detection and breast cancer diagnosis [1-3]. The advantage
of PA imaging lies with its ability to reveal molecular information as
biomolecules vary in absorption efficiency. In brief, PA imaging utilizes
a non-ionizing nanosecond laser to deliver pulsed light into the biolo-
gical tissue. When the pulsed laser energy is absorbed by the tissue
sample, it is converted to heat which causes a transient thermoelastic
expansion that emits wideband ultrasonic waves. A piezoelectric
transducer or all-optical ultrasound (US) sensor can be used to detect
these generated ultrasonic waves, or the PA signals. An all-optical US
sensor, such as a Fabry-Pérot interferometer or microresonator, is able
to provide wide detection bandwidth, resonance-free acoustic detection
spectrum, and high resolution [4-11]. However, it still presents chal-
lenges for US detection. Chiefly, it requires a cost-intensive read-out
system. In addition, with an all-optical US sensor, it is incapable of
generating US waves to perform US imaging, which is often preferable
in clinical applications. For the piezoelectric transducer, it can provide

US detection with large penetration depth and high sensitivity. In ad-
dition, a piezoelectric transducer is able to emit and receive the US
signal simultaneously. Therefore, integration with US imaging is
seamless since PA imaging relies on the use of ultrasonic transducers.
With the capability to simultaneously resolve molecular (PA) and
structural information (US) in depth, dual-modality PA/US imaging has
been used in various applications, including the detection of cancer and
characterization of vulnerable plaque [12-20]. In our study, a piezo-
electric transducer was applied for PA signal detection and to perform
US imaging simultaneously.

The key factor of the performance of a PA/US imaging system is the
ultrasonic transducer. For the PA/US transducer, the widely used ma-
terials include: lithium niobate (LiNbOj3) [21-23], lead magnesium
niobate-lead titanate (PMN-PT) [17,24], and lead zirconate titanate
(PZT) composite [12,13,15,25,26]. LiNbOs, as the conventional single
crystal, has stable and strong electro-mechanical coupling capabilities
but exhibits inferior piezoelectric performance compared to PZT [27].
PZT is advantageous due to its high performance and ease of manu-
facture, yet it has a limited application in highly attenuative materials.
Recently developed PMN-PT as a new class of signal-crystal
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piezoelectric material has gained interest in the research field and has
demonstrated improved piezoelectric performance. Its piezoelectric
strain constant (d33) ranging from 1500 to 2500 (pC/N) is approxi-
mately five times higher than that of PZT, and its electromechanical
coupling coefficient k, of ~0.58 is also superior [28,29]. In addition, it
has been reported that the PMN-PT single crystal ultrasonic transducer
shows improved performance over both PZT and PZT-based 1-3 com-
posite ultrasonic transducers [30]. On top of PMN-PT’s advantages, the
PMN-PT/epoxy 1-3 composite material has further benefits. As one of
the most promising in frontier transducer technology, piezoelectric rods
embedded in a low-density polymer lower the acoustic impedance and
highly enhance the electromechanical coupling coefficient. For the
PMN-PT/epoxy 1-3 composite, the electromechanical coupling coeffi-
cient increases from 0.58 to 0.94, which inherently contributes to better
acoustic impedance matching between transducers and water along
with higher sensitivity and improved image resolution [31].

In this paper, we report on a 32-MHz single-element ultrasonic
transducer with an aperture size of 0.5 mm fabricated using a PMN-PT/
epoxy 1-3 composite. A miniature PA/US endoscopic probe (outer
diameter: 1.45 mm) was fabricated based on this material for PA/US
imaging. The manufacture process of the transducer, imaging probe
design, and imaging system setup are described herein. The perfor-
mance of the transducer was quantified using a reflector and tested in
the rat gastrointestinal tract in vivo. The results demonstrated an en-
hanced sensitivity over conventional transducers.

2. Methods

2.1. Design and fabrication of the PMN-33%PT/epoxy 1-3 composite
ultrasonic transducer

Fig. 1(a) illustrates the fabrication process of the PMN-PT/epoxy
1-3 composite. (1) A polished PMN-PT crystal plate was first diced
along one direction using an automatic dicing saw (K&S 982-6, Kulicke
and Soffa Industries, Inc.). (2) The kerfs were filled with epoxy (EPO-
TEK 301, EPOXY Technology, Inc.). (3) After the epoxy was cured, the
plate was diced again in the direction perpendicular to the kerfs. (4)
The new kerfs were filled with the same epoxy and allowed to cure. (5)
Lastly, the composite plate was flapped to the final thickness and coated
with Cr/Au on both sides as electrodes. For endoscopic application, we
fabricated an ultrasonic transducer with a 0.5 x 0.5 mm? effective
detection area, as shown in Fig. 1(b).

2.2. Imaging system setup

Fig. 2 shows the schematic of the dual-modality PA/US imaging
system. A 532-nm nanosecond laser (Photonics Industries, DCH-532-
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10) with a repetition rate up to 300 kHz and a maximum power of 10 W
was utilized for PA signal excitation. A condenser lens was used to
couple the laser beam into a multimode fiber (MMF) then to a fiberoptic
rotary joint. The rotary joint was powered by a rotary motor, and a
motorized linear translation stage was incorporated to allow spiral
scanning for volumetric imaging. In the imaging probe, the laser beam
was propagated through the MMF, focused by a 0.5 mm gradient index
(GRIN) lens, and reflected towards the tissue surface by a rod mirror
with a diameter of 0.5 mm at an angle of 40°. The aforementioned 32-
MHz center frequency PMN-PT/epoxy 1-3 composite ultrasonic trans-
ducer was aligned with the optical components and housed in a metal
cap. The transducer was tilted 10-degrees toward the rod mirror in
order to obtain optimal overlap between the laser beam and the
acoustic beam at the desired imaging depth (1.5-4.5 mm). A torque coil
connecting the metal cap and the fiberoptic rotary joint was used to
protect the MMF and to transmit the rotational torque produced by the
rotary joint. An electrical slip ring (Hangzhou Prosper Mechanical &
Electrical Technology Co., Ltd) was integrated with the imaging probe
to maintain the transmission of the US signal during rotation. To co-
register the PA and US, the trigger signal from a nanosecond laser was
used to synchronize laser emission, data acquisition, and pulse-echo US
emission. Since a single ultrasonic transducer was used for both PA
signal detection and US signal emission/detection, the US pulse echo
emission was delayed by ~5 ps from the trigger (Fig. 2). Both the PA
and US signals were detected by the same ultrasonic transducer, am-
plified by the pulse receiver (Olympus Corp., 5073PR), and digitized
with a data acquisition (DAQ) card in a computer. During imaging, the
probe was rotated at 20 revolutions per second (RPS) while simulta-
neously pulled back via the translation stage for volumetric PA/US
imaging.

2.3. Imaging protocol

The animal study was performed on Sprague Dawley (SD) rats.
Before the experiment, a rat was placed in a closed plexiglass chamber
for general anesthesia induction, and then removed from the chamber
for an intraperitoneal injection of ketamine hydrochloride (87 mg/kg)
and xylazine (10 mg/kg). After the rat was anesthetized, an enema was
performed. After that, an optically and ultrasonically transparent tube
(material: Pebax®; wall thickness: 0.005”) was inserted to inflate the
rectum wall, and the probe was inserted into the tube for imaging. All
procedures were reviewed and approved by the Institutional Animal
Care and Use Committee at the University of California, Irvine under
protocol #2016-3198.

(b)
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Fig. 1. PMN-PT/epoxy 1-3 composite ultrasonic transducer. (a) Fabrication process of PMN-PT/epoxy 1-3 composite material. (b) Photo of ultrasonic transducer.
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Fig. 2. Setup of the dual-modality PA and US imaging system. (a) Schematic of the imaging system. (b) Schematic of the imaging probe.

3. Results
3.1. Performance of ultrasonic transducers

A glass mirror was used as an imaging target in the pulse-echo test
to measure the frequency spectrum of three representative ultrasonic
transducers made of PMN-PT/epoxy 1-3 composite, PMN-PT, and PZT
composite (Fig. 3). In Fig. 3, the blue curves represent the pulse-echoes
of the ultrasonic transducers, and the red curves show the frequency
responses. In the plot, the pulse echo on the left is the initial pulse from
the ultrasonic transducer, and the one on the right is the US signal from
the mirror. As shown in Fig. 3, the PMN-PT-based transducer has a
center frequency of around 35 MHz and a 78% frequency bandwidth (at
-6 dB), and those of the PZT composite based transducer are 40 MHz
and 47%, respectively. In contrast, the transducer made of the PMN-PT/
epoxy 1-3 composite material has a center frequency at 32 MHz with a
91% bandwidth, which shows a better electro-mechanical performance
compared with the other two ultrasonic transducers. The character-
izations of the three types of ultrasounic transducers, including the
center frequency, bandwidth, signal-to-noise ratio (SNR), and insert
loss, are shown in Table 1.

3.2. Comparison of US and PA images

Imaging probes were fabricated using each of the transducers, and
the SD rats were imaged with each of the probes (Fig. 4). The re-
presentative US and PA images from PMN-PT/epoxy 1-3 composite,
PMN-PT, and PZT composite, respectively, are shown in Fig. 4. The
SNRs of US and PA are reported in Table 2. The US images acquired
using the probe made of PMN-PT/epoxy 1-3 composite demonstrate
significant improvement in SNR compared to PMN-PT and PZT com-
posite. This agrees with previously reported studies [30,31].

3.3. In vivo imaging of the rat rectum

To demonstrate its clinical application, in vivo imaging utilizing a
PMN-PT/epoxy 1-3 composite PA/US probe was performed in the
rectum of a SD rat. With a pullback speed of 1 mm/s using a motorized
translation stage, 500 cross-sectional PA/US images were acquired se-
quentially. The representative images of different longitudinal positions
are shown in Fig. 5. From the US images [Fig. 5(e-h)], the colorectal
wall and the surrounding connective tissue can be identified throughthe
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Fig. 3. Pulse-echo measurements and respective frequency spectra of different
materials-based ultrasounic transducers. (a) PMN-PT/epoxy 1-3 composite, (b)
PMN-PT, and (c) PZT composite. Blue curve: US pulse echo. Red curve: spec-
trum.
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Table 1
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Performance comparisons of PMN-PT/epoxy 1-3 composite, PMN-PT, and PZT composite transducers.

Material Center Frequency (MHz) Bandwidth (—6 dB) SNR (dB) Insert Loss (dB) Noise equivalent pressure (Pa)
PMN-PT/epoxy 1-3 composite 31.9 91.50% 44.27 16 2.6

PMN-PT 35.5 77.70% 40.61 17 3

PZT composite 39.6 47.10% 30.8 21 1.7k

boundary delineated by the low intensity signal, indicated by the
yellow dashed circle. In Fig. 5(a—d), the PA images show the depth-
resolved blood vessel distribution, which is advantageous over the
commonly used fluorescence imaging that lacks depth information. Co-
registered images, shown in Fig. 5(i-1), provide helpful comprehensive
information for lesion evaluation and is advantageous over either
modality alone. Fig. 6 shows representative 3-dimensional (3D) PA and
US images, respectively, of the rectum. The vasculature can be visua-
lized in Fig. 6(a). The morphology of the rectum wall can be identified
in Fig. 6(b) and (d).

4. Discussion

Endoscopic dual-modality PA/US imaging is a minimally invasive
imaging modality that has the capability of visualizing the morphology
and vasculature of the rectal wall. With the integration of a PMN-PT/
epoxy 1-3 composite-based ultrasonic transducer which has been de-
monstrated to have high piezoelectric coefficients d33, high coupling
coefficients k,, and low dielectric loss, we further improved the sensi-
tivity of the conventional PA/US imaging system. The results obtained
from the reflector and in vivo rat experiments have shown its enhanced
sensitivity compared to the two conventional transducers (PMN-PT and
PZT composite) based imaging systems. In the obtained PA/US images,
the layered architecture and vasculature can be identified. With its
small form factor (probe outer diameter < 1.5mm), the multimodal
imaging probe can access the colon through the accessory channel of a
commercial endoscope, so it can be easily integrated into clinical
practice to provide additional subsurface information.

Despite the superior performance of the PMN-PT composite, there
are a few drawbacks. The first is the higher cost compared to conven-
tional piezoelectric ceramics. However, the cost can be reduced with
the development of new manufacturing methods. Another disadvantage
of the PMN-PT composite is that its Curie temperature is relatively low

Table 2
SNRs of PA and US images of in vivo imaging of rat rectum. The regions for SNR
calculation are marked by green dashed boxes in Fig. 4.

Material SNR (dB)

us PA
PMN-PT/epoxy 1-3 composite 46.7 32.4
PMN-PT 32.2 31.8
PZT composite 33.4 31.5

(~130°C), which limits its potential in high-power applications. To
address this issue, a new piezoelectric single crystal material, PIN-PMN-
PT, has been proposed and is being investigated for its higher Curie
temperature [32]. In addition, the PMN-PN composite based PA/US
imaging system can be further improved, including achieving higher
resolution of PA/US images for visualizing the microvasculature of the
rectum wall by using a single mode fiber and higher frequency ultra-
sonic transducer, and precise assembly of the imaging probe with help
from 3D printing (printing resolutions: 10 pm for XY-axis and 25 um for
Z-axis). The improved performance of the PA/US transducer is a critical
step to translate this technology to clinical application.

Author contributions
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PZT composite

Fig. 4. US and PA images of in vivo imaging of rat rectum. (a) and (b): PMN-PT/epoxy 1-3 composite. (c) and (d): PMN-PT. (e) and (f): PZT composite.
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Case ll Case lll Case IV

Fig. 5. PA, US, and combined images of in vivo imaging of rat rectum. (a-d): PA images. (e-h): US images. (i-1): combined PA and US images. Scale bar: 1 mm. Cases I,
II, 111, and IV: different longitudinal positions of rat rectum.

Fig. 6. 3D endoscopic PA and US images of the rat rectum. (a) and (c) 3D PA images. (b) and (d) 3D US images. Scale bar: 1 mm.
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