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Abstract: We present a miniature fiber-optic ultrasound transmitter for generating high-
intensity focused ultrasound (HIFU) based on photoacoustic transduction. The HIFU device
consists of a fiber and a photoacoustic lens. We develop a simple fabrication procedure for
making the photoacoustic lens, which is coated with candle soot nanoparticles-
polydimethylsiloxane composites. The fiber is used to deliver pulsed laser for photoacoustic
excitation, which facilitates the use of the HIFU device by eliminating the need of free-space
optical alignment. The HIFU device (6.5 mm in diameter) produces focused acoustic
pressures up to >30 MPa in peak positive with a tight —6-dB focal volume of ~100 um and
~500 pum in the lateral and axial directions, respectively. Acoustic cavitation induced by the
HIFU device is demonstrated. The miniature HIFU device facilitates handheld operation. It
holds promise for clinical applications in intraoperative high-precision HIFU therapy. It can
even be used for intracavitary therapy with further miniaturization.

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement
1. Introduction

High-intensity focused ultrasound (HIFU) is a medical technology that is currently developed
worldwide to treat a range of disorders. By concentrating ultrasound within a focal volume
through an acoustic lens, HIFU can provide useful thermal or mechanical effects on a target.
HIFU has been used in a wide range of applications such as treatment of liver and kidney
tumors [1], targeting and delivery of drugs [2], and ablation of bones [3]. Moreover,
cavitation-based HIFU can enhance therapeutic efficacy and has shown promising
applications such as tumor growth reduction [4]. Image-guided HIFU therapy is typically
performed to enable targeting and monitoring during treatment.

Piezoelectric transducers are commonly used for HIFU generation. Their center
frequencies are typically several MHz, and their apertures are several centimeters, which
results in a focal spot size of >1 mm in diameter. Localized heating generated by the
piezoelectric transducer can be used to treat cysts and tumors, benign or malignant. However,
there are limitations in clinical applications by the piezoelectric transducer. (i) High-precision
targeted therapy is highly challenging due to the large focal spot size of the piezoelectric
transducer. Tumors are often grown in the vicinity of vital blood vessels that should not be
impaired by HIFU [5]. Thus, a tiny focal spot size of HIFU for selective treatment is desired.
The tiny focal spot size can be realized by high-frequency (tens of MHz) focused ultrasound,
yet the fabrication of the high-frequency focused piezoelectric transducer is technically
challenging, especially for HIFU generation. (ii) Intraoperative operation is hampered due to
the large aperture size of the piezoelectric transducer.

Other than conventional piezoelectric transducers for ultrasound generation, laser-
generated ultrasound (LGUS) transmitters are attractive candidates for advanced ultrasound
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applications [5-29]. Besides the visible laser wavelengths, LGUS excited at the terahertz
regime have also been explored [13]. LGUS is based on photoacoustic effect. The transmitter
absorbs the optical energy from a pulsed laser, which is then converted into localized and
transient temperature rise. The temperature rise causes thermal expansion of the transmitter
and finally, pulsed acoustic waves are generated. Although the energy conversion efficiency
of LGUS transmitters is poor (~4 x 107 [18]), the LGUS method could easily generate high-
frequency broadband ultrasound from tens of MHz to even GHz. Thus, development of
LGUS transmitters has drawn increasing attention in the past few years. A variety of flat
LGUS transmitters were investigated using metallic or carbon-based absorbers [6-9,17—
19,21]. The efficiency has been improved in the past few years. For example, candle soot
nanoparticles (CSNPs)-polydimethylsiloxane (PDMS) composites achieved relatively high
energy conversion efficiency [18]. In these works [6-9,17-19,21], flat transmitters were
fabricated and tested.

To generate HIFU, especially for high-frequency one, laser-generated focused ultrasound
(LGFU) is an alternative approach by fabricating concave LGUS transmitters on the concave
surface of a lens, usually called a photoacoustic lens, for acoustic focusing [5,10-
12,16,20,23,26,27]. It has been demonstrated that the photoacoustic lens is able to produce a
tight HIFU focal volume of 75 um and 400 um in lateral and axial directions, respectively,
and can be applied to high-precision targeted therapy [5]. However, in all these
demonstrations [5,10-12,16,20,23,26,27], light illumination should be well aligned with the
photoacoustic lens on optical tables, which is not applicable to handheld operation. Hence,
employing the LGFU for intraoperative therapy in clinical use is also highly restricted.
Furthermore, most of the LGFU photoacoustic lens employed carbon nanotubes (CNTs)-
PDMS transmitters [5,10-12,16,20,23,26], where the as-grown CNTs require expensive
manufacturing equipment and complicated fabrication process. Although fiber-optic LGUS
devices were investigated, only diverging ultrasound or an acoustic pencil beam was
demonstrated [14,15,22,24,28]. That is, a miniature fiber-optic device capable of HIFU
generation has not been demonstrated. Because such a HIFU device can perform high-
precision therapy for intraoperative applications, it is of great clinical value.

In this letter, for the first time to our knowledge, a miniature fiber-optic HIFU device
based on photoacoustic transduction is presented. A simple low-cost method for fabricating
the photoacoustic lens for efficient HIFU generation is developed. The diameter of the HIFU
device is 6.5 mm and a tight focal volume of ~100 pm and ~500 pum in the lateral and axial
directions, respectively, is achieved. The peak positive pressure is up to >30 MPa.
Specifically, in contrast to existing works on HIFU generation using the CNTs-PDMS
photoacoustic lens [5,10-12,16,20,23,26], the novelty of this work lies in two parts: (i) a
miniature fiber-optic HIFU device facilitating intraoperative applications and handheld
operation; (ii) a simple low-cost fabrication method of the photoacoustic lens that can also
achieve great performances regarding the HIFU pressure level within a tiny focal spot size.

2. Methods
2.1 Fabrication and characterization of photoacoustic lens

We used a candle with diameter of 15 mm to produce CSNPs at room temperature by a
process of flame synthesis [18]. The process was begun after the candle flame became stable
with a flame height of ~3 cm. To produce focused ultrasound, we used a plano-concave
optical lens (45006, Edmund), serving as the photoacoustic lens in this work, with a diameter
of 6 mm and a radius of curvature of 4.71 mm. As shown in Fig. 1(a), the lens was placed
within the flame core at ~3 cm above the wick for 6 seconds, and a uniform CSNPs layer was
then coated on the curved surface of the lens. To enable efficient photoacoustic conversion,
PDMS was further coated to make CSNPs-PDMS composites. A PDMS base and a curing
agent (Sylgard 184, Dow Corning) were mixed at a ratio of 10:1. Spin coating of PDMS was
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used in fabricating CNTs-PDMS photoacoustic lens [5]. However, we found that the adhesion
of the CSNPs layer to the substrate of the lens is poor, and the liquid PDMS will lift and float
the CSNPs layer from the substrate by spin coating. That is, spin coating cannot be adopted in
our case. Thus, a dip-coating process was developed. As shown in Fig. 1(b), the lens with the
CSNPs layer was mounted on a post holder and immersed in a liquid PDMS pool. The optical
axis of the lens was along the horizontal direction. The other side of the post was connected to
a motorized stage (not shown in Fig. 1(b)) to lift the lens from the PDMS pool at a low speed
of 5 pm/s along the vertical direction. During the dip-coating process, the liquid PDMS
penetrated into the CSNPs layer by virtue of its porous structure [18]. After the dip-coating
process, the thickness of the pure PDMS layer (i.e., without CSNPs) was >45 um, which is
much thicker than that of the CSNPs layer of ~12 um (thickness measurement described
later). The pure PDMS layer will cause severe attenuation of LGUS, especially for high-
frequency components [13]. Thus, we tried to remove the surplus PDMS by four steps. (i)
The lens with the CSNPs-PDMS composite was mounted on a post holder (as shown in Fig.
1(c)), which is connected to a rotation stage (not shown in Fig. 1(c)). The rotation stage can
perform lens rotation with the center of the lens as the center of rotation. The optical axis of
the lens was also along the horizontal direction. (ii) The lens was rotated by 90° and placed
for 30 mins. The surplus PDMS will flow downward (indicated by the blue arrow in Fig. 1(c))
to the downside of the lens due to the gravitational force. (iii) Tissue paper was used to wipe
out the surplus PDMS from the downside of the lens. (iv) Steps (ii) and (iii) were repeated for
4 times. The above method can significantly reduce the thickness of the pure PDMS layer to
~12 um (described later). Finally, the PDMS was cured at 60 °C for 90 mins. Figure 1(d)
shows the picture of the fabricated CSNPs-PDMS photoacoustic lens.
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Fig. 1. (a) The lens placed above the candle in the process of flame synthesis. (b) Schematic of
dip-coating process. (¢) Schematic of removing the surplus PDMS. (d) Picture of the fabricated
CSNPs-PDMS photoacoustic lens. The light region at the bottom left part of the lens is simply
due to light reflection when taking the picture.

To characterize the thickness of the CSNPs-PDMS composite, scanning electron
microscopy (SEM) can be used. It is challenging to observe the cross section of the CSNPs-
PDMS composite on the lens using SEM due to the difficulty in cutting the lens. Thus, we
used a laser scanning confocal microscope (LSM 700, ZEISS) instead. Since light cannot
penetrate through the CSNPs layer, only the thickness of the area containing PDMS only can
be measured. In this regard, we prepared two samples to deduce the respective thickness of
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the CSNPs layer and the pure PDMS layer of the CNSPs-PDMS composite. The first sample
was dip coated with PDMS only. The second sample was coated with CSNPs on half space of
the lens and then dip coated with PDMS. The schematics of the two samples are shown in
Figs. 2(a) and 2(b). Note that the fabrication conditions of CSNPs coating and PDMS coating
were the same as mentioned above. As shown in Figs. 2(a) and 2(b), the PDMS thickness of
the first sample is 11.2 pm and that of the second sample in the area with PDMS only is 22.6
um. Thus, we can deduce that the thickness of the CSNPs layer is 11.4 um, and that of the
pure PDMS layer is 11.2 um. To double check the thickness of the CSNPs layer and the pure
PDMS layer by SEM, we made the CSNPs-PDMS composite on a flat glass substrate under
the same fabrication conditions as mentioned above. The flat glass can be cut easily. After
cutting the flat glass coated with the CSNPs-PDMS composite, its cross section can thus be
studied by SEM, as shown in Fig. 2(c). As can be seen, the thickness of the CSNPs layer is
12.1 um, and that of the pure PDMS layer is 12.4 um, which are in good agreement with the
values by using the confocal microscope for the case of the lens. This is reasonable
considering the same fabrication conditions for the two cases of the CSNPs-PDMS composite
on the lens and on the flat glass. Furthermore, the morphology and structure of the CSNPs
were studied by SEM. As shown in Fig. 2(d), the particle size of the CSNPs is uniform with a
diameter of ~40 nm.
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Fig. 2. (a) The first sample coated with PDMS only; the PDMS thickness measurement by the
confocal microscope. (b) The second sample coated with CSNPs on half space of the lens and
then coated with PDMS; the PDMS thickness measurement by the confocal microscope. (c)
SEM picture of the cross section of the CSNPs-PDMS composite on the flat glass. (d) SEM
picture of the morphology and structure of the CSNPs.

To check the thickness homogeneity of the coated CSNPs-PDMS composite, the thickness
measurement by the confocal microscope (as demonstrated in Figs. 2(a) and 2(b)) was
conducted for 4 different points chosen randomly. The measured thickness was 22.9 + 1.7
(standard deviation), which shows satisfactory thickness homogeneity of the CSNPs-PDMS
coating on the lens. Another indirect evidence of the thickness homogeneity is shown in Fig.
2(c), where nearly the same thickness of the CSNPs-PDMS coating (over a length of ~0.12
mm) on the flat glass was observed.

2.2 Fiber-optic HIFU device and system

As mentioned above, a miniature fiber-optic device facilitates handheld operation and enables
intraoperative applications. Thus, a multi-mode fiber (FT1500UMT, Thorlabs) with a core
diameter of 1500 pm was integrated with the CSNPs-PDMS photoacoustic lens. The design is
illustrated in Fig. 3(a). Overall, a tube can be used to fix the fiber and the lens using epoxy. In
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fabrication, because the sizes of the fiber and the lens differ much, one steel tube and two
glass tubes were used to facilitate the integration and coaxial alignment. Figure 3(b) shows
the picture of the fabricated HIFU device. A suitable distance (~30 mm) between the tip of
the fiber and the lens was chosen to ensure that the beam emitted from the fiber can be
expanded to the size similar to the lens aperture (i.e., the laser beam can fully cover the lens),
which was tested experimentally. The outermost steel tube has inner diameter of 6.1 mm and
outer diameter of 6.5 mm. Currently, the diameter of the HIFU device is mainly limited by
the size of the lens.
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Fig. 3. (a) Schematic of the HIFU device. (b) Picture of the fabricated HIFU device. The
position of the tip of the fiber is indicated. The distance between the fiber tip and the
photoacoustic lens is ~30 mm.

The damage threshold of the fibers with either small or large cores is the same, which is
~5 GW/cm® for optical power densities (see Thorlabs website). Thus, large core fibers allow
delivery of high optical power. Considering the same pulsed energy for laser illumination on
the photoacoustic lens, large core fibers allow delivery of laser with high pulse repetition rate
(i.e., high optical power) and thus high LGFU power for therapy, which is desired for therapy.
Therefore, the large core fiber was used.

Figure 4 shows the experimental setup for characterization of the fiber-optic HIFU device.
A 6-ns pulsed laser (532 nm, Q-smart 450, Quantel) with a repetition rate of 20 Hz was used.
The laser was attenuated by neutral density filters and then coupled into the fiber using a
focusing lens. The laser energy for photoacoustic excitation can be controlled by setting the
attenuation of the neutral density filters. The ultrasound pressure was measured by a home-
built fiber-optic hydrophone (FOH) [30], whose sensitivity was calibrated as ~4.9 mV/MPa at
10 MHz in advance using an acoustic source with known pressure levels (peak positive: 0.2
MPa; peak negative: 0.34 MPa) generated by a 10 MHz focused ultrasound transducer (focal
length: 15 mm, V327-SU, Panametrics NDT, MA). The pressure levels of the 10 MHz
focused ultrasound transducer was calibrated using a commercial hydrophone (HGL-0085,
ONDA). A fiber circulator was used for convenient access to both the input and output of the
FOH. The FOH was probed by a continuous-wave laser (HP 8168F, Agilent), and the
reflected laser power was split into two parts with a power ratio of 10:90. The 10% reflected
power was monitored by a power meter (2832-C, Newport), and the 90% power was
measured by a photodetector (1811-FC-AC, New Focus). The signal from the photodetector
was recorded by a digital oscilloscope (HDO4024, LeCroy). Both the HIFU device and the
FOH were immersed in water for sound coupling. The FOH was mounted on a motorized
three-dimensional stage for ultrasound field measurements. Our FOH has a small active
sensing area (~8 um in diameter), which makes the FOH suitable to measure ultrasound fields
with high spatial resolution. For cavitation demonstration, the 10 MHz focused transducer
(V327-SU) was used as a detector and placed with its axis orthogonal to the axial direction of
the HIFU device.
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Fig. 4. Experimental setup for characterization of the HIFU device. Inset: illustration of the
alignment of the HIFU device, the FOH, and the focused transducer for cavitation
demonstration.; BS, beam splitter; FC, fiber coupler; MC, motor controller; MMF, multi-mode
fiber; ND, neutral density; OSC, oscilloscope; PC, personal computer; PD, photodetector; PM,
power meter; PR, pulser/receiver; SMF, single-mode fiber; TD, transducer.

3. Results
3.1 Calibration

We first measured the time-domain pressure waveforms generated by the fiber-optic HIFU
device. We scanned the FOH to find out the acoustic focal point (more details described
later). The focal length of 4.9 mm was then determined. Figure 5(a) shows the measured
pressure waveforms when the FOH was at the focal point (z = 4.9 mm) and an out-of-focus
point (z = 4.6 mm) along the axial direction. The normalized frequency spectra of the two
waveforms are shown in Fig. 5(b). The bandwidth at —6 dB was ~14 MHz for the pressure
waveform at the focal point. According to Ref [5], the effective focal gain of our CSNPs-
PDMS photoacoustic lens was calculated as 62 at a 14-MHz frequency, which is similar to
the focal gain of 54 of the CNTs-PDMS photoacoustic lens [5].

Second, we characterized the relationship between the acoustic pressure levels and the
pulsed laser energy. The laser energy from 0 to ~8.4 mJ was used. The tip of the FOH was
placed at the focus of the HIFU device to measure its maximum pressure. Both the peak
positive and peak negative pressure values were recorded, as shown in Fig. 5(c). The peak
positive pressure achieves HIFU pressure levels of ~33 MPa at pulsed energy of ~8.4 mJ,
corresponding to laser fluence of 29.7 mJ/cm®. Besides, the peak positive pressure values
were saturated when the laser fluence exceeded ~30 ml/cm’. The saturation laser energy
fluence is close to the reported value from the flat CSNPs-PDMS composite film [18]. The
mechanism of the saturation is under investigation. On the other hand, the peak negative
pressure up to 5.7 MPa was measured at pulsed energy of ~0.66 mJ. When the laser energy
was further increased, acoustic cavitation occurred at the tip of the FOH, which will be
described in detail later. The damage threshold of the CSNPs-PDMS composite film coated
on the photoacoustic lens was measured to be ~23 mJ (i.e., ~81 mJ/cm?).

Third, the focal volume of the fiber-optic HIFU device was measured. The FOH was
scanned over the focal plane at step size of 20 um. The peak-to-peak pressure field
distribution in the focal plane is shown in Fig. 5(d), where the —6 dB focal size of ~100 pm in
the lateral direction can be determined. To further check the focal spot size in the axial
direction, the FOH was scanned along the axial direction. The measured peak positive and
peak negative amplitudes are shown in Fig. 5(e). From the one-dimensional profile, the -6 dB
focal size in the axial direction was estimated to be ~500 um (diameter). The positive



Research Article Vol. 26, No. 17 | 20 Aug 2018 | OPTICS EXPRESS 21706 I

Optics EXPRESS Y X

pressure was larger than the negative pressure within the focal volume. A similar
phenomenon of larger peak positive pressure was reported using a CNTs-PDMS
photoacoustic lens [5]. The results shown in Figs. 5(a), 5(b), and 5(e) were obtained under
laser fluence of ~2.3 mJ/cm? and Fig. 5(d) under laser fluence of ~0.8 mJ/cm”®.
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Fig. 5. (a) Measured pressure waveforms by FOH at the focal point (z = 4.9 mm) and the out-
of-focus point (z = 4.6 mm). (b) Normalized frequency spectra of (a). (c) Peak positive and
peak negative pressure values versus laser energy at the focal point (z = 4.9 mm). (d) Spatial
profile in the focal plane (z = 4.9 mm). (¢) Axial profile along the z direction. Z Position is
relative to the focus (z=4.9 mm).

3.2 Acoustic cavitation demonstration

Acoustic cavitation produced by the fiber-optic HIFU device was demonstrated. We basically
repeated the cavitation experiment demonstrated in [16,23] by using our HIFU device. The
details of the experiment in [16,23] and the interpretation of its experimental results can be
found in [16,23]. Our experimental setup (similar to that in [23]) is shown in Fig. 4, and the
arrangement of the HIFU device, the FOH, and the 10 MHz focused ultrasound transducer
(V327-SU) is shown in the inset of Fig. 4. The FOH was placed at the focal point of the HIFU
device.

The generated time-domain pressure waveforms measured by the FOH were recorded
under different laser energy levels. Several representative waveforms are shown in Fig. 6(a).
For the low energy level (0.66 mJ/pulse), comparable positive and negative amplitudes were
observed, while for higher energy levels (2.2 and 5.8 mlJ/pulse), much stronger negative
amplitudes were measured, which indicates bubble formation at the surface of the tip of the
FOH according to the reported results in [16] (i.e., a bubble at solid surfaces in water; see Fig.
6 in [16] and its related explanation). Besides, the temporal durations of the negative
amplitudes are longer as increased laser energy levels. The phenomenon is consistent with the
reported results in [16], which is another evidence of the bubble formation.

We also checked acoustic cavitation recorded by the 10 MHz focused ultrasound
transducer, as shown in Fig. 6(b). The pulsed laser was used as the trigger for signal
acquisition by the transducer. Figure 6(b) shows two representative time-domain pressure
waveforms under the laser energy levels of 0.53 mJ/pulse (without bubbles) and 3.7 mJ/pulse
(with bubbles), respectively. In Fig. 6(b), Sigl is the HIFU pressure signal scattered by the
FOH and then detected by the transducer. As can be seen, Sigl appeared at ~15.3 ps, which is
approximately the time for sound to travel from the photoacoustic lens to the FOH and then
from the FOH to the transducer. Another delayed pressure signal, Sig2, is due to an additional
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round-trip reflection between the FOH and the HIFU device. As can be seen, Sigl appeared at
~15.3 ps, and Sig2 appeared at ~21.6 ps, which is delayed by ~6.3 pus with respect to Sigl,
corresponding to a distance of ~9.5 mm considering the speed of sound in water as 1500 m/s.
The distance is close to the round-trip distance between the FOH and the HIFU device (9.8
mm). It is reasonable that the amplitudes of Sigl and Sig2 for the case of 0.53 mJ/pulse are
smaller than those for 3.7 mJ/pulse. Interestingly, Sig3 and Sig4 were only presented at high
laser energy level of 3.7 mJ/pulse. According to [23], they are cavitation-induced signals (see
Fig. 4 in [23] and its related explanation), and Sig3 and Sig4 are the first and the second
collapses of cavitation bubbles, respectively. Besides, T1 is the time from the initial bubble
nucleation to its first collapse (Sig3), and T2 is the time from the first collapse to the second
collapse (Sig4) [23]. T1 and T2 represent bubble lifetimes of cavitation occurrences [23].

A statistical study of T1 and T2 under several laser energy levels (2.2—-11.4 mJ) was also
conducted by acquiring 100 measurements at each laser energy level. As shown in Fig. 6(c),
both T1 and T2 become longer as the increased laser energy levels, which is also consistent
with the reported observations [23]. Note that at the laser energy level of 2.2 mJ, only the first
bubble collapse was observed.
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Fig. 6. (a) Representative time-domain pressure waveforms measured by FOH. (b)
Representative time-domain pressure waveforms measured by the transducer at laser energy
levels of 0.53 mJ/pulse (without bubbles) and 3.7 mJ/pulse (with bubbles). (c) Statistical study
of bubble collapse lifetimes.

4. Discussion and conclusion

The HIFU conversion efficiency can be evaluated by the slope of peak pressure vs. laser
energy (see Fig. 5(c)). Typically, there are two slopes for low-energy and high-energy laser
excitation regimes for the LGFU photoacoustic lens [23]. The f~numbers of the lenses used in
Ref [5]. (aperture diameter: 6 mm), our HIFU device, and Ref [23]. (aperture diameter: 15
mm) are 0.92, 0.79, and 0.61, respectively. The slopes (peak pressure vs. laser energy) of Ref
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[5], our HIFU device, and Ref [23]. are ~2 MPa/mJ, >10 MPa/mJ, and ~20 MPa/mlJ,
respectively, for low-energy laser excitation regime, and are ~0.4 MPa/mJ, ~2 MPa/mJ, and 2
MPa/mJ, respectively, for high-energy one. The HIFU conversion efficiency increases as the
f-number decreases, which is consistent with the reported findings in [23]. It is worth
mentioning that higher HIFU pressure of the proposed HIFU device may be achieved by
reducing the thickness of the excess pure PDMS layer (Fig. 2(c)), which simply attenuates the
ultrasound pressure.

Piezoelectric transducers typically generate HIFU at low operating frequencies (a few
MHz) due to the large aperture of the transducers [31]. LGFU transmitters are able to produce
HIFU at tens of MHz [5,10-12,16,23,26,27]. For high-frequency HIFU (tens of MHz),
several applications have been demonstrated. Targeted cell removal and cell membrane
disruption were realized by the LGFU of ~30 MPa (several to tens of pulses used at 20 Hz)
[5,12]. Micro-scale fragmentation of solid materials was demonstrated by the LGFU of
~30-40 MPa (1-1000 pulses used at 20 Hz) [5]. Cleaving of cell clusters by the LGFU of
>50 MPa, and ablation of tissues (intestinal cell spheroids and pig eyeball) by the LGFU of
~70 MPa were reported [11,26]. Note that all the above quoted pressure values are peak
positive pressure. Thus, the HIFU pressure levels of ~33 MPa achieved in this work can be
applied to some of the above-mentioned applications although higher pressure levels are
desired. Besides, as described, the LGFU operated at a repetition rate of 20 Hz has
demonstrated several applications. For example, LGFU of 1-1000 pulses at 20 Hz was used
in Refs [5,12]. That is, it took 50 ms to 50 sec, which is considered realistic in a clinical
setting. Thus, the laser repetition rate of 20 Hz (used in this work) is sufficient and realistic
for several applications, although the LGFU at a high repetition rate (i.e., high LGFU power)
is always desired for therapy.

A tight HIFU focal volume is favorable for free-field cavitation. According to [10], the
probability of free-field cavitation is only 0.06% by the LGFU of ~50 MPa with a similar
HIFU focal volume to ours. On the other hand, according to [23], the probability of free-field
cavitation is up to 50% by the LGFU of ~60 MPa with a roughly half HIFU focal volume
compared with ours. Thus, to achieve free-field cavitation by our HIFU device, the pressure
level and the HIFU focal volume should be further enhanced and reduced, respectively.
Alternatively, a spatio-temporal superposition approach of two ultrasound pulses might be
used to realize free-field cavitation by our HIFU device at low LGFU of ~30 MPa [10].

The current HIFU device has a diameter of 6.5 mm, which can be used for intraoperative
applications. To facilitate intracavitary applications, further miniaturization is needed.
According to the study in [23], the reduction of the HIFU pressure level at the focus is
approximately proportional to that of the aperture size considering the same f-number of the
photoacoustic lenses. Thus, we expect that a ~3 mm HIFU device may be achievable by
improving the HIFU conversion efficiency by ~2 times using the following two approaches.
First, as mentioned in the last paragraph, the HIFU pressure can be further boosted by
reducing the thickness of the excess pure PDMS layer (Fig. 2(c)). Second, a low f~number
photoacoustic lens can be used to enhance the HIFU pressure at the expense of the working
distance (mainly determined by the radius of curvature of the photoacoustic lens).
Technically, the miniaturization will be ultimately limited by the HIFU conversion efficiency
and the finite working distance (i.e., f-number) needed for practical applications.

The high HIFU pressure level will be compromised in soft tissue, especially for high-
frequency HIFU. Take muscle tissue for example. The frequency-dependent attenuation
coefficients of muscle tissue and water are ~1 dB/(cm-MHz) and 2.2 x 10~ dB/(cm-MHZ?),
respectively [5,32]. Thus, considering the same propagation distance (4.9 mm) for 14-MHz
HIFU, extra acoustic attention of ~7 dB will be introduced. What is worse, the focal spot size
(and focal volume) of HIFU will be increased due to the extra attenuation, which is not
desired for high-precision therapy. Besides further boosting the HIFU pressure through
technical advancement, one possible solution is decreasing the operating frequency at the
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expense of the tiny focal spot size. By changing the operating frequency, the trade-off
between HIFU pressure and focal spot size (or volume) imposes limits on the applicability of
the HIFU device for high-precision therapy and may be optimized depending on different
therapeutic applications.

Piezoelectric HIFU transducers typically have a narrow bandwidth for efficient sound
generation. By contrast, the photoacoustic HIFU device generates wideband signals (as
demonstrated in Fig. 5(b)). The wideband signal enables a tight HIFU focal volume in the
axial direction, which can be useful in particular applications such as free-field cavitation
[23]. However, for applications where a tiny HIFU focal spot size along the lateral plane is
the key factor (i.e., the axial size is minor), the high-frequency part in the wideband signal of
the photoacoustic HIFU device will simply introduce more attenuation of sound intensity.
The approach of multilayer LGUS transmitters may provide a solution to fabricate the
photoacoustic HIFU device for generating narrowband signals [21].

The fabrication of the CSNPs-PDMS photoacoustic lens can be divided into 3 steps: flame
synthesis, dip coating, and surplus PDMS removal. Technically, it is possible to conduct each
step in batch. (e.g., multiple candles can be used in step 1; multiple lenses can be immersed in
a large pool of liquid PDMS in step 2; multiple lenses can be rotated together by a rotation
stage.) Thus, batch fabrication of the photoacoustic lens may be feasible.

LGUS is a promising method to implement hybrid ultrasound and photoacoustic imaging
systems and probes [21,28,33-35]. Since the demonstrated HIFU device is based on LGUS
transmitters, it has potential to be further developed to realize ultrasound and/or photoacoustic
image-guided HIFU therapy by utilizing the pulsed laser for ultrasound generation and
photoacoustic excitation for ultrasound and photoacoustic imaging, respectively. The
development is of clinical significance. The preliminary potential design of photoacoustic
image-guided HIFU probe is discussed. As shown in Fig. 7, the left part, mainly consisting of
a microelectromechanical-systems (MEMS) mirror for light scanning and a fiber-optic Fabry-
Perot (FP) ultrasound sensor for photoacoustic detection [28], is for photoacoustic imaging,
and the right part is the HIFU device.

Photoacoustic imaging ‘ ‘ HIFU device

Multi-mode fiber—,

MEMS mirror

Photoacoustic lens

/l
\

Fixed mirror
FP sensor /

Fig. 7. Potential design of a photoacoustic image-guided HIFU probe.

In summary, we designed, fabricated, and characterized the first fiber-optic HIFU device
using the CSNPs-PDMS composite-coated photoacoustic lens. Its fabrication is relatively
simple and cost-effective. Acoustic cavitation was observed and studied. The HIFU pressure
of ~33 MPa within a tiny focal spot size of ~100 pm allows high-precision therapy.
Integration of the optical fiber facilitates handheld operation of the miniature HIFU device.
Table 1 shows the comparison of existing LGUS transmitters, which elucidates the



Research Article Vol. 26, No. 17 | 20 Aug 2018 | OPTICS EXPRESS 21710 I

Optics EXPRESS N Y

advantages of this work. First, neither flat-film nor fiber-optic LGUS transmitters produce
HIFU pressure within a tight focal volume. Thus, they are not suitable for therapeutic
applications. Second, the photoacoustic lens by free-space laser illumination hampers the
handheld operation and clinical applications. Third, the CNTs-PDMS-coated photoacoustic
lens requires relatively expensive equipment and complicated fabrication process. In contrast,
the demonstrated miniature HIFU device is capable of handheld operation, which is expected
to open up versatile applications related to intraoperative high-precision therapy.

Table 1. Comparison of LGUS Transmitters

Technology LGUS*
Miniature ~ Pressure —6-dB LGFU
handheld (MPa) @ laser ~ bandwidth spot size
device energy (mJ) (MHz) (um) Transmitter material ~ Refs.
Flat film ~12 @4.2° Metallic or carbon-
- [17] 7.6 [17] - based absorbers [6-9,17-19,21]
Fiber optic ~0.8 @ ~0.01° Metallic or carbon- [14,15,22,24,28
YES [22] 29 [22] - based absorbers ]
Photoacoustic [5,10—
lens - >50 @ >50[5] ~15[5] 75 [5] CNTs-PDMS 12,16,20,23,26]
Fiber optic &
photoacoustic
lens YES ~33 @ ~84 ~14 ~100 CSNPs-PDMS This work

“For the technology of “Flat film” and “Fiber optic”, the Ref. with the maximum measured peak positive pressure is
quoted. For the technology of “Photoacoustic lens”, the Ref. with comprehensive characterization of LGFU is
quoted. "The laser beam diameter was 12 mm. °The fiber core diameter was 200 pm.
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