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Abstract !

ic s generated by pulsed laser irradiation have the characteristics of high frequency
d w , which are desirable for imaging and sensing. Efficient photoacoustic composites
have been develdped for fabricating photoacoustic transmitters capable of generating high-amplitude

ultraso cent advances in photoacoustic transmitters are reviewed from an application
perspective, with the fundamental aspects of photoacoustic generation. The topics discussed
include vagi omposite materials for photoacoustic generation, and their applications such as high-
amplitu maging and sensing, and photoacoustic waveform control.
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1. Introduction

Photoacoustic conversion using the photoacoustic (or optoacoustic) effect allows for
generatiWh—frequency and broadband ultrasound. Previously such high-frequency
photoacoustic_signals have been exclusively implemented for functional imaging applications
requiring al resolution, since the imaging resolution depends on ultrasound frequency. There
exist a my faaging applications including material defect characterization!'! and photoacoustic

imagingof biglogical tissues.”

Bewtoacoustic imaging, emerging applications of the photoacoustic effect have been
recently proppseghowing to newly-developed photoacoustic materials showing efficient light to sound
energy comyersiond) Pulsed optical excitation of these efficient photoacoustic materials results in

960

ultrasound with high amplitudes as well as high frequency. In contrast, ultrasound pulses
having botl#hi plitudes and high frequency are difficult to attain with traditional piezoelectric-
based appwwmle addressing the limitations of the electrical counterparts (e.g. massive
amounts o ling and electromagnetic interference), a photoacoustic approach for generating

high-amplitude ulffasound has created new opportunities.

Active research on efficient photoacoustic materials has started with the development of
photoacou!c contrast mediums (e.g., exogenous contrast particles) for contrast enhancement.””!

Recent a in nanofabrication technologies have allowed to develop more efficient
photoacousti ast mediums,”’ such as metal nanoparticles having enhanced optical absorption
due to opt@ance. Later, by coating such nanoparticles on a flat substrate, layered structures
were deve r generating high-amplitude ultrasound. Among many nanoparticles, gold
nanopaiti idely used owing to strong resonance.'® In fact, these initial efforts to increase
photoacous version were focused on increasing light absorption, while the critical role of
thermal ex or photoacoustic generation were often overlooked.

To enhance thermal expansion for photoacoustic generation, researchers have started to

fabricate composite materials, composed of light-absorbing materials mixed with polymers with high
thermal exMoefﬁcients. These polymer-based composites significantly enhance photoacoustic
conversion efficiency. Among many polymers, polydimethylsiloxane (PDMS) is exclusively used
because of} % thermal expansion, optical transparency, and acoustic impedance comparable to
that of g Photoacoustic pulses generated with PDMS-based composites have the

characterist

igh amplitude and high frequency, which have enabled interesting applications
such as cayitation-based therapy''*! and imaging.!"”! For photoacoustic composites, there are a myriad

of ligh anomaterials such as metal absorbers'® and carbon nanomaterials (e.g., carbon
black,!"* otube,” ' carbon nanofiber,” candle soot,”®! and reduced graphene oxide[ls]).
These light- ing materials of nanometer sizes have an advantage over microscale absorbing
materials” in facilitating heat transfer from the light absorbers into the surrounding mediums. Such
facilitated fer is another key factor that contributes to photoacoustic energy conversion.

I eview, we will start with general considerations of photoacoustic generation in
nanoma posites. Various photoacoustic composites enabling interesting applications will be
introduced. In add#&ion, recent efforts will be reviewed from an application perspective. Also, we will
discuss outlook and future directions.
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2.Photoacoustic generation — mechanism and general considerations
2.1. Photoacoustic generation mechanism

-t0-sound conversion can occur either by light-induced material ablation or
i , as illustrated in Figure 1. For high intensity light pulses, the temperature of a
erial can exceed its melting or boiling temperature, and thus the material
experiences phase change. The resulting material ablation exerts recoil momentum to the material,

generatlﬂg oustic waves. Such ablation-induced photoacoustic waves have relatively high
photoacou itudes, but the ablation process is destructive to the constitute materials (Figure
1d). In contzast, ghotoacoustic generation via the thermoelastic effect is a non-destructive approach,

which doesinot caise any light-induced damages to materials. However, for relatively low intensity
light pulses; oacoustic generation relies on the thermoelastic effect. Photoacoustic materials

convert ligh at, leading to transient thermal expansion in the materials and acoustic generation
(Figure 1c edimportant requirement for photoacoustic generation is that optical heating of a
material s faster than the thermal expansion of the heated material (so-called stress
confinement condiion). To meet this requirement, incident optical energy should be applied to a
photoacousti ial in the form of short pulses or intensity-modulated waves.

Th! speeE of thermoelastic volume expansion can be correlated to photoacoustic pressure

amplitude momentum  conservation,'” which can be given by P, = pcU,
where p is density (kg/m’), c is the sound speed (m/s), and U is the speed of thermoelastic
volume expan: U = AV /St;, AV: thermoelastic volume expansion (m’), S: surface area (m?), and
7;: laser pu ion (s)]. By using the thermoelastic volume expansion defined as AV = A-S-F -
B/pCy ight absorption (0 < A < 1; dimensionless), F the laser fluence (J/m®), f the
volumetric t expansion coefficient (1/K), and C,, the specific heat capacity at constant pressure
(J/kg: otoacoustic signal amplitude (Pa) can be rewritten as
F
Py=T-4-—, D

l

where I' = ¢
will be di
and high theg expansion (f) is needed for high photoacoustic amplitudes. More precisely,

Equation indicates that Pyis determined by I (instead of § alone) and the energy volume density
(A-F/)) in/m’ (or Pa).

2.2. Theor oacoustic generation

is the dimensionless Griineisen parameter, [ is the characteristic length (m), which
) the following section. It is commonly believed that strong light absorption (A)

Al quation (1) provides reasonable order-of-magnitude estimation, the photoacoustic
amplitude can be gaore rigorously calculated by simultaneously solving heat conduction equation and
pressure uation.!"” '™ The heat conduction equation yields the time-dependent temperature field

T(#t) pulsed-laser heating , which is represented by
oT (7t
oC (7, 1)

P ot

= V(kVT) + H(# 1), )

where k is the thermal conductivity (W/m'K), and H(#,t) is the volumetric non-radiative heat
generation due to light absorption (W/m’). The above equation is based on the assumption that
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adiabatic heating induced by compressive pressure is negligible when C), is almost identical to the
specific heat capacity at constant volume Cy,."! With the calculated temperature from Equation (2), the

wave equation can Be solved for the pressure field p(7, t) in a fluid as:

, 1o*] |
Q v _C_ZF p(#,t) = Qqaco 3)

where s speed, Q.0 1s the acoustic source. Here, the acoustic source is modeled by the
thermoelas nism, i.e., Qgco = —pf ZZT:.

Under th@passumption of negligible heat conduction (i.e., V(kVT) = 0), Equation (2) is
simpliﬁed% = H(7,t). Thus, the acoustic source can be determined by Q.o = —pf8 (;;ZTZ =
- cﬁp% H( is case, Equation (3) can be represented by!' " '*!

o L 2] , . B aH* 4
[ —C—Zﬁ]p(r,t)—_c_pa T 1), (4)

where the Cncﬁon H(#,t) is expressed by H(#, t) = I,f (£)g(#) (W/m?), where I, is the peak
intensity ( d g(¥) and f(t)are the spatial and temporal heating functions, respectively. The
assumption(négligible heat conduction) is valid when the heat does not diffuse over the spatial extent
pulse defined by l ., = €Ty, Where T4, 1s the acoustic pulse duration. In other

n length during the acoustic pulse duration [i.e., l;, = +/XnTgco, With a thermal

k/pCp] is much smaller than [, i.e., lyco > lp. The condition of Ly >> Ly is

aco

the Green’s function method.!'”’
Tl:gphotoacoustic pressure estimated in 1D is useful for estimating photoacoustic generation
in film st ead of solving Equation (4), the 1D photoacoustic pressure is approximately

calculated O
pO)~f*g = [ f(ct—2)g(2)dz, (5)

where f(t)fis the temporal heating function, g(z) is spatial light absorption function, * represents the
convol 1, T is the retardation time (7 =t —z/c) and z is the distance along the z
directioanolution integral for pressure estimation is valid for negligible heat conduction
during opt itation such that the spatial heat source is dictated by the spatial light absorption
function. I@, Equation (5) is derived from the Green’s function solution of Equation (4). f(t)
is as a funet the laser pulse duration (7;), while g(z) as a function of the light absorption

coefficient (a

(5) does not only provide good approximation, but also gives some insights into
photoacoustic geftétation. To understand the convolution integral of the two functions in Equation (5),
we start by considering two scenarios: thin absorbers and thick absorbers, as illustrated in Figure 2a.
Suppose that a light pulse with a gaussian temporal profile f(t) is irradiated onto a thin or thick
absorber, each absorbing 100% of the incident optical energy. For the sake of simplicity, the light

absorption profile g(z) of each absorber is spatially uniform (rectangular function), but has different
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depths (1/a;piy for the thin absorber, and 1/aiqk for the thick absorber), i.e., g(z) = go(H(0) —
H(z — 1/a)), with H(z) the Heaviside function (H(z — z,) = 0 for z < zy or 1 for z > z;), g, is the
light absorption amplitude. For light pulses of the same fluence F, the light absorption amplitude g,
of the “r is much larger than that of the thick absorber, i.e., F = ggtpin/Qtnin =
ioure 2b illustrates the convolution integral for the two absorbers. Recall the

gible heat conduction during the optical excitation, then the light absorption depth

0 the depth of the heat source. The convolution integral means that the heat source is
virtual [ J*di¥¥88@% Mo thin slices, each single slice emits a sound wave with the same temporal profile
as f(t). T the superposition of the sound waves results in the final photoacoustic wave. For the
thin absorbeg, thg heat source emits fewer numbers of sound waves of higher amplitudes (~go thin),
whereas th€ heat $ource for the thick absorber generates more numbers of sound waves of lower
amplitudes Bhick)- For the thin absorber, the resulting photoacoustic waves have high amplitudes

and narro idth (nearly identical to that of light pulses z;, more precisely, T; + 1/c@tnin),
while for absorber, the photoacoustic waves have low amplitudes and wide pulse width

(~t+1/ caﬁsummary, the width of the resulting photoacoustic wave corresponds to 7;+1/ca.

Fr nvolution integral [Equation (5)], the pulse width of the photoacoustic wave is

determined 1/ca, which corresponds to [ = ct;+1/a in length scale. The length [ is referred
to as the characteristic length. Plugging the characteristic length into Equation (1), the photoacoustic
i is given by
Py=T-A F 6
o ct + 1/a ®)

photoacoustic pressure amplitude is expressed by

r-4-— (long pulse regime; ct; > 1/a)
Py = = @)
max(cty1/a) r-A- 1/% =T-A-aF (shortpulseregime; ct; K 1/a)
The formuQ short pulse regime is found elsewhere.!"*! The absorption coefficient (ar) defines
the length the energy volume density rather than light absorption, since A represents light
absorption.
imafion stated above could provide an intuitive way to guide practical applications in
many simp narios. Comprehensive theoretical studies on photoacoustic generation have been

reported in the litcRature.”'” '***) And recent theoretical studies can be found elsewhere.'”*>"!

2.3.He 4@ er in nanocomposites

Owing to their high thermal expansion coefficients, polymers exhibit more efficient
photoacoustic conversion than metals when the same light absorption is assumed. However, these
polymers are optically transparent, requiring light-absorbing fillers.”* In such case, heat transfer from
the absorbers to the surrounding polymer is critical to photoacoustic conversion.
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To understand the heat transfer in these nanocomposites, one can consider a film consisting of a
thin light-absorbing layer sandwiched by two transparent polymer layers. The thin middle layer
absorbs the incident light, which is subsequently converted into heat, some of which is transmitted
into the ymer layers. According to energy conservation, the fraction of the thermal energy

(ry= thermadeach layer / absorbed optical energy) is represented by
Fy Fp

N AF A-F:)/A-H/P:l' ®)

{

where the h A and P represent the absorbing layer and polymer layer, respectively. Output

photoacouste amplitude is determined by combining photoacoustic amplitudes produced in each
layer. Using Equation (1) and y, the output photoacoustic amplitude can be expressed by

(D Py=Py+Pp=A-F [yA G)A +yp G)P] ©)

If the cont f the absorber is negligible (P4/Pp < 1), the resulting photoacoustic amplitude is
given by the photodcoustic amplitude in the polymer:

r
P0§PP=A'F'YP<T>. (10)
P
The negligi ibution of the absorber is true when the absorber is made of materials with low
thermal expan oefficients, e.g., metals or carbon-based materials. In this case, the thermal energy
in the absorber ¢& - F - y,) is just wasted. To maximize the photoacoustic amplitude, heat transfer
should for reducing y, and thereby increasing yp.
The | energy fractions can be calculated by solving the heat conduction equation.
Alternati #fhe fraction of the thermal energy in the polymer can be estimated as!'®
- (11)
Yp = )
s (p CP) AdA +1
(P Cp) P Lin,p

psorber layer. Equation (11) states that the ratio of the heat capacities is critical.

where lthlheat penetration depth of the polymer [, p = (1.269a;,7;)"/? and d, is the
thickness of<ting

Thus, yp ¢
notably, t

1 1s_better for increasing yp. From a heat transfer perspective, nanoscale absorbers (small dy)
are conchellent choice because of low heat capacity.

2.4. Gen siderations
Phot ic waves generated by pulsed optical excitation are characterized as short,

broadband pulses. In addition to these characteristics, high amplitude can be obtained by proper
material selection and structure design. Depending on target applications, desired characteristics of
photoacoustic pulses may be varied. However, usually, high-amplitude broadband pulses are
desirable. For example, high frequency is important for imaging applications, because it defines

reased by decreasing the heat capacity of the absorber (by decreasing d,). Also,
heat capacity of the polymer layer is proportional to 7; and thus I, p, indicating that
larger T
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imaging resolution, as well as attenuation (or imaging depth). Moreover, high amplitude is required
for therapeutic applications using ultrasound-induced nonlinear effects such as shock wave and
cavitation. Such high amplitude is also desired to increase signal-to-noise ratio for high-resolution
imaging“

(1) Bandwi

Laser pulse duration: To achieve desired photoacoustic pulses, one should first choose a laser system
capable%f g the right pulse width, which determines the upper limit of achievable frequency
band. Typi osecond lasers produce photoacoustic pulses of tens of MHz frequency.

[

Thickness @f compgsites: According to Equation (5), the bandwidth of photoacoustic pulses is not
only deter laser pulse width, but also by the spatial absorption profile. In the long pulse

regime [Equatiemy(7)], where a very thin layer is used, one can reach the upper limit set by the laser
pulse width. efll a light-absorbing layer has a large thickness, the bandwidth of photoacoustic

pulses is smaller than the upper limit,

(2) High amplituds

High incid fluence: Increasing the energy of the incident laser beam is an easy approach to
increasing ghotoacoustic amplitudes. However, this approach is limited by potential material damages
induced b lation. Thus, such approach is effective only when light-absorbing materials are
sufficiently,

Conversion @ffi@i@ncy: The light-to-sound conversion efficiency of photoacoustic materials needs to
be incr gh-amplitude photoacoustic pulses. When the incident laser fluence is limited

because o damage or laser system itself, the conversion efficiency needs to be increased for

generating b plitude photoacoustic pulses.

Focusing with large bandwidth: To produce high-amplitude photoacoustic pulses, one can implement
a focusing scheme, where photoacoustic pulses are concentrated to a (focal) spot. The photoacoustic
amplitudesMcal spot are significantly increased, which are characterized with a focal gain
photoacoustic amplitude right on the source. The higher focal gain is, the higher
itude is. The focal gain is determined with the geometry of the photoacoustic
ghumber). Also, the focal gain is related to frequency bandwidth such that wide

bandwirt pulses) are desired for high focal gains.

3. HighMphotoacoustic conversion materials

High lightSO-sound conversion in photoacoustic materials requires high light absorption and
high heat-t

conversion efficiency. Originally, research had focused on materials having high

ter, researchers identified that high thermal expansion is critical to heat-to-sound
e light-absorbing materials typically do not have high thermal expansion coefficients,
researchers
coefficients. Recent advances in material science provide allow numerous light-absorbing materials,
which include carbon-based materials, and metal-based materials, as shown in Figure 3 and 5. These
materials have their own merits for photoacoustic conversion. In terms of optical performance, the
carbon-based materials appear black, indicating broadband optical absorption, which allows flexibility

to mix these materials with polymer materials with high thermal expansion
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in choosing a laser system for optical excitation. In contrast, the metal-based materials have a
resonance characteristic, showing high optical absorption at a resonance frequency while having a low
optical absorption in an off-resonance condition. Such frequency-dependent absorption can benefit
certain jems’that require photoacoustic materials with selective optical transmission.

3.1. Carbon-based materials for broadband absorption
H I

3.1.1 Carbs nanotube (As grown)

Sing®e thS8¥first nanostructured transmitter was proposed by using two-dimensional arrays of
patterned @paﬂicles,m a substantial progress in generation of high-amplitude high-frequency
ultrasound has_been made by employing a carbon-nanotube (CNT)-PDMS composite as a
photoacousfic ffangmitter.””” A thin layer of densely packed CNTs serves as a perfect broadband
optical abs ause it provides an excellent impedance matching with air by showing that the top
surface of NTs is irregular with subwavelength roughness. Also, such roughness leads to
diffused reﬂection;hus trapping the light.**

W trated a CNT-PDMS transmitter, where multi-walled (MW) CNTs are well
embedded § the PDMS." *! Here, multi-walled CNTs were grown on a transparent substrate using

high-temp
growth is

emical vapor deposition process (a high-temperature durable substrate for CNT
he as-grown CNT film on a fused silica substrate was then combined with PDMS
by spin-co precured PDMS solution onto the CNT film. We found that due to PDMS
infiltration down to the substrate, as-grown CNTs were surrounded by PDMS. In such a composite
al energy in the CNTs can be efficiently transferred to the PDMS and
subsequently u or volume thermal expansion and ultrasound generation. Particularly, to facilitate

0 have a reduced viscosity as compared to those commercially available (e.g. Sylgard 184,
not diluted). The high-modulus PDMS also prevents CNTs from forming agglomerations, which can
negatively §fect the photoacoustic generation.”” It was found that the CNT morphology plays an
important oth heat transition to the surrounding medium and optical extinction properties.

as controlled by growth conditions that determine the length of CNT strands as
density on a substrate (Figure 4). For short growth time (usually less than a

The morp
well as thej
minute), the areal density of CNTs was low, thus forming a sparse, tangled CNT network. Although
this spars grown tangled structure is good for PDMS infiltration, it compromises optical
absorpti 1, as the growth time increases, the CNT morphology transformed into a densely
packed st*ture ,th vertical alignment due to a crowding effect of CNTs. Note that the crowded
CNT forest*can provide a substrate coverage with high areal density. Although this structure allows
extremely ical absorption, such forest structure has too dense to allow the infiltration of
PDMS pre iquid. This is a critical drawback of the forest only having a physical interface on
the upper end of GNT strands with PDMS. In this arrangement, only the upper ends of the CNTs are
i DMS. Moreover, as the bottom end of CNT is not robustly fixed by PDMS to the
hesion of the CNT strands to the substrate is poor, thus susceptible to physical
delamination or r-induced damage. Therefore, the growth time together with other atmospheric
and thermal conditions within a CVD chamber should be optimized to obtain a proper CNT length
and density, which can allow the PDMS prepolymer liquid to infiltrate and thus form a well-mixed

nano-composite. When individual CNT strands are completely embedded and then surrounded by the
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PDMS, the nanoscale element can take the advantage of rapidly and efficiently transferring thermal
energy to the surrounding PDMS.

k CNT forest structure has limitation to form the well-mixed composite with
PDMS, igh optical absorption (~100 %), CNT films were prepared with a laterally tangled
network (ing the vertically-aligned forest). Such film allowed formation of the nano-
composite WithRIEBMS but had slightly low optical absorption (up to 80 %). To further increase the
light abﬁorngold layer (20~30 nm) was physically deposited onto an as-grown CNT film,
followed I! PDMS coating. The additive gold was deposited directly on CNTs increasing optical
absorption tion and also deposited on the substrate surface in a shadowed manner through

the CNT ofly The latter gold layer bounds on the substrate produced random nano-clusters,
which cont@ibutes #6 the enhancement of optical absorption.

complete i of PDMS down to the substrate to provide the nano-composite with strong

It also noted that mechanical robustness of the composite is associated with the
W

adhesion wji ubstrate. As a result, the film can withstand laser irradiation with an extremely

high—pulsev%ithout physical ablation (>400 mJ/cm?). For pulsed laser beams (5-10 ns temporal

width), thi s 7~8 folds higher than those of other thin-film transmitters directly coated on

substrates tfr film and two-dimensional gold nanostructured film. Such high value of laser

damage thfgshold enables CNTs to absorb a high optical energy that is available for photoacoustic

generation.

3.1.2C !

composite. Based on a dip-coating technique, a CNT-PDMS transmitter was fabricated on a tiny end
face of an optical fiber. This allowed formation of a fiber-based miniature transmitter and then

integration%ith additional ultrasound detectors (e.g. fiber-based Fabry-Perot interferometer), offering

possibility ascular applications. In this approach, MW-CNT powders (6-9 nm in diameter; 5
um in leng ¢ used for chemical modification to overcome the issue of CNT agglomeration.
CNTs mod functional groups allowed dispersion in xylene and formation of a composite

with PDMS, avoiding sedimentation. For preparing the solution of a CNT-PDMS composite, they
used functi@nalized CNT mixed with xylene solution. Then, the mixed solution was sonicated and
degass agglomeration and facilitate dispersion process.

Wsolution-processed nano-composite was further improved by Noimark et al,!'!
who tried the composite coating thickness of photoacoustic transmitters for high-frequency
broadband ultrasodihd, which is useful for high-resolution biomedical imaging. Because ultrasound
attenuation 1n composites increases dramatically with thickness, minimization of the composite
coating thick can achieve large bandwidth and large pressure amplitudes for high resolution and
sgectively. They demonstrated methods for making a high concentration MWCNT
formulation af@ WCNT organogel, which were used for multiwalled CNT-PDMS composites
coated on the end faces of optical fibers. From SEM imaging, they observed that the PDMS infiltrated
the MWCNT coatings to form composites (Figure 3d).
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The MWCNT-organogel was formulated with addition of acetone into high concentrations of
MWCNTs. High concentrations of MWCNTs were achieved using the oleylamine functionalized-
pyrene ligand. The MWCNT-gel was fabricated by preparing a high-concentration of MWCNT

solutionwdi xylene, using oleylamine functionalized pyrene ligand, and then adding acetone
for gelation daigastructure was then mixed with PDMS for composite formation. They found that the
MWCNT—with optical absorption greater than 97 % had a homogeneous appearance
(complete, BT foverage across the entire fiber end face), compared to MWCNT-PDMS

integraterl coatimgmshowing coffee-ring effects. The small coating thicknesses were achieved without
compromisihg the optical absorption of the MWCNT coatings. They confirmed pressure performance
by fabrica er-optic transmitter with the MWCNT-gel-PDMS composite, reporting high-
amplitude @ressurg) of 21.5 MPa with a broad bandwidth of 29 MHz (6-dB roll-off on the right
shoulder).

Almarious methods have been used to fabricate optical ultrasound transmitters,
thickness olgdt absorbing layers on an optical fiber end-face can be challenging. For precise
control of ger thickness, an electrospinning technique was utilized by Poduval et al.’” The
proposed coating §thod was capable of electrospinning onto an optical fiber end-face, allowing good
thickness s well as high PDMS elastomer infiltration. The absorbing material was made of
MWCNTs yvinyl alcohol. The electrospinning was followed by dip-coating with
polydimeth§ilsiloxane (PDMS). Nanofibers produced by electrospinning have ~ 207 nm diameter, and
also have high porosity, permitting high PDMS infiltration. The orientation of MWCNTs are

preferentia d along the nanofiber axis. In addition, electrospinning allows for accurate control
of the coat ess with a range of 2.3 um ~ 41.4 um through electrospinning time, and facilitate
optical i y creating ideal alignment of MWCNTs with respect to the optical fiber end-face.

ofibrous mesh of MWCNT-PVA was formed on the fiber surface for controllable
formation of DMS composite. The mesh played roles of arranging MWCNTSs preferentially
for infiltration of PDMS down to the underlying substrate. They compared the
electrospun absorbers with that prepared by dip-coating. In comparison, the dip coating had larger
coating thicknesses, whereas the absorber by electrospinning produced a much greater ultrasound
pressure amplitude as well as a broader bandwidth. This demonstrated that a certain optimal thickness
ists for maximal pressure generation because the composite thickness increases two

ms of photoacoustic composites should be small as long as they still absorb light
sufficie izentally-aligned CNTs can be advantageous to realize very thin composite. Instead
of using sirt len'h CNTs (<several um), Chen et al. used CNT yarns as photoacoustic generation
sources. articularly, these yarns were developed in a multilayered form, exhibiting an extremely
high spatia density of CNT absorbers. They used a CVD spinning process to produce the
continuous CNTs. Monolayers of CNTs were first fabricated and then concentrically
ss tubules. Additional gold nanoparticles (10 nm) were deposited over the CNT
photoacoustic conversion efficiency, followed by coating of PDMS to form a
ture, where PDMS can infiltrate into the horizontally-aligned CNT yarn layers.
Moreover, the yarn-PDMS composite transmitter could be fabricated on a soft backing layer (i.e.
PDMS), unlike other thin-film transmitters mostly formed on hard substrates such as glass.

The CNT yarn-PDMS composite with Au particles showed 1.5 times larger light absorption
than that without Au nanoparticles, thus increasing the peak positive pressure amplitude to 33.6 MPa
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at a laser fluence of 45 mJ/cm’, compared to the pure CNT yarn-PDMS of 19 MPa. The light
absorption enhancement due to the Au particles was explained with localized surface plasmon
resonance and consequent increase in their effective size, which resulted in significant heating of the
Au part“ll as the surrounding medium. The photoacoustic conversion efficiency of the
composite widlmdu was calculated to be 2.74x10. The photoacoustic amplitudes were high enough to
manipulate articles (50 um), and they showed that the micro particles near the photoacoustic
film were tamsl@e@M@rger than 15 mm. This prove that acoustic radiation forces induced by short
photoadeustiespmises were capable of moving liquids and particles over a long distance in a controlled
manner. Tls approach is potentially useful for drug delivery applications.

3.1.3 othergnaterials

Carbon bld / @

Si nder Graham Bell used lampblack (kind of carbon black) for the photoacoustic
effect a century ag@, carbon black has been widely used for photoacoustic generation. Later, Biagi et
al. fabrica mposite consisting of epoxy resin mixed with graphite powder."* They observed
that photo ignals were very high compared to those generated with a control sample (an
aluminum 00 nm thickness). By using PDMS instead of epoxy, Buma ef al. fabricated a CB-
PDMS composite for a photoacoustic array, so as to address the fabrication challenges of piezoelectric
array tran erating at frequencies >50 MHz.""*! The addition of carbon black (or graphite)
resulted in absorbing PDMS composite. By using the black PDMS film, they reported a

in photoacoustic amplitude, compared to metal films. Such enhancement was
ilitated heat transfer between the carbon black to the elastomer (although the size of
CBs was not i ed in their work). In addition to the high amplitude, the CB-PDMS film excited by
iation (10 ns) was reported to produce a high-frequency pulse with a bandwidth of

L

Candle soo rticle composite:

Ca ck nanoparticles can be produced through a simple process where a candle
(paraffin waxggisghbiirned. Such carbon nanoparticles (or soot) are known to have a porous structure,
showing hgh optical absorption. To use the high optical absorption of the carbon nanoparticles,
Chang e ted a photoacoustic transmitter.”®! This process to make carbon nanoparticles is
also anne synthesis.””! Using the carbon nanoparticles they fabricated a candle soot
nanopartic )-PDMS composite. Since the carbon soot nanoparticles deposited on a substrate
are washed out b¥ spin coating of PDMS, they used a direct transfer process, where an uncured
PDMS lay ed by spin-coating) on a substrate was put in contact of the carbon soot (CS) layer
coated on a glags#Substrate. The direct transfer of the PDMS solution did not only preserve the CS
layer, b M allows the PDMS solution to penetrate the porous CS layer. Once the PDMS solution
complete gtrated, the mixture of the CS layer and PDMS solution was fully cured. The SEM
image (taken before PDMS transfer) of the CSNPs showed nanoparticles of ~50 nm (Figure 3b).
Notably, they found that the gentle transfer enabled a thin composite (<30 pm) consisting of a PDMS-

only layer (~20 um) and the mixed layer (~6 um). Indeed, the porous composite showed the high light
absorption (~96%). Using a pulsed laser (6 ns), they reported high pressure amplitudes (4.8 MPa at
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3.57 mJ/ecm?; corresponding conversion efficiency of 4.41x107) owing to the high light absorption
and small thickness of the composite. They explained that the high performance resulted from the
efficient heat transfer from the carbon nanoparticles to the surrounding PDMS that is enabled by the
maximiHrea in the nanoparticles (surface-to-volume ratio)

Carbon nanofiber composite:
H I

Cabon nanofibers (CNFs) share a common feature with CNTs; they have a cylindrical
nanostructure, snowing high light absorption and thermal conductivity.**! Also, CNFs can be easily
fabricated fvith aflow-cost material, making an efficient photoacoustic composite. Hsieh et al.
produced a ased composite. The CNFs was prepared by electrospinning of the mixture of
Polyacrylomd N,N-Dimethylformamide, followed by carbonization at several hundreds of

[9

temperatur@ " f hg¥ found that CNF strands were sufficiently dense (strands’ diameter of ~130 nm)
(Figure 3c). solution was spin-coated on a CNF layer, forming a CNFs-PDMS composite with

~95 % optigption and pressure amplitude (12 MPa at 3.71 mJ/cm®).

Reduced @Oxide:

For, an a decade, graphene has received great attention because of excellent physical
properties of electronic, thermal, optical, and mechanical aspects. One of the graphene
derivatives- graphene oxide (rGO) was introduced as a photoacoustic transmitter due to its
high o tion and nanoscale dimension. Lee et al. proposed a rGO-based thin-film
transmitter a 1GO layer coated with aluminum (<200 nm thickness).!"” First, they prepared
GO, synthess om graphite flakes, as dispersed in water to make a GO solution. The combined
layer o luminum worked as a light absorber and a thermoacoustic source for pressure

generation.!'”) Later, the rGO-based structure was improved by incorporating black carbon-doped
PDMS instgad of the aluminum coating. By taking the advantage of high thermal expansion of PDMS
and enhaanl absorption by the black carbon, an output pressure amplitude could be increased
76 times hig
MHz). The

an the one generated by the aluminum coating alone (detector bandwidth: 0.25~10

a8ed transmitters demonstrated the importance of the adjacent heat transfer medium
Cssure generation.

3.2 Metal*ased 'aterials for resonance absorption

Nanostruc;j’ array
To a photoacoustic frequency bandwidth, the thickness of a photoacoustic composite
should be as

s possible. Hou et. al used a thin composite consisting of gold nanostructure and
, they coated gold nanoparticles on a transparent substrate, which was then covered
r. They used diluted PDMS solution for a thinner PDMS layer, compared to that
produced by a high viscosity of PDMS solution mixed with particles.''* Here, the gold nanoparticles
were fabricated by a nanofabrication technique (Figure 5a). They found that the gold array exhibited
peak absorption at resonance due to localized surface plasmons around the particles. Although the
absorption of the gold composite was not that high, photoacoustic signals were measured to be

This article is protected by copyright. All rights reserved.



comparable to that of a carbon-based PDMS composite. However, compared to the carbon-based
PDMS composite, the gold composite showed a considerable enhancement especially for high
frequencies due to its thickness. Also, they explained that this enhancement resulted from fast thermal
energy Mout 100 fs time duration) between the absorbing layer and PDMS. They also
fabricated a cture for increasing light absorption (Figure 5¢)."”

Gold ncMOEDMS composite
Photoacqustic conversion was significantly increased by the nanostructured gold array

(layered stfficture)lf” **) However, the main problem of such a layered structure was relatively low

light absorpi cause of its small thickness. To increase light absorption by using optical
resonance, Wu . fabricated a PDMS-gold nanoparticle composite for photoacoustic generation."®
Instead of mt‘ Au NPs, the composite was fabricated by one-pot synthesizing gold particles
within PDMS. This fabrication method can address some challenges involved in conventional
approache spin-coating or mixing (e.g., agglomeration of NPs, and poor infiltration) while
increasing ntration of gold nanoparticles for high light absorption. They observed that the

size of Au NPs was around <30 nm. They optimized the concentration (1.79 wt. %) and thickness
(450 um) the nanocomposite film. The pressure amplitude (~190 kPa at 13 mJ/cm?®) by the

optimized posite was observed to be orders of magnitude higher than a thin metal film.
Silver structure

Convelmgnal photoacoustic composites usually require efficient heat transfer from light
absorber surrounding materials for increasing photoacoustic conversion. In other word, such

approa ot effective when the heat capacity of light absorbers is high. Alternatively, a
phenomenon so-called electromagnetic (EM) hotspots, supporting local field enhancement around
nanostructuges, does not require thermal transfer between optical absorbers and thermal expansion
media. Pal:hbricated metallic nanostructures supporting localized surface plasmon resonance
(LSPR)."” Bg®isimg this approach, optical energy is deposited to the surrounding medium instead of
transferring @ e metal structure. They produced glass nanopillar arrays coated with an optical
absorbing polgcr (AZ1512) (Figure 5d). They found that the structure showed a significant

improvefared to a control sample (i.e. polymeric absorber).

ilms have been widely used for photoacoustic generation due to easy fabrication.

However, the thermal expansion of these metals is relatively low. To mimic the approach used for
posites, polymer layers were coated on a metal layer."® Kang et. al investigated the
oximity effect of metallic layers by using different polymer materials.” They found
amplitudes produced were varied depending on these polymer materials.
Specifically, they found that replacing parylene with PDMS led to a considerable increase in the peak
pressure amplitude. Although the bilayer metal composites showed high photoacoustic conversion
efficiency compared to a metal layer alone, their photoacoustic conversion was lower than carbon-
based composites.
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To demonstrate an efficient metal-based photoacoustic transmitter, we used a thin metal film
sandwiched by polymer layers, as illustrated in Figure 5b.*" At first, we tried to maximize the heat
transfer from the metal film to the surrounding polymers, because the photoacoustic conversion in the
metal ﬁchient and the thermal energy stored in the metal film is just wasted. A metal film
(thickness lOgmma) was used, and it has low heat capacity compared to thick metal films, thereby
facilitatingr to the polymer layers. The heat energy transferred to the polymers was
calculated, plisw@EsEobserved to be >70 % of the absorbed optical energy. In contrast, the 100-nm
thick metalmfilmssdeliver only 10% heat energy to the surrounding layers. Moreover, it was observed
the negati\g impact of transparent substrates (e.g., glass) used for the metal film coating. When the
metal film irect contact with the glass substrate, significant heat energy in the metal film is

transferredfinto th@ glass substrate. By placing a polymer layer between the substrate and the metal
absorber, sIgmi heat energy, which otherwise get wasted, was used for photoacoustic conversion.

Alme ultrathin film in this study showed better performance from a heat transfer
perspectiveNuifPexditbited poor optical absorption. The metal film was too thin to effectively absorb
light for pmﬁc generation. This issue was addressed by using a resonance cavity, which was
realized by addinglan additional metal layer as an optical reflector, showing 90 % of light absorption
in the met "1 The photoacoustic conversion of the metal film composite was comparable to
carbon—basmer composites (e.g., CNT-PDMS composites). This approach does not only offer
an effectiv@ way to increase photoacoustic amplitudes in metal films, but also such simplified
platform allows a better understanding of photoacoustic generation by providing an analytical formula

describing msfer between absorbers and the surrounding mediums.

Nanostruc -PDMS composite
to form nanostructured light-absorbing transmitters, Yoo et al. used germanium

(Ge) films deposited on quartz substrates./*”! Ge films of different thicknesses (300 nm, 500 nm, and
700 nm) were first deposited by an electron-beam evaporation process, and then solution-dispersed
gold nanop@sti were spin-coated over the films. Then, a metal assisted chemical (MAC) etching

process was by simply embedding the Ge films in deionized water, resulting in nanostructured

cess, the oxygen dissolved the water medium led to reduction and oxidation of the

Ge surface! as the Ge oxide (GeO,) was dissolved in water, the Ge nanostructure could be
finally fo around the deposited gold nanoparticles. The Ge-nanostructured transmitter
generated W5-fold higher pressure (with a frequency bandwidth of ~27 MHz) than a Cr film (100 nm
thick) erence sample. Although the output pressure amplitude corresponded to around
42% le DMS composite (4.5 um thick), this approach is significant in terms of easy and
reliable fabgicati f nanostructured transmitters, and it also control absorber thickness accurately by

the evaporation pragess.

3.3 Fig erit and Performance comparison

Figure of Merit

For efficient photoacoustic conversion, both good light absorption and large thermal
expansion coefficient are important. For the design of photoacoustic composites consisting of light-
absorbing fillers combined with transparent polymers, the light absorption performance of these fillers
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reaches near unity. Therefore, the photoacoustic conversion is fundamentally limited by the thermal
expansion coefficients of the transparent polymers. In this regard, PDMS is the most widely used, as
shown in the previous section.!”-* 1% 14

A
generation
amplitudes

important question is whether PDMS is really the best choice for photoacoustic
er this question, one can recall Equation (7), which states that the photoacoustic
y proportional to the thermal expansion coefficient, but also other material
propertiﬁs,“ Griineisen parameters. Thus, it is reasonable to consider that the Griineisen
parameter j§ the measure of photoacoustic conversion. Table 1 summarizes the material properties
used for ch photoacoustic amplitudes. Interestingly, in terms of the Griineisen parameters,

PDMS is ngffas d as gold (Au), i.e., (Tau/Tppms~5)- Also, most of metals are better than PDMS.
e

B cluding the question, one should also consider photoacoustic transmission. In
practice, p tic waves travel across interfaces between different mediums. If these mediums
have diffe caustic impedances, some of photoacoustic energy is reflected at the interface and the

rest is trang he acoustic transmission (T;,) from the medium 1 to the medium 2 is given by

27,

Ti =5——, 12
2=y (12)

where Z is gsﬁc impedance (Z = pc) and the subscripts 1 and 2 correspond to the medium 1
and medium 2. For example, photoacoustic signals are typically measured in water, and thus the

photoacoustic ation of materials should be compared based on the measured ones by considering
acoustic S on into water. When photoacoustic transmission into water (Z, = Z,, ) is
conside modify Equation (12) as
7o 2Zy, 2 13
W Z4Z, Z)Z,+1 13
Thus, figure of merit for photoacoustic generation can be defined as
FOM = IT,,. (14)

As seen i
than the ot

or

@ , FOM of PDMS, normalized to the Griineisen parameter of water I, is better
aterials listed.

Theore

uith

Th€ photoacoustic conversion efficiency, defined by a ratio of output acoustic energy

(Egeo =S [~ t) to input optical energy (Ey,;= F - S), is represented by

_ Eaco _ Eqco _ 1foo Pz(t)
Eopt FS FJ_, pc

dt. (15)

For efficient photoacoustic conversion, as indicated in Equation (5), the absorbing layer thickness
(acoustic source length) should be much smaller than the acoustic propagation length during the laser
pulse duration, as long as the thin layer does not significantly compromise light absorption. Thin
light-absorbing layers satisfies the requirements for the long pulse regime. Moreover, photoacoustic
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generation in conventional polymer composites is mostly classified as the long pulse regime. Thus,
the theoretical limit derived in the long pulse regime could be useful.

W pulse regime, the temporal profile of photoacoustic pulses is equal to that of
Gaussian ldSer pulses such that P(t) is expressed with the pulse duration of the laser pulses (1)), i.e.,

2 o]
P(t) = P,e ﬁa 2 i—z) From Equation (15) with [__ P2(t)dt = 0.75P¢t;and Py =T A -Cirl, the

I
L _o75. 000 _ g A, 16
=5 pcF T pcdt (16)
. c? . 2( B 2 [39] .
By plugging = —— into Equation (16), n = 0.754 (C—> gt For polymer composites, the
14 14 l

photoacoustic itude is mainly determined by the thermal energy delivered to the constituent
polymers (€5 P§=y, AF). Thus, the photoacoustic conversion efficiency is proportional to the laser

fluence n~(A7, )€, indicating that the higher laser fluence, the higher conversion efficiency. The
linear relatj ipphetween the laser fluence and conversion efficiency is also confirmed by a more
rigorous derj 1 However, the laser fluence cannot be too high and is constrained with the

allowable femperature (AT,) of the heated material, F < (pltth)ATa with l;, = /a1 the heat

diffusion 1 “Here, the allowable temperature increase (AT, ) is determined with material damage.
Also, it sh oted that a considerable temperature increase can change the material properties.
For efficie -based composites in the ideal conditions (A =1, y,, = 1), Equation (16) with

7, = 6ns is calculated to be n = 4.9 x 1075F. With an assumed material-damage threshold (e.g., ~
300 mJ r CNT composites™), the maximum of F =300 mJ/cm’ can lead to a photoacoustic
conversion effi y of n = 0.147 (14.7 %). Interestingly, the large portion of the input energy is

used to temperature.

Performanhrison

Table 2 s m es the photoacoustic generation performance of composite materials, which are
characterizthw peak pressure amplitude, bandwidth, and energy conversion efficiency. Because
the photoacgusticaperformance was measured using different settings, care should be taken for fair
compariso! When comparing the performance, one should consider the conditions stated below.

(D Peﬁ ﬁres’re amplitude: The laser pulse duration should be same. If not, for comparison, one
w need to use peak pressure amplitudes x laser pulse duration. Also, for pair comparison,
on ed to consider the distance between photoacoustic sources and detectors. The
memessure signals can be distorted by nonlinear effects (e.g., shock formation) if the

distance frn the source to the detector is considerably far and the pressure amplitudes are

(2) Photoacoustic conversion efficiency: From Equation (15), the conversion efficiency (1) is
proportional to the laser fluence (£). When comparing the conversion efficiency between
photoacoustic composites obtained by using different 7, one should use n/F instead of .
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4. PhotWansmitters for novel applications

Ph @ ic films are used to construct different types of photoacoustic transmitters
depending "onmgpplEeations, as illustrated in Figure 6. Planar transmitters, consisting of a thin
photoadBustieNag@ coated on a transparent glass substrate, are most widely made (Figure 6a) because
of easy fab!cation, e.g., using spin-coating. To produce high-amplitude photoacoustic pulses, one can
use focusing fransmitters composed of a photoacoustic film coated on a transparent concave substrate
(Figure 6bff"™ cave substrates for focusing transmitters can be purchased or printed through 3D

printing. A it is challenging to deposit a thin photoacoustic layer uniformly over a curved
12, 42, 43

surface, th isted successful demonstrations.! ! In these focused transmitters, generated
photoacouw leaving from the concave surface are concentrated on the center of the radius-of-
curvature of the Concave surface (focus), having very high-pressure amplitudes, compared to planar
transmittermessure amplitudes of focused waves are estimated with multiplication of a focal

gain with amplitudes of the identical planar films. Higher focal gains for high level of
focusing can be obtained with higher ultrasound frequencies and lower f~number (defined as »/D with
the radius—!—curvature () and diameter (D) of the photoacoustic film-coated concave surface).

Owing to efficient photoacoustic generation in recently-developed nanocomposites, one can

realize a iaturized flexible photoacoustic transmitter, since high-amplitude photoacoustic
signals can ed with a small area of photoacoustic composites, €.g., a composite on an optical
fiber (di aller than 1 mm) (Figure 6¢). Such miniaturized photoacoustic transmitter is

aging and therapeutic applications, e.g., minimally invasive sensing applications.
enging to create and precisely deposit uniform composite coatings onto optical
fibers. ods have been demonstrated. For example, the photoacoustic layer on the tip of an
optical fiber is prepared through a dip coating method. To apply optical fiber-based transmitters for
therapeutic applications, pressure amplitudes are very high (e.g., tens of MPa for cavitation therapy).

One can inWtical fiber-based transmitters with a focusing scheme (Figure 6d).

4.1 High-aQ photoacoustic pulse for strong, localized mechanical effects

Biuse of the characteristics of photoacoustic signals in nanocomposites, many applications
have b . Particularly, photoacoustic signals generated in the composites have the

gh-amplitude, wide bandwidth, enabling therapeutic and imaging applications. In

stic effects were used to detect THz light pulses. By using efficient photoacoustic
nanocomposites,
ultrasound i

ether with focusing configuration, one can generate unprecedentedly strong
are enough to produce cavitation in water. Due to its high frequency, focused

ultrasound ha y localized such cavitation.
4.1.1 High-precision cavitation therapy

We have demonstrated a CNT photoacoustic transmitter for high-precision targeted

therapy.!'” The photoacoustic transmitter consists of a transparent concave lens with a CNT-PDMS
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composite coating, namely PA lens (Figure 7). Upon pulsed excitation of the composite, high-
frequency photoacoustic pulses (>15 MHz) leaving from the concave surface were focused on a
micrometer spot. We observed that the laser-generated focused ultrasound (LGFU) enabled high
amplituM/lPa), as its focal gain was predicted to be >50 at 15 MHz. Such strong
photoacoustig es produced micro-cavitation. Using mechanical effects induced by cavitation and
strong pres @; e, we demonstrated a capability to fragment model kidney stone, and then realized
cell-level JurgemMBYMEclcctively removing cancer cells. Microcavitation produced by LGFU was
further examimedmim our lab."** In our separate study, we found that LGFU-induced microcavitation
was very cStrollable and deterministic, which was capable of localizing cavitation effect.

Theffintef@gtion between LFGU and single cell was investigated in detail by Baac ef al. in
- 461§y here fans-membrane molecular delivery (Figure 8) and cell detachment (Figure 9) were
demonstrated. Figure 8 shows that cavitation-induced microscale disturbance can induce cellular
membrane n@and then molecular delivery, using cultured cells. Molecular penetration across the
membrane ceftftirmed by using propidium iodides that work as a membrane-impermeable nucleic-
acid bindigrhese were normally blocked and separated by the cell membrane. However, once
delivered to the inffacellular region of cells, then these bind with DNA and RNA, generating strong
fluorescen . In this study, only a few cells were targeted by LGFU, and cavitation-induced
soft disturiEs used. The soft disturbance by LGFU was achieved at the near-threshold regime

work,!

for cavitati@n. Such regime allowed only one cavitation bubble to form on the membranes of a few
targeted cells that are placed within the 100 um focal width of LGFU. Cavitational collapse by the

single bub induce non-thermal perturbation due to liquid jetting and then the trans-membrane
delivery o olecules with negligible change in the cell culture morphology. When stronger
LGFU i were used at the over-threshold regime for cavitation (20% higher than the

the PI penetration process was still achieved. However, the cell morphology changed

significantly ells detached at the center of LGFU focal zone.

¢ deformation of cultured cellular morphology was further investigated and shown in
Figure 9. Here, cavitational disturbance was produced by LGFU with a 2-fold higher laser energy than
the threshald level. This could be first used to sharply cut a single junction connecting two cells
(Figure 9b % prolonged LGFU (200~400 pulses) with such high amplitude, two cells retreated
outwards c,d). This means that a shear force on the substrate is formed by cavitational
collapse, a adial directions from the center, which pushes two cells away from each other.

The result in Figure 9 also confirms that the cultured morphology in single cells can be significantly
deformed !::E?E E: produced in the over-threshold regime for cavitation.

4.1.2 Invisi ic scalpel

itdation produced by focused photoacoustic pulses was used to realize high-precision
ilustrated in Figure 10a.*”7 Although the CNT lens in Ref. '*! was capable of
on on the sound-reflecting interfaces such as a glass surface or air/liquid interface, it
ce cavitation in the free field with no reflecting surfaces. This is because free-field
cavitation in wat€f{no pressure enhancement by pressure interference) requires much higher-pressure
amplitudes than cavitation occurring on sound-reflecting interfaces, and specifically negative pressure
amplitudes for cavitation need to be > 30 MPa. To achieve such high pressure amplitudes, we
optimized the CNT photoacoustic transmitter in a separate work*? such that the optimized CNT
transmitter had a lower f-number (0.61) for tighter focusing, compared to that reported in a previous
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study.''” The focal gain by the CNT transmitter with a £-number of 0.61 was found to be 220. In a

study,*”! we first demonstrated free-field cavitation and characterized the detailed characteristics of
the optimized CNT lens having the low f-number.

o the capability to create free-field cavitation in a controllable manner, we demonstrated
@ g of tissue-mimicking gels. Because the gels used were mostly composed of
[tiongiasacreated in the middle of the gels when the photoacoustic pulses were applied.
We foupd aclaud, of microbubbles were generated within the focal volume and were eventually
merged intgysingle large bubbles. It was observed that oscillating microbubbles induced considerable
mechanicaLo the surrounding gel, thus fractionizing the gel. The interesting application was
introduced % utifiging such mechanical effects. We were able to cut the gel along a programmed path
(Figure 108), whicll was done by moving the gel sample through a motorized stage with respect to the
position of the microbubble. The kerf of the sonic cutting was determined by the size of the

microbubbl€s as found to be sufficiently small (see the kerf in Figure 10c), allowing high-
precision ¢ g Wigure 10d).

high-precis
water, cavi

Wesﬁ that the sonic cutting is a non-thermal process, as temperature increase was
estimated gligible. Therefore, this approach could be effective for targeted, non-invasive
surgery. S eted approach can minimize collateral damages to surrounding tissues. By
incorporatifig high-resolution imaging modalities, one can delineate margins of lesions and accurately
remove th ng the sonic cutting. Also, we believe that this high-precision sonic cutting could

be very effge# Premoving small lesions close to critical nerves. Moreover, we anticipate this sonic
cutting canfbe & applied to targeted surgery of brain, requiring high precision.

4.1.3 Nozzle- uid jetting

otoacoustic pulses generated by a CNT photoacoustic transmitter was implemented to
demonstrate nozzle-free, high-speed liquid microjetting, as illustrated in Figure 11a.** Such nozzle-
free jettinﬁay address issues associated with conventional jetting approaches based on nozzles,
which are nozzle clogging. This nozzle clogging could be a problem, particularly when

jetting liqua omprised of materials such as flakes, particles, or surface adhesive biological

molecules.{ g7zle-free microjetting was realized by using high-amplitude photoacoustic pulses,
which were sufficiently strong to create microcavitation at the subsurface of the air/water interface, as
seen in Figlire . The microcavitation near the free surface pushes the adjacent water to emerge in
the fo fact, when the photoacoustic pulses were focused onto the air/water interface, the

photoacoustic pulsgs were reflected from the interface, experiencing considerable interference and
thus proM—amplitude pressure pulses. Due to this interference, the pressure amplitude was
found to b ntly increased, exceeding the cavitation threshold (negative pressure amplitude >
30 MPa). itavas observed that the short pulse width of the photoacoustic pulses was critical to
the jetting perfo
(pressure

nce, because the pulse width determines the location of the high-pressure zone

rence) as well as the position of cavitation, critically influencing the jetting behavior.

jets produced by high-amplitude photoacoustic pulses have shown unique features:
high speed jets with microscale. We showed two interesting applications such as printing and drug
injection. For the printing application, liquid ink was used and microcavitation produced by
photoacoustic pulses cause the ink to be ejected onto a glass substrate. Since the column of the
microjets was thin and droplets pinched off from the jets were microscale, the printing resolution was
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found to be 30 um. Moreover, the speed of the microjets generated by the photoacoustic pulses
reached approximately to hundreds of m/s. We showed that such high-speed liquid microjets
effectively penetrated tissue-mimicking gels, allowing potential applications, e.g., needle-free drug

inj ectior“

4.1.4 Spatiotemporal drug delivery

®Bh ic waves can be generated by either pulsed optical excitation or extended light
modulatio as photoacoustic waves produced by extended modulation were reportedly
effective in nprgyed imaging resolution,'” pulsed excitation is preferred for laser-generated focused
ultrasound!LGFEii capable of localizing mechanical effects without depositing unwanted thermal

energy owi gnificantly low duty cycle (<0.001%). Such capability of LGFU could be desirable

for on-demgdfd, ery of therapeutic agents. Di et al. presented drug delivery using LGFU.*! They
used a car lagk (CB)-PDMS composite for photoacoustic generation (Figure 12a,b). Also, they

exhibited t U is promising by triggering drug release from drug-loaded nanoparticles. They
observed that the $herapeutic agents released by LGFU were proportional to pressure amplitude as
well as tre e. Notably, the amount of released drug was varied depending on a location with
respect to t . They explained that such an effect resulted from LGFU-induced cavitation. To
verify thisQthey conducted a control experiment where degassed PBS solution was used to reduce
cavitation y. Indeed, they found that the degassed solution showed a significant decrease in
the releas concentration. Moreover, the LGFU treatment exhibited the anti-proliferation

capability @f t eased drug triggered by LGFU, showing that the HeLa spheroid of the smallest
size at day 7 (Figtre 12c¢).

4.1.5. ical cell detachment

Retrieving sister cells separately inside enclosed microfluidics remains challenging, but it is
highly degable for further analyses of critical cells. Chen et al. demonstrated a selective

photomech
dotac

selectively detached in the microfluidic chamber (Figure 13b). The irradiated optical energy is

tachment of single cells from enclosed microfluidics.”” As shown in Figure 13a,

effective cg yment was enabled by using mechanical force induced by pulsed laser excitation of

a carbon ni PDMS composite (Figure 13¢,d). Single cells cultured on the CNT surfaces are
converted giirough the CNT photoacoustic film to mechanical energy, possibly emitted in the form of
photoa s. Although the propagation of the photoacoustic pulses is not a main contribution
to the cell !etachrnt, the single cell detachment can be explained with the efficient photoacoustic
(light-to-m&chanical) conversion in the CNT composite film and corresponding mechanical effect
(shear forcC: showed that single cells were selectively detached and removed from the original
location (Fme-j). They confirmed that the detached cell was viable, and its membrane was

preserved withoutdiochemical modification.

4.2 High-resolution imaging, sensing and detection

Conventional ultrasound probes (e.g. piezoelectric transducers) may suffer from fabrication
issues (e.g., dicing of active elements and electrical connection of the elements). These issues get
worse when the ultrasound frequencies are increased. To address these issues, all-optical ultrasound is
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alternatively used as a powerful tool. Moreover, all-optical ultrasound is desirable in realizing
minimally-invasive medical imaging. By defining active source elements with optical beam size,
optical methods are flexible and can allow for real-time 2-D or 3-D high resolution imaging. In
additionH can be produced in a light-absorbing coating on an optical fiber tip. When
combined wighafiber optic ultrasound detectors, fiber optic ultrasound generator constitutes all-optical
ultrasound @ r pulse-echo ultrasound imaging.

Phetéasdustieipulses generated by pulsed lasers have the characteristics of wide bandwidth in
a wide mngemafefiéquencies (from the hundreds of kHz to tens of MHz). The sensitive detection of
broadband @photoacoustic pulses is desirable in many applications ranging from photoacoustic
tomographh icroscopy, to clinical ultrasound imaging. When the sensitivity is not sufficient,
waveformsfand re@pnstructed images can be incorrect. The insufficient sensitivity may be one of the
limitations d by piezoelectric ultrasound receivers. The performance limitations include a

highly di%pome at MHz frequencies that is caused by increasing acoustic sensitivities with

piezoelec t sizes on a millimeter to centimeter scale. By addressing these limitations,
optical ultraS6und”Sensing is considered a viable alternative.

4.2.1 All o trasound probe

By, nting such optical methods, Hou et al. showed 3-D ultrasound imaging, which
was based Qu_an integrated photoacoustic transducer. They combined a Pabry-Ferot (PF) cavity for

detection and photoacoustic transmitters using absorbers such as gold nanostructure™ and carbon
black PDMS. e optical absorbers were surrounded by a PF cavity, enabling pulse-echo mode
operation Wi frequencies and large bandwidths. The photoacoustic signals were produced by
laser irradiati to the carbon black PDMS film.['"*! The FP cavity relies on an light reflection
change d by an acoustic wave, permitting sensitive detection. By employing a specific
arrangement smit and detection elements, small targets of 50 um diameter were successfully
imaged try of the imaging targets was reconstructed by using conventional beamforming

algorithms. This proved the full potential of this approach for 3-D ultrasound imaging,.

4.2.2 Opticwased ultrasound probe

By integrating with optical fibers, such ultrasound probe based on optical approaches can be
effectively
ultrasound

Mized. Colchester ef al. demonstrated optical fiber-based ultrasound probe.”" The
ade of two optical fibers, used one for generating ultrasound and the other for

(Figure 14a). Photoacoustic pulses were produced by a fiber optic photoacoustic

10]

transmitterf{200 um core silica fiber),"'” while the optical fiber for detection used a FP optical cavity.

This ul be was precisely moved to produce virtual transmit/receive elements, permitting
pulse-e d imaging with high imaging resolution. The reconstructed images showed the
high spatia jon at a depth of 3.5 mm. They showed that ultrasound imaging of vascular tissues
from animal mode§ matched with the histological images (Figure 14b).

Ot t papers related to high-resolution imaging can be found elsewhere.”> >
Moreover, th a significant progress in high-resolution imaging based on photoacoustic
transmi o recent review articles cover high-resolution imaging.* **!

4.2.3 Planar etalon for ultrasound detection
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To offer a practical alternative to conventional photoacoustic systems (piezoelectric-based),
Zhang et al. demonstrated an optical sensing of photoacoustic waves, enabled with a Fabry-Perot
polymer film sensor, whose active element size can be optically defined and significantly smaller than
can be Mith piezoelectric receivers (Figure 16a).°° They exhibited 3D imaging of soft
tissues to desimeghdepths with high resolution. In this system, element dimensions, optically defined,
were a feometers, providing adequate detection sensitivity (noise equivalent pressure of

0.21 kPa).

H ) o
They Fabry-Perot interferometer (FPI) scanner, consisting of a polymer (Parylene) spacer
sandwiche ir of optically reflective mirrors, can detect the optical thickness variation of the

spacer thatg® ac@ustically induced (Figure 16b). They implemented a second galvanometer for 2D
mapping ofgthe sed§or output. Also, for photoacoustic imaging, they used a new sensor design capable
of operating in backward mode by providing the transparency of the FPI mirrors (near infrared). They
presented Mghsreselution 3D imaging of absorbing objects. Although targets of interest were
immersed ight-scattering solution, the probe enabled accurate imaging of the targets (a dye-

filled knot\jFigure 16¢).
4.2.4 Micr!mg resonator for ultrasound detection

It is known that for high-resolution medical imaging, including conventional ultrasound
p

imaging a coustic imaging, we need to use >20MHz ultrasound to ensure decent analysis and
correct diagmo It requires both small size and broadband for the detectors to avoid spatial
averagi m these high-frequency ultrasound pulses and to provide a good axial resolution.
Conven trasound detectors such as PVDF-based needle hydrophones cannot fulfill broadband,
small size an ivity at one same time. Optical detection approach, where optical output power is
modula trasound, can provide broadband response, sensitivity, small detecting area as well

as wide-directivity, among which, polymer microring developed by T. Ling et al. stands out with its

extreme sensitivity and acoustic response bandwidth.””!
Th%ing resonator is a nanoimprinted polystyrene-based extruding ring structure, as

straight waveguide and outputted in a multimode fiber connected with the photodetector. At the
resonance fyavelength, most of the input optical energy will get lost when the light is looping in the

ring ar ansmission spectrum of the resonator will show resonance dips, where the input
probing liit is ‘i')ed and fixed at. An incoming acoustic wave onto the polymer, due to the
optoelastic®etfect and deformation of the resonator, will modulate the output light power which

depicts the signal, as shown in Figure 17b.
Th al ring ultrasound detector achieves a high sensitivity of NEP ~230Pa, a flat

acoustic resp@fi® bandwidth of 1-90 MHz at -3 dB and wide directivity of 40° at -6dB. These
en updated to a NEP of 105 Pa, 1-350 MHz at -3 dB with the following-up works."®
is ~300MHz bandwidth ultrasound sensor, we can get a much better axial resolution

in photoacoustic imaging. Also, we can analysis the higher frequency component from the PA signals
of cellular-size subjects, and we can relate the spectrum curve regression parameter with the
morphology of the subjects.”™ Finally, this silicon-based fabrication makes 1D and 2D arrays possible,
and facilities the high resolution photoacoustic tomography. MRRs fabricated on optically opaque
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silicon substrate presented a limitation that a photoacoustic microscopy system based on this opaque
substrate is only implemented in a transmission configuration. To overcome this limitation, Li et al.
proposed an optical micro-ring resonator built on a transparent substrate.””

4.2.5 Real—tz detection

Nt isesw@lmiknown that terahertz electromagnetic waves are very useful for imaging and
charactering material properties. Thus, significant efforts have been devoted to finding detection
techniques Tor terahertz radiation. However, existing THz techniques have issues, e.g. bulky. To
address th@A new detection method is required. In an effort to find an alternative, we
demonstrat ent detection of terahertz (THz) pulses using the photoacoustic effect.®” We used
the CNT compgsite of ~30 um thickness, effectively absorbing THz radiation. By fulfilling the stress
conﬁnemeWon, transient heating induced by the THz radiation generated high-amplitude
ultrasound, whicli was sensed by an optical microring resonator. Thus, PA detection of terahertz pulse

radiation ( method allows to reject continuous radiation, because the detector responds only
to the puls itafion.

Gémy THz pulses, PA signals were detected by the PADTH detector (a noise-

equivalent ~220 pJ) (Figure 18). Also, we found that the response time of the detector was
short, presenting the usefulness of THz detection. To demonstrate practical applications, THz imaging
of patterne hfoil was conducted with the PADTH detector (Figure 19). We showed that the

performed better than a commercial pyroelectric detector. In summary, the PADTH
enables gzaki applications laid over a wide spectral range.

4.2.6 P oncave microresonator

Motivated by the advantages of optical sensors such as Fabry-Perot interferometers, micro-

rings, and :-ﬁber Bragg gratings, Guggenheim et al. demonstrated a plano-concave microresonator,
an optical sensor that achieves high Q-factors of > 10°). Such high Q sensor provides very

high sensitiyif§®8 The sensor, using a focused laser beam, consists of two highly reflective mirrors
encompas no-concave microcavity, as shown in Figure 20a. They fabricated the concave
cavity by dcpestting a droplet of liquid polymer onto a substrate. Then, the liquid droplet was UV-
cured for ity. The device relies on the same principle as the flat FPIs. In principle, optical

power is ulated by an incident acoustic wave and a consequent change in the cavity optical
thickness, tected by a photodetector. Unlike flat surfaces, the concave surface provides a
strong o inement by matching its curvature with that of the diverging beam. The plano-
concave s ides an order-of magnitude higher Q-factor of 30,000, compared to a planar FP
etalon (Figure 2;5; A group of sensors with different thickness showed a trade-off between

sensitivity and bandwidth, presenting a very low noise-equivalent pressure of 1.6 mPa per VHz with

increased thi s. They presented a flat frequency response characteristic of an ideal broadband
20d). Moreover, they extended the free-space illuminated sensors to optical-fiber-
based micror

thickness of 16 um.

or sensor (Figure 20b), which was beneficial in producing a smaller cavity

4.3 Generation of complex photoacoustic waveforms
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Motivated by efficient photoacoustic generation in recently-developed polymer composites,
many other applications, which cannot be easily realized with conventional approaches, have been
reported. Particularly, recent efforts have been devoted to generating more complex wave-fronts than
a single planar wave. These complex wave-fronts are useful in a myriad of applications
such as partiglemmanipulation, nerve stimulation, and ultrasound therapy. For example, one may find it
more effed @ 1se multi-foci wave-fronts for maximizing therapeutic effects by simultaneous
activating théFapewfigliagents over a wide region. Also, this approach can reduce treatment time,

compargdl tomsimglie-focus approaches. In addition, the waveform needs to be changed in order to
control nofilinear effects such as shock wave and cavitation. There may be a situation where non-

thermal m effects are desirable with minimal heat. In this case, one would need a specific
waveform fith pogitive amplitude lower than negative amplitude. Here, the low positive amplitude
can suppre waves that can cause unwanted heat, while the high negative amplitude can give
rise to inertial itation that is known as a non-thermal process. Moreover, photoacoustic waves
could be iGabl@ for mechanical stimulation of nerves (e.g., neuromodulation in, stimulation of
sensory ner focused ultrasound generated by piezoelectric transducers have been used for this
purpose. P tic approaches will be good for nerve stimulation requiring a high accuracy (e.g.,

small ani ent). The mechanism of ultrasound stimulation is still elusive. Thus, to study the
stimulation mechanism, one may benefit from precise control of photoacoustic waveforms. Recent
advance i:@f photoacoustic waveforms makes photoacoustic approach attractive in practical
applicatio er, studies for an application perspective are very limited.

4.3.1 photo ic-based shock waves and pre-designed cavitation pattern by structured optical
fiber tips

Previous study has demonstrated that a refocusing toroidal tensile wave will be generated

from the diffraction of photoacoustic wave that is excited from the circumference of a flat fiber tip in

absorbing is negative tensile pressure wave is essential for cavitation bubbles formation.

This makes histotripsy at fiber tips possible and can stimulate a novel, fiber-based tissue ablation

ompact size and flexibility. However, conventional cleaved fibers can only allow

utilizing t
the waves § along the fiber axis and cavitation clouds will only center on the same axis,

limiting the ility of the ablation direction. M. Mohammadzadeh et al. solved this problem by

and so ion clouds away from the fiber axis with an oblique fiber tip./” Furthermore, they
produc i otoacoustic waves with one single laser shot with some step fiber tip or more
complicate es.

In thei , five different tip structures have been tested. They coupled picosecond infra-red

ined structures on the tips of cleaved multimode silica fibers as shown in Figure
efronts and diffracted tensile waves from all the tips were simulated using the linear
odel and demonstrated by experimental observation via laser shadowgraph. For the
oblique cut fibe diffracted tensile wave from tip’s circumstance were steered at a pre-designed
angle with respect to the fiber axis, while perpendicular to the cut. Therefore, the cavitation clouds
were formed in the same direction. Multiple compressive and tensile waves were realized with step,
groove and ridge structure due to the separation of the illuminated area and more edges are induced.
The cavitation was formed within the overlap region of the negative tensile waves and the cloud
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pattern could be potentially designed by considering the tensile wave propagation path. Particularly,
the researchers measured the temporal pressure waveforms of the flat and step fiber tips using a fiber
optic hydrophone (HFO-690, Onda, Copr. USA). At 1mJ laser energy, the waveform and amplitude
agree i linear acoustic model and prove the availability of the simulation model (Figure

gaetured fiber tips introduce more possibilities for fiber-based histotripsy, for example,

4.3.2. arbitr veforms from photoacoustic generation
C mal laser-generated ultrasound waveform is either focused or plane waves

0
originating 4o concave glass or planar substrate. W. Chan et al. demonstrate that arbitrary
waveformsflin Varigus temporal and spatial shapes can be achieved with pre-designed surface made
from transparent™polymers while keeping same conversion efficiency.[”! The transparent polymers
were fabri substrate by 3D-printing and the light absorbing layer was PDMS-CNT paint. In
their work ferent shaped surfaces were fabricated, a concave surface for focusing and a
stepped structure to launch two separate wavefronts. They showed that the polymer-based concave
surface coflld generate same amplitude of focused wave as conventional glass-made lens, and a

stepped su igure 23) can produce double waves that are separated by 0.8 ps in time domain by
designing t epth.

Th ent 3D printers were tested first in making concave substrates with different
loading i r each printer. The coating on the surface was a five-layer structure: starting with

er layer by simply brushed onto the target surface with a cotton brush, following a
PDMS coatin, 00rpm, then duplicating these two layers for once and ending with a gold layer
inction. Compared with the glass concave PA lens as a gold standard, the resin concave
lens made by stereolithography printer show the best conversion efficiency which was close to the
glass-based_one. For the stepped structure, they proved two separate waves with target temporal
separationdm are generated and the fiber hydrophone signal and shadowgraphy image prove
this manipulation of wavefronts. This work offers a simple fabrication method and prove the

erating arbitrary waveform by designing the substrate surface, allowing future

waves like Bessel beams, Fresnel lens and multifoci of shock waves.

4.3.3. egqilve quii—monopolar waveform

As d waves are composed of tensile (negative) and compressive (positive) phases,
knowledge of each phase’s role in ultrasound-based applications could be of great importance in

understandimgmimi@raction of ultrasound with mediums used in these applications. To gain such
knowledge, a d to produce monopolar pulses is critically needed. However, it is difficult to
generat olar pulses using conventional piezoelectric transducers. Photoacoustic generation

tive approach, because pulsed laser excitation of light-absorbing materials can
produce short pressure pulses, whose waveforms measured near the source (near field) are dictated by
the temporal profile of the laser pulse, e.g., positive photoacoustic pulses by the Gaussian temporal
profile of a pulse laser. In the far field, the positive monopolar pulses are transformed into bipolar
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pulses due to the diffraction effect. However, generating negative monopolar pulses is believed to be
challenging.

w to generate high-amplitude negative monopolar photoacoustic pulses, we
investigated ap_out-coupling effect that represents the interference of two photoacoustic pulses

@ erated from the same source in contact of an air-backed boundary.'” We found

BitinggBhotoacoustic pulses due to the interference had quasi-monopolar negative phases

(with A Wsitive phases), but these pulses showed surprisingly low amplitudes compared to

photoacougtic amplitudes generated with the same laser fluence in different boundaries such as a

hard-backiLlary. As illustrated in Figure 24a, the low amplitudes arise because a reflected

wave expe@ n phase shift due to reflection from the air-backed boundary and destructively
th t

interferes other wave. To mitigate the destructive interference, a matching layer was
implemented capable of controlling the interference of the two photoacoustic pulses. By properly
choosing mness of the matching layer, photoacoustic amplitudes were observed to be
significant cgased, because the reflected photoacoustic pulse has a sufficient delay, thus
suppressingructive overlap while the quasi-monopolar negative waveform remains, as shown
in Figure 24b,c. The high-amplitude quasi-monopolar negative pulses could be a powerful tool to
investigate ect of negative phases in cavitation-based applications, since cavitation is induced

by the negce of ultrasound.
4.3.4. Cor@sound wavefronts by binary amplitude hologram

ing both the illuminating optical pulse shape and spatial illumination pattern to the
bsorber, researchers have achieved a very high degree of control over the resultant

photoac
acoustic fiel spatially and temporally, which is a significant challenge for conventional
piezoel . Brown et al. explored the availability of using binary amplitude holograms
(either on or off) to generate novel acoustic patterns including acoustic fields, as illustrated in Figure

25.1%) These various acoustic fields can stimulate applications in particle manipulation, ultrasound
therapy, reMe acquisition time in ultrasound imaging and neural stimulation.

sicnt algorithms were used to calculate the holograms: ray-based algorithm and
. The ray-based algorithm was implemented first to calculate the hologram for

single focus, and the direct binary search was then used for calculating the holograms for more
complicatef target acoustic fields. For the former case, the initial acoustic field at the plane of

hologra as inverse calculated from the focal point, resulting in a series of concentric
circles—thl Fresn’ zone plate at the hologram plane. By setting the operating frequency, desired ring
number, gram aperture and focal length, the radius and distance between each ring can be defined.
The resear explored the influence of the size of pixels on the hologram and of the repetition
rate of the | inafing pulses on the focus pressure and size. It’s not surprisingly to see finer meshed
pixels on the holggram makes the focus size smaller and by matching the repetition rate of pulses to
the travel ti itference of acoustic wave from two neighboring rings can increase the focus pressure
(to ma from all rings focus at a same time). For the rest of the target acoustic fields, the

researchers fou e hologram by optimizing a cost function of the average pressure and standard
variation of the target points/pattern from a totally randomized state. By pivoting all the pixels on the
hologram and evaluating the cost function until no further improvement, they found the required
hologram. They demonstrated these holograms by comparing to the simulation resultant acoustic field
from the initial acoustic field same to the hologram state.
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Experimentally, they fabricated such holograms with a laser cutter directly patterning on a
transparent PMMA substrate. Afterwards the surface was sprayed by black paint serving as the
photoacoustic generation layer (Super Satin, Plasti Kote, Valspar). A PVDF needle hydrophone was
scanned pace to depict the acoustic field generated by single focus and line focused
hologram shemg an appropriate match with the simulation. However, it is worth-well to note that
whatever t prated pattens are not only focused in one single plane, as shown in Figure 26.
This is becauSesfhemg¥@aluation of the resultant field from the hologram was optimized for one single
frequeney amdsamymharmonics will focus onto a similar pattern at different planes. Limited to the only
freedom oahe hologram (on and off state), no further optimization can be achieved to solve this
problem. F re, current holograms are not re-programmable, and each pattern possesses gaps,
that resultgfin a Pertion of the incident optical radiation being transmitted into the medium. By
implement? cial light modulator and illuminating the optical absorber with programmable

patterns wimhis hologram dynamic and more accurate.

4.3.5. Complex ultRgsound wavefronts by tailored optoacoustic surface profiles

Brown et al. explored the availability of designing a 3D polymer surface profiles with random
downhill bfffary search.'®” Compared with the previous hologram design, a freedom of pixel height on
the photo iemgeneration surface was added and the focal depth issue was alleviated. The
ed in short as below: First, the generation surface was restricted to a relative small
ed, with each pixel of discretized height h;;, that was also discretized. Second, the
finding the required source p, that created the target acoustic field was solved by

inverse proble

optimizj function of average pressure, standard deviation of temporal peak pressure and a
penalizing ring the optimizing, the h;; was swept and pixels were randomly selected until cost
function ¢ improved. To reduce the calculation complexity, an initial surface profile was set
as a un f spheres focused at the different points of the target acoustic pattern. Then the

union profile was discretized. These sets of spheres, by an intuitive thought, should focus at different
points and g combination of these points form the target pattern. Borrowing the 3D printing idea from
W. Chan’SLd they successfully created a focused pattern of “7” with transparent substrate of

contributic):ew cost function and the initial phase added to each generation pixel.
4.4. Cha"*ges and future directions

The nano-gbmposite structures have provided advanced technological platforms for efficient
photoacou
such versat there are still challenges for improved performance and applications to in vivo and
ents. One challenge is to engineer photoacoustic materials with desired mechanical

cration. These have shown great promises in realizing various applications. Despite

robustness su gt one can increase pressure amplitudes by increasing input laser energy without
any material damage. Also, despite the promise in non-thermal treatment using photoacoustic pulses,
there are practical needs for thermal treatment using photoacoustic pulses. Another challenge arises
because short photoacoustic pulses are significantly attenuated in tissue, preventing from moving

toward clinical trials requiring treating tissue deep inside body.
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Mechanical robustness limiting output performance

M robustness, quantitatively described by laser damage threshold, has been largely
its great importance.’®” The threshold for laser-induced ablation essentially
r limit of input laser fluence onto transmitters and thus the maximum-available
output pressure. Due to huge variation of the laser damage threshold for different types of
transmiffer aximum output pressure can change greatly up to 7~8 folds, which easily
outweighs i ifferences in optical absorption and energy conversion efficiency varying only on
the order ofgn fos tens of percentage. Improved nano-composite characteristics can allow stronger
output pres§ure, improve therapy effect, and elongate the treatment depth to target.

Toward thé@atment

Photoacoziic generation from nano-composite transmitters are suitable for non-thermal

applicatio ulsed excitation, Nd:YAG laser beams are typically used with the following
specificatio, mJ pulse energy, 5~10 ns pulse width, and <20 Hz repetition rate. Using these
inputs, output pressure pulses are temporally sparse with a long pulse-to-pulse interval (e.g. 100 ms
for 10 Hz n rate). With a focal configuration, LGFU has been utilized for non-thermal
mechanica ion of tissues (i.e. histotripsy), drug delivery, and cellular manipulation with

microscalefpre % . With the input condition given by the above pulsed laser beam, pressure pulse
vould produce an acoustic intensity of <10 mW/cm” in spatial-peak temporal-average

trains of LGFU

(SPTA) rely deposit heat at a focal zone.
T significant technological demands for thermal treatment such as hyperthermia or
tissue ¢ hese are currently performed by high-intensity focused ultrasound (HIFU) using

piezoelectric transducers in pulse burst or continuous-wave modes. In order to make thermal
deposition g LGFU, an input laser beam should be operated with >1 mJ/pulse and >1 kHz repetition
rate to pro /em® in SPTA. This requires higher specification than those available currently
in commerci

o

pulses can ac@@@tate thermal energy within the transmitter itself.

-

Therageutil aﬁgli’tions: compensating acoustic attenuation in tissue

Fo tic applications, nano-composite transmitters have been used to produce LGFU
with peak press of tens of MPa over a frequency range of >15 MHz. Despite successful

o-second pulsed laser systems. Even though pulsed laser performance is supported,
al heating issue of nano-composite transmitter because the kHz-repetition laser

there is a

demonstrat icro-histotripsy, drug release, cell detachment, and trans-membrane molecular
delivery, a se applications were realized using cultured cells and tissue samples prepared in
ts. Also, these commonly used water as an acoustic propagation medium with a low
coefficient (2.2 x 10° dB/(cm x MHz%)). Note that the intrinsic attenuation in

tissues is more severe with an-order-of-magnitude higher coefficient, increasing with acoustic

intrinsic atten
frequency and propagation depth. Due to the high-frequency operation of LGFU, the penetration

depth would be limited significantly by such intrinsic attenuation in tissues (e.g. <20 mm). As LGFU-
based therapy relies on formation of cavitation and its mechanical disruption at focus, tensile peak
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pressure amplitudes should be sufficiently high at a target depth, at least greater than the pressure
threshold to generate cavitation (e.g. —26 MPa in water) after undergoing attenuation through tissue.
This means that initial LGFU amplitudes from a curved transmitter should be further improved to
perform“ therapy in vivo with a significant penetration depth.

Low-irealuencg ultrasound generation

While broadband and high-frequency spectral output has been remarked as a major advantage
of photoacoustic_generation using nano-composite transmitters, there are specific needs for reduced
frequency istics. LGFU with a center frequency of 15 MHz is proper for precision treatment
of <100 n it is clinically impractical to destroy a bulky target (e.g. kidney stone) greater than
millimeter gga e to elongated operation time. An enlarged focal spot generated by a reduced

operation ngy would be suitable to facilitate the treatment in time. Moreover, a low range of
frequency :~ .5 MHz) has been often used for transcranial treatment using conventional piezoelectric

focused ultrasoundy However, it is challenging to fabricate nano-composite transmitters with such low
operation . For lowering the frequency, photoacoustic pulse width can be broadened by
longer lase width, but this involves significant reduction in peak pressure as far-field
photoacoustic waveforms are close to the time-derivative form of laser pulse. Although the same

pulsed las is given, peak pressure amplitudes can be greatly decreased as input laser pulses
broaden. Thi s that an increased pulse laser energy should be provided to compensate the peak
pressure re@uc aused by the smooth laser pulse width.

5. ConZ Outlook

Efficient photoacoustic composites capable of generating high-amplitude photoacoustic

signals ha d various interesting applications, which might be difficult to be realized with
conventionalgpigzoelectric-based approaches. Moreover, there has been a significant advance with
developme @ otoacoustic transmitters to address the issues associated with their electrical
counterpartSRi ploying high photoacoustic conversion efficiency and broad bandwidth, there will
be more applieations to be realized in near future. Particularly, miniature photoacoustic transmitters
will be a game-changer in medical ultrasound, as fiber-optic photoacoustic imaging probes has
already ise in guiding minimally invasive procedures.”"! Another promising application
will be herapy by using a fiber-optic photoacoustic probes capable of delivering high-
amplitude d. Fiber-optic photoacoustic transmitters in combination with a focusing scheme
can generate suffidlently high-pressure amplitudes, which are desirable for some applications such as
cavitation s well as all-optical ultrasound imaging. Although photoacoustic transmitters were

10, 11, 30, 51

ical fibers,! it is not easy to implement a focusing scheme due to
enges. There are only a few work reported for imaging® and therapy.””! In addition,
ists various efficient photoacoustic composites recently developed, one may need to
further improve the conversion efficiencies of existing photoacoustic materials or find alternative
photoacoustic materials with a higher conversion efficiency. The need may arise because the sizes of
photoacoustic transmitters gets smaller for integration to a smaller aperture (e.g., fiber tip) and even
with the same laser fluence the photoacoustic wave generated by the smaller aperture experiences the
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drastic magnitude decrease, compared to a larger aperture. Even with the help of a focusing scheme, a
photoacoustic transmitter with a smaller aperture has a smaller focal gain. Another reason for the need
is to take advantage of many compact laser systems recently developed. These compact lasers make

photoac“mitter systems very compact, but they typically deliver a high repetition rate of
pulses, eac with a relatively low pulse energy.

5.1. Oufffo ighly efficient photoacoustic composites

High photoacoustic conversion:

Frg @ ht absorption perspective, light-absorbing fillers (e.g. carbon materials or metal
nanoparticlSg)ghaae’ enabled near perfect absorption for photoacoustic generation. Thus, photoacoustic
generation ia t materials is dominantly determined by the thermal expansion of materials. Since
these fille e bedded in polymers, exclusively PDMS for photoacoustic composite, the

photoacoustiC contversion efficiency of the composites is limited by the thermal expansion coefficient
of PDMS. , it is known that these PDMS-based composites have disadvantages, e.g., high
temperaturw performance degradation. The photoacoustic conversion efficiency of PDMS is
decreased for high temperature. Evidently, the Griineisen parameter of PDMS is reported to decrease
with laser@ntensity.!”” Therefore, to increase photoacoustic conversion efficiency, it is worth
ymers having higher thermal expansion coefficient and material robustness. In
aeepnsider other photoacoustic generation mechanisms, i.e., nonlinear effects such as
ablation, which are much more efficient than the thermoelastic effect. For example,
scd composites for phase change could be effective when the liquid polymer is

exploring
addition, ong

phase change
liquid poly

properl from water. Moreover, since heat transfer from light absorbers to the adjacent
polymers p important role in efficient photoacoustic conversion, photoacoustic conversion
efficienc nhanced by engineering the size and shape of light-absorbing fillers for decreasing
a heat ¢ of the absorbers to the polymers (e.g., using nanoscale absorbers), or maximizing

surface to volume ratio for enlarged heat dissipation pathways.

Mechanicahess

tic amplitudes generated by optical excitation of photoacoustic materials increase
ower, which cannot be, however, too high because the material can be damaged.

with optics
Thus, the
dictating t um photoacoustic amplitudes. In this aspect, one can increase the maximum
photoacoustic amplitude by improving the damage threshold of the composites. To do so, one may

damages of photoacoustic composites limit allowable optical input power, thus

need to understand why such damages occur. There exist several potential causes to the material
damages n is that the materials damages are identified as delamination or ablation, which
are believ k adhesion between the photoacoustic composites and the substrates. Another
reason is that high®thermal gradient induced by localized heating can cause the damages because of
thermally-i strain difference within the polymers or between the composites and the substrate.

Moreover, als imperfections (e.g., small inhomogeneous regions) in the composites can cause
echanical stress on the nearby regions, thereby initiating damages from the regions.
One immedi13te tion is to increase the adhesion by increasing bonding forces through substrate
treatments. Further systematic studies on the damage mechanism of photoacoustic composites are

valuable.

Fabrications:
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Owing to significant progresses in nanofabrication technology, numerous light-absorbing
fillers having good light absorption have be developed. These materials can be easily produced by
many cost-effect methods. The key is how to fabricate a composite using these light-absorbing fillers.
There h“any ways to form a composite; the methods include mixing, spin coating, and
infiltration. Jig ese conventional methods, to produce a thin composite layer with uniform
dispersion @ bsorbing fillers, one may need polymer solution of low viscosity and surface
functionali ZatioAlS@Rmfi]lers. Apart from such easy-to-address requirements, the conventional
approadiicsamaymmet be applicable for certain applications using different types of substrates. Thus,
other metlgds to produce a composite is necessary for active control of the composite thickness,
which all tailor photoacoustic characteristics (e.g., bandwidths) depending on target
applicationg!

5.2. Outlogk fi niature photoacoustic transmitter

Ef(“ﬁmotoacoustic materials are needed especially for applications requiring high-

SC

amplitude ultrasotmnd, e.g., fiber-based photoacoustic probes for therapy. One major challenge is

associated ¢ small acoustic element (typically, the diameter of optical fibers) of such
transmitter acoustic signals leaving from the small element drastically decreases. To
compensat@lthis, fiber-based photoacoustic transmitters require higher input optical energy. However,
too much ergy delivered to the transmitters can cause the damages to the photoacoustic
coating an ptical fibers. To avoid such an issue, one solution is to use a moderate optical
energy andito photoacoustic material with a higher photoacoustic conversion efficiency for a
desired signal amplitude. Also, to implement photoacoustic approaches for cavitation generation, it
require =pressure amplitude that exceeds cavitation threshold (e.g., negative pressure amplitude
>30 MPa in w Kim et al. reported ultrasound intravascular therapy by applying laser-generated-
focused. nd generated with a fiber-based photoacoustic transmitter.®” Instead of using a
photoa g on a flat fiber tip, they use the fiber head attached by a fabricated concave

structure with a photoacoustic composite coating, thus taking advantage of the focal gain of the
concave SI‘;ace and generating a strong pressure amplitude at the focus. They were able to generate a

positive p .9 MPa and negative peak of 5.7 MPa at the laser fluence of 1.5 mJ/cm®. Even

though the peak was smaller than the inertial cavitation threshold, they showed that the
positive p dlarge enough to create localized mechanical effects (e.g., rupture of exogeneous
microbubbles). They found that compared with a flat tip fiber with a carbon black/PDMS coating, the

pressure arfiplitude generated by the focused transmitter was 15 times higher due to both the gain of
the focusi 1 as the larger conversion efficiency of a CS/PDMS composite. This approach

using the fecusedgfiber-optic transmitter will be more attractive for therapy when it can generate
inertial cavitation without the needs of the injected bubble nuclei. However, to exceed cavitation
threshold ( ) in water, at least 5-fold larger incident optical energies (> 7.5 mJ/cm?) should be
applied if the sa ystem is used. It remains an open question whether the photoacoustic coating can

be improved to ensure such high laser fluences. In this aspect, further studies on the damage threshold
of photcdcomposites and photoacoustic conversion are needed.
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Tables

{

Table 1. roperties. *Acoustic impedances are normalized to that of water (Z,,).
Sound Acoustic Griineisen Figure of Merit
Speed Impedance Parameter
H (/Zw)* , [T /Tw
s () [m/s] (F — BL) x10°
14
% 1,500 1 0.111 1
ol (Au) 3,240 41.7 3.391 1.43
%Ti) 6,070 18.2 1.817 1.71
3&) 5,940 28.5 1.426 0.87
ca 5,968 8.8 0.033 0.06
!!EMS 987 0.7 0.620 6.57
Parylene 2,200 1.9 0.713 4.43
Table 2. Pe ce comparison. To compare performance obtained different laser fluence and
. P . .
pulse dur; gone can define CF = (FO) (%) (*) would need further information.
Laser
. Pressure Laser fluence pulse Coating
! Composites (Poy) F) duration CF thickness Remark
(T)
@ oxy?! 20 kPa 2.47 mJ/cm? 30 MHz (-3dB)
20 dB
4 enhancement
compared to
metal
W] 4.8 MPa 3.57 mJ/cm® 6 ns 1.34 18 pm
Carbon
materials (7. 29] 18 x Cr 3 mW 6 ns >100 MHz (-6dB)
ET“OJ 4.5 MPa 34.6 mJ/cm* 2ns 20 um 2 mm away
C 21.5 MPa 33.1 mJ/em® 2 ns 0.22
fiber”! 2.4 MPa 3.57 mJ/cm® 6 ns 0.67
rGO™ 10 MPa 56 mJ/em’ 5ns
2D gold™® 1.5 MPa 0.2 mJ/cm? 5ns 6.25%
3D gold™! 10 dB SNR 26 mJ/cm’ 5ns >57 MHz(-6dB)
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25 times
Silver pillar®” AZ1512- - 5ns >30 MHz(-6dB)
alone

MSE! 189.49 kPa 13 mJ/cm? 150 ns 0.33 3.1 MHz(-3dB)

{

Metal- film-

based @ 3.86 MPa 20 mJ/cm® 5ns 0.16

o
2

Ultrathin metal film- o, 1, 2.35 ml/em’ 6ns 0.77 <1um

Author Manuscri
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side view

o : PDMS
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. CSNPs+ PDMS
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40 pm
4
Figure 3. ased photoacoustic materials. (a) CNT-PDMS composites (Top: top view image,
Bottom: sile view image). Adapted with permission.”” Copyright 2015, The Royal Society of
Chemistry. with permission.”) Copyright 2010, AIP Publishing LLC. (b) Carbon soot
nanopartic Ps)-PDMS composites. Adapted with permission.® Copyright 2015, AIP

Publishing@LL ) Carbon nanofibers-PDMS composites. Adapted with permission.”’ Copyright
2015, AIP Publishing LLC. (d) Solution-processed CNT-PDMS composite. Adapted with

permisEﬁght 2016, The Authors.

Sparse CNT network
T L /‘h

Vertical

alignment

Side view

PDMS embedded

Figure 4. SEM images of the CNT layers. Without PDMS coating, the CNT films for different areal
densities (a) sparse, (b) dense, and (c) thick CNT layers. Corresponding cross-sectional views of the
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CNT films on the in (d)-(f). The CNT films with PDMS in (g)-(i). Reproduced with permission.””’
Copyright 2015, The Royal Society of Chemistry.
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Figure 5. Mgtal-based photoacoustic materials. (a) Gold structure (2D) on a glass substrate. Adapted
with permission.”™ Copyright 2016, AIP Publishing LLC. (b) Thin metal film-PDMS composite.
Adapted w, ssion.”” Copyright 2016, Wiley-VCH. (c) Gold structure (3D) (Top: SEM image
and botto iew) schematic with dimensions). Adapted with permission.*” Copyright 2007,
AIP P C. (d) Glass nanopillar arrays with silver islands. Adapted with permission.””!
Copyri The Royal Society of Chemistry.
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Light . ' . ‘

P
Optical fiber -

Figure 6. Mustic transmitters. (a) Planar transmitters consisting of a thin photoacoustic layer
on a trans strate. (b) Focused transmitters composed of a thin photoacoustic layer coated on
a transpare ¢ substrate. (c) Planar fiber-optic photoacoustic transmitters with a photoacoustic

coating on ip_of an optical fiber. (d) Focused fiber-optic photoacoustic transmitters having a
photoacoustic layefjcoated on the curved transparent surface attached to the tip of an optical fiber.

F

3-dB coupler/Photodetector
/Digital oscilloscope

Neutral density filters
Beam

& L
Type | (6 mm)

Water tank

Typell (12 mm‘)
||

Figure 7. ustic lenses and measurement setup. The setup consists of the CNT lens (type I,
II; differentdi rs) irradiated by expanded laser beam. The LGFU is characterized by a fiber-optic
hydrophone. Adapied with permission.!"* Copyright 2012, Springer Nature.
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Before

Figure 8. Mﬁqule delivery by LGFU (200 pulses). The images before (a) and after LGFU (b)

(Top: brig ages, Bottom: fluorescence). Without any change in cell morphology, PI entry
(red in the botto age) was observed. Adapted with permission.!* Copyright 2013, Wiley-VCH.

Figure Mctionation process (scale bar = 100 um). (a) The intact cell-cell junction; (b) Sharp
cut of tth LGFU; (¢)-(d) The peripheral disruption effects by LGFU. The arrows indicate
the radial he cells (shown in (c)), and their retreatment (shown in (d)). Adapted with
permission.*”! Co 1ght 2013, OSA.
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Figure 10.nVVistJe sonic scalpel. (a) Photoacoustic cutting of tissue-mimicking gels. The laser beam
and focused phot@acoustic transmitter are fixed while the gel samples mounted on a 3D motorized
stage are ) Predefined cutting path used for sonic cutting. (c) Photo of a gel immediately
after sonic cutting and before removal of the sliced part (M-letter). The red arrows indicate the width
of the kerf{ (~ 50 pum). (d) Photo of the same gel with the inner part separated. Adapted with
permission ight 2017, Wiley-VCH.

C

(@)
Microstage
. 5 —
IThree—a)us motorized stage CDW‘:D ();L-amber (d=125 um)
Water Jet
O B x
i X Capillary
_ tube

Water line |,/

\
\

IS

‘ .

CNT-coated lens

\-—/
\ \ Nd:YAG
JE laser (6 ns)

Figure 11. Nozzle-free liquid microjetting by a CNT photoacoustic transmitter. (a) Experimental
setup of liquid microjetting. Focused photoacoustic pulses generated by a CNT-coated concave
transmitter are focused on the air/water interface. Liquid for jetting is separated from water used for
sound propagation through an acoustically transparent thin membrane. The location of the interface
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with respect to the focal point is precisely adjusted with a syringe pump attached on a microstage. (b)
Shadowgraph images of liquid microjets emerged from the air/water interface. The snapshots were
taken at delays ranging from 1 ps to 12 ps after the arrival of photoacoustic pulses onto the air/water
interfac“ of produced microjets are compared with an optical fiber (diameter of 125 um).
Adapted wi ission.”®! Copyright 2015, American Physical Society.
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Figure 1 temporal drug delivery using a photoacoustic transmitter. (a) Schematic of
photoacou -induced drug delivery system. Focused photoacoustic pulses cause cavitation and
oscillation icrogels containing drug-loaded PLGA nanoparticles, promoting drug release from
microgels. {b) Experimental setup. (c) Normalized sizes of HeLa tumor spheroid. (d) Tumor
morph course of days (0, 3, 5, and 7) after the treatment. The scale bars corresponds to a

length Wdapted with permission.[**! Copyright 2015, Elsevier.
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(b). (c), (ARSEM images of the CNTs before and after PDMS coating (scale bar: 5 pm). Laser
detachment of a cell: (e) intact cell, (f) immediately after laser illumination, and (g) cell detachment

(scale bar: (h—j) Partial detachment of a second type of cell (scale bar: 50 pm). Adapted with
permission'g”’ right 2017, American Chemical Society.
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Adapte rmission.”"! Copyright 2015, OSA.
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(a1) (a2)

100 pm

Figure 15 ptic photoacoustic transmitter. (a) SEM images of the optical fibers coated with the
CNT-P site. Adapted under a Creative Commons Attribution 3.0 Unported License.'”
Copyright 2014, Authors. (b) MWCNT-xylene coating (b2; Side-view). (¢) MWCNT-gel coating (c2;
Side-view)g(d1) MWCNT-gel/PDMS coating and (d2) MWCNT-PDMS integrated coating. Adapted
with permi Copyright 2016, The Authors.
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Figure 18. Terahertz radiation detection. (a) Setup of THz detection. (b) The structure of the CNT—
PDMS composite films (SEM images). (c) Terahertz radiation detected with a pyroelectric detector.
(d) PA waveform induced by one terahertz pulse. Inset: the spectrum of terahertz pulse-excited PA
WaveforH with permission.®” Copyright 2014, Macmillan Publishers Limited.
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Figure 19. PHol!oacoustic terahertz imaging. (a) Patterned aluminum foil. (b) Imaging result by the
PADTH def€ctor. Adapted with permission.*” Copyright 2014, Macmillan Publishers Limited.
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Figure 21; transients and cavitation by structured fiber optics. Shadowgraph images (Top
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Figure 25. (a) Single focus Hologram that generated the largest focal width with the application of 40
pulses. (b) Map of the maximum pressure field for a pulsing frequency of 5.7 MHz. (c) Binary
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Figure 26. ! ; M imum pressure generated using a point spacing of 5.55\. (b) Maximum pressure
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PhotoacoquJsmitters using pulsed laser irradiation onto optical nanomaterials have been
developed ating strong photoacoustic pulses, enabling interesting applications. Recent
advances in photod@oustic transmitters are reviewed from an application perspective, starting with the
fundamental aspects of photoacoustic generation.

Author Man

This article is protected by copyright. All rights reserved.



