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Exogenous contrast agents in photoacoustic imaging help improve spatial resolution and penetration depth

and enable targeted molecular imaging. To screen efficient photoacoustic signaling materials as contrast

agents, we propose a light absorption-weighted figure of merit (FOM) that can be calculated using

material data from the literature and numerically simulated light absorption cross-sections. The
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calculated light absorption-weighted FOM shows that a Ti nanodisc has a photoacoustic conversion

performance similar to that of an Au nanodisc and better than that of a Pt nanodisc. The photoacoustic
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Introduction

Photoacoustic imaging (PAI), which has the working principle
of converting light energy into sound waves, is being studied for
use in preclinical and clinical areas due to several advantages,
such as a deep imaging depth, high spatial resolution, a wide
field of view, and high contrast.’* These distinct advantages of
PAI enable applications in cancer detection and staging, whole-
body imaging of small animals, and full-ocular imaging of large
animals.""™" Despite its advantages, PAI has limitations that
need to be addressed. One major challenge of PAI is its limited
depth of penetration, which is determined by the wavelength of
the laser used and typically ranges from a few millimeters to
a few centimeters.'**® This limitation may make it unsuitable
for imaging deeper structures or organs. Another limitation is
its sensitivity to tissue heterogeneity, particularly in tissues with
high levels of fat or water, which can absorb or scatter light and
reduce image quality. In addition, the presence of blood vessels
and other structures can also affect image accuracy. To over-
come these limitations, exogenous contrast agents, particularly
nanoparticles designed for effective nonradiative conversion of
the incident near-infrared (NIR) light, have gained significant
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imaging results of Ti, Au, and Pt nanodiscs, which are physically synthesized with identical shapes and
dimensions, experimentally demonstrated that the Ti nanodisc could be a highly efficient contrast agent.

interest in PAI due to their unique optical and physical prop-
erties, enabling them to penetrate deeper into tissues and
generate high-resolution images.’®'*>” Among various exoge-
nous contrast agents, gold nanoparticles have large light
absorption cross-sections resulting from the light-induced
collective oscillation of electrons in the nanoparticles, namely
a localized surface plasmon resonance (LSPR).2**° Besides the
effective light absorption, gold nanoparticles are known to be
biocompatible and their surfaces can be easily modified with
well-developed thiol chemistry.**=** Although gold nanoparticles
have several merits, gold is a scarce element in Earth's crust.
Moreover, the relatively low melting temperature of gold
compared to other metals becomes much lower depending on
the size of the nanoparticle,**** which is why the shape of gold
nanoparticles are easily deformed when irradiated with
light.*>*” Intense light pulses transform high-aspect-ratio gold
nanostructures, such as nanorods and nanostars, into spherical
nanoparticles, and even spherical gold nanoparticles can also
be fragmented and reconstituted by light.>>*** In this regard,
research has been conducted to develop nano-material based
photoacoustic contrast agents such as titanium nitride or
platinum.*® However, it has been difficult to accurately compare
the performance and characteristics of these contrast agents
due to differences in their shape and size. To propose a contrast
agent for PAI that is more abundant than gold and more stable
when irradiated, in this report, the theoretical photoacoustic
conversion performances of candidate materials were calcu-
lated using basic material data and numerically simulated
absorption cross-sections. Then, the photoacoustic conversion
performances were experimentally confirmed using physically
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synthesized metal nanodiscs with identical dimensions and
different materials.

Experimental
Electromagnetic simulation

The extinction and absorption cross-sections of the metal
nanodiscs were calculated using three-dimensional finite-
difference time-domain (FDTD) software (ANSYS Lumerical
FDTD). Total-field-scattered field (TFSF) light was used as a light
source to separate the computational volume into two distinct
regions for the calculations of scattering and absorption cross-
sections. The mesh size of the simulation was set to a 1.0 nm
cubic grid, and the dielectric properties of Au, Ti, and Pt from
Palik’s results (data included in the software) were used for the
simulation. The nanodiscs in a uniform dielectric medium (n =
1.33) were illuminated from the top with a linearly polarized
plane wave from the TFSF source.

Physical synthesis of metal nanodiscs

The physical synthesis of the metal nanodiscs using nano-
imprinting lithography and vacuum deposition has been
described in previous reports.*** Although the amount of
nanodiscs synthesized is limited by the lithographic pattern
density (typically 5 x 10" per 4-inch-scale wafer), physical
synthesis enables a reproducible and reliable control of nano-
disc dimensions.**** In brief, two polymer layers, nanoimprint
resist (mr-I 8020R; Microresist Technology, Germany) and
sacrificial layer (PMGI-SF3; MicroChem, Japan), were spin-
coated onto a Si substrate on which a 100 nm thick Al film
was deposited. Then, a nanohole array with a diameter of
160 nm and a period of 300 nm was patterned on the mr-I 8020R
layer by thermal nanoimprint lithography. After nano-
imprinting, the residual nanoimprint resist at the bottom of the
nanohole was dry-etched using O, plasma. The PMGI-SF3 layer
was dissolved using a wet etchant (AZ 300 MIF; AZ Electronic
Materials, USA) to form an undercut profile. Using a thermal
evaporator, Au, Pt, or Ti thin film was deposited with a thickness
of 20 nm. For the case of Au nanodisc, the dimensions of
160 nm diameter and 20 nm thickness make it resonate with
near-infrared (NIR) light suitable for PAI.** After the deposition,
the mr-I 8020R and PMGI-SF3 layers were removed with a film
remover (Remover PG; MicroChem, Japan) to leave only the
metal nanodiscs deposited inside the nanohole patterns. After
the fabrication of the metal nanodiscs, the final step involved
the removal of the Al layer, which was used as a sacrificial layer
during the fabrication process. This removal process was
necessary to release the metal nanodiscs from the wafer surface.
The chosen method for the removal of the Al layer was the use of
a 1 wt% trisodium citrate dihydrate solution. Trisodium citrate
dihydrate solution is a mild reagent that can selectively dissolve
the aluminum layer without affecting the metal nanodiscs. The
dissolution process was carried out by immersing the sample in
the trisodium citrate dihydrate solution for 10 minutes in a bath
sonicator at 60 °C. Afterward, the sample was repeatedly washed
with deionized water to remove any residual trisodium citrate
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dihydrate solution and collected by centrifugation. The molar
concentration of 40 pM (corresponding to approximately 2.4 x
10'% nanodiscs per mL) was calculated from the metal concen-
tration measured by inductively coupled plasma atomic emis-
sion spectroscopy (PerkinElmer, OPTIMA 7300 DV) and the
dimensions of metal nanodiscs. The nanodiscs were charac-
terized by scanning electron microscopy (Hitachi S-4800,
Japan), transmission electron microscopy (JEOL JEM-2100F,
Japan), and ultraviolet-visible spectroscopy (UV-2600, Shi-
madzu, Japan).

Measurement of photoacoustic signal amplitudes

For PAI and quantification of photoacoustic signal amplitudes,
the previously developed photoacoustic computed tomography
system was used.**** A tunable optical parametric oscillator
laser system (PhotoSonus M-20, Ekspla, Inc., Lithuania; 20 Hz
repetition frequency) irradiated a target to induce photo-
acoustic signal. The generated photoacoustic signal was detec-
ted by a 1024-elements hemispherical ultrasound transducer
array (Japan Probe, Inc., Japan) and processed through a data
acquisition system (Vantage256, Verasonics, Inc., USA). To
obtain photoacoustic spectra, we imaged the silicone tube
containing solutions with 750, 760, 770, 780, 790, 800, 810, 820,
830, 850, 900 and 950 nm wavelengths. After capturing a region
of a tube as a polygon in a maximum amplitude projection
image, the pixel values within the region were arranged in
descending order and the mean of the top 1-30% values were
considered to represent each solution's photoacoustic signal.*®
Averaging the photoacoustic signals of all pixels within
a specific region of interest can lead to overshooting values and
noise. To minimize this, the representative photoacoustic
signal, namely the mean of the top 1-30% photoacoustic signal,
was used. The mean photoacoustic value was normalized to the
incident laser energy for each wavelength measured with an
energy meter (ES220C, Thorlabs, Inc., USA) to compensate for
the difference in laser energy.

Results and discussion

To assess candidate metal nanoparticles as contrast agents for
PAI, the optical cross-sections of the nanodiscs were calculated
by the three-dimensional FDTD simulation. The two-
dimensional (2D) nanodiscs considered in this study are more
advantageous for the random incidence and polarization of
light than the one-dimensional (1D) nanorods due to their
shape isotrop.*>*”*# For this reason, the molar extinction coef-
ficients of 2D nanodiscs are typically 10-times larger than those
of 1D nanorods.*” Fig. 1 shows the numerically calculated
extinction and absorption cross sections of Ti, Pt, and Au
nanodiscs with the same diameter of 160 nm and a thickness of
20 nm. To mimic an aqueous solution of nanodiscs, it was
assumed that the nanodiscs were surrounded by a medium with
a constant refractive index of 1.33. As shown in Fig. 1, when
compared to the Ti and Pt nanodiscs, the extinction curve of the
Au nanodisc exhibited typical LSPR behavior accompanying
a specific wavelength dependence and had the largest extinction

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Numerically simulated extinction (black line) and absorption (red line) spectra of (a) Ti, (b) Pt, and (c) Au nanodisc. The diameter and
thickness of Ti, Pt, and Au nanodiscs are all 160 nm and 20 nm, respectively. (d) Simulated absorption spectra of Ti (solid line), Pt (dotted line), and
Au (dash-dot line) nanodiscs. The direction of incident light and its polarization angle were perpendicular and parallel to the diameter direction of

the nanodisc, respectively.

cross-section. It is noteworthy that all three types of nanodiscs
showed optical resonances in the NIR window. Interestingly,
the absorption cross-section of the Ti nanodisc is comparable to
that of well-known plasmonic nanodiscs of Au and Pt.

Along with the light absorption capability shown in Fig. 1,
the relative thermal expansion with the surrounding medium,
such as water, and the photoacoustic wave transmission into
the medium should be considered together for efficient pho-
toacoustic conversion. Lee et al. defined figure-of-merit (FOM)
for photoacoustic generation with the equation by

FOM = =i x Tw
I'y
where I' = 8¢?/C,, is the Griineisen parameter (8 = volumetric
thermal expansion coefficient, ¢ = sound speed, C}, = specific
heat capacity at constant pressure), I'wy is the Griineisen
parameter of water, and Ty is acoustic transmission into
water.* Ty is given by

© 2023 The Author(s). Published by the Royal Society of Chemistry

2Zw

Ty = —2W
VT Z4 Zw

where Z is the acoustic impedance (Z = pc, p is the mass density)
and Zy is the impedance of water.* I'/I'w and Ty respectively
consider how much the light-absorbing material expands rela-
tive to water and how efficiently the photoacoustic wave travels
across the interface between the light-absorbing material and
water. Table 1 summarizes the material properties of the
candidate contrast agents: Au, Pt, and Ti nanodiscs. The Au
nanodisc showed the largest value of the normalized Griineisen
parameter (I'/I'w), which meant that the thermal expansion of
the Au nanodisc was the greatest when the light of the same
intensity was absorbed. However, the Au nanodisc was not the
best concerning the acoustic impedance to water (Ty). The Ti
nanodisc had more than twice the Tyy value of the Au nanodisc.
For this reason, the Ti nanodisc has the largest FOM for pho-
toacoustic generation, followed by Au nanodisc and Pt
nanodisc.
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Table 1 Material properties for comparison of photoacoustic efficiency
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Normalized Griineisen Acoustic impedance

Metal parameter (I'/T'w) to water (Tw) FOM Relative light absorption® Absorption-weighted FOM?
Au 30.5 0.047 1.43 1 1.43
Pt 19.5 0.042 0.82 1.15 0.94
Ti 16.4 0.104 1.71 0.85 1.45

“ Normalized to the absorption cross-section of the Au nanodisc. ? Figure of merit multiplied by the relative light absorption.

In the above FOM equation given by Lee at al.,* the light
absorption cross-section of the target material was not consid-
ered, although it is an inherent property of the material.
Therefore, for a more practical and direct comparison of
absorbing materials, the absorption cross-sections of the
nanodiscs presented in Fig. 1(d) can be a weighting factor to be
multiplied by the FOM. The relative light absorptions in Table 1
were obtained by normalizing the maximum absorption cross-
section of each nanodisc (3.19 x 10~ m® of Au nanodisc,
3.67 x 10~ m? of Pt nanodisc, 2.72 x 10~ "* m” of Ti nanodisc)
with that of the Au nanodisc. The light absorption-weighted
FOM, calculated by multiplying the FOM by the relative light
absorption, shows that the Ti nanodisc and Au nanodisc exhibit
similar photoacoustic conversion performance.

To experimentally demonstrate the photoacoustic conver-
sion performance of the metal nanodiscs, Ti, Pt, and Au nano-
discs were synthesized using a physical method in which the
target metals were vacuum-deposited on a lithographically
patterned substrate. The diameter and thickness of the metal
nanodiscs were independently defined by the lithographic
pattern diameter and the deposited film thickness, respectively.
An increase in diameter or decrease in thickness induces
a redshift of resonant wavelength.*” The SEM images in Fig. 2
confirm that the three different metal nanodiscs were synthe-
sized with the same diameter and thickness of approximately
160 nm and 20 nm, respectively. The TEM and energy dispersive
spectroscopy (EDS) mapping images in Fig. 2 show that those

nanodiscs that look identical are each made of different mate-
rials. In addition, the measured absorbance spectra of the
aqueous solutions of Ti, Pt, and Au nanodiscs in Fig. 3 corre-
sponded with the simulated spectra in Fig. 1. The absorbance
spectrum of the Au nanodiscs showed the narrowest curve. All
three types of metal nanodiscs had optical resonances in the
NIR window between 700 nm and 900 nm. For Ti nanodiscs, the
measured resonant wavelength shows a redshift of about 40 nm
compared to the simulated one, which is thought to be due to
the native TiO, surface layer of high refractive index.

Finally, photoacoustic signal amplitudes of the metal
nanodiscs were measured in the NIR wavelength window from
750 nm to 900 nm. A 5 ns pulsed laser beam illuminated the
aqueous nanodisc solutions in the plastic tubes. The generated
photoacoustic signals were detected using ultrasound trans-
ducers. Fig. 4(a) shows the photoacoustic spectra obtained from
three different metal nanodisc solutions with the same
concentration of 40 pM. The overall shapes and peak wave-
lengths of the photoacoustic spectra corresponded to those of
the extinction spectra shown in Fig. 3. Additionally, the
maximum photoacoustic signal amplitudes of the nanodiscs
exhibited a trend very similar to the absorption-weighted FOM
presented in Table 1. The Au and Ti nanodiscs had approxi-
mately 1.6 times greater photoacoustic signal amplitudes and
1.5 times greater absorption-weighted FOM than the Pt nano-
discs. The photoacoustic images in Fig. 4(b) were selected at the
wavelengths of the maximum signal amplitudes of each

Fig.2 Electron microscopy analysis results of the (a) Ti, (b) Pt, and (c) Au nanodiscs. Upper panels show SEM images of the nanodiscs. Lower left
and right panels show TEM and EDS mapping images, respectively. The scale bars of SEM and TEM images are 400 nm and 100 nm, respectively.
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Fig.4 (a) Photoacoustic spectra of the aqueous solutions of Ti, Pt, and
Au nanodiscs having the same concentration of 40 pM. The photo-
acoustic signals were measured with multiple laser wavelengths from
750 nm to 900 nm and were normalized to their incident laser ener-
gies for comparison. (b) Plane-view photoacoustic images of agueous
solutions of Ti, Pt, and Au nanodiscs in centrifuge tubes. The laser
wavelengths used for these photoacoustic images (810 nm for Ti,
800 nm for Pt, and 820 nm for Au) corresponded to the peak wave-
lengths of the photoacoustic spectra shown in Fig. 3(a).

nanodisc, and they visually demonstrated that the photo-
acoustic conversion performance of the proposed Ti nanodiscs
was comparable to that of the Au nanodiscs and superior to that
of the Pt nanodiscs. In addition to the fact that Ti has

© 2023 The Author(s). Published by the Royal Society of Chemistry

a photoacoustic conversion performance similar to that of Au,
Ti is the ninth most abundant element in the Earth's crust and
the melting temperature of Ti is approximately 600 K higher
than that of Au. Recently, Ti nanostructures have been studied
for photothermal or photodynamic therapeutic applications.*
Therefore, given their abundance in the earth, thermal stability,
and photoacoustic conversion performance, Ti nanodiscs have
significant advantages as efficient contrast agents for PAI

Conclusions

To screen candidates for photoacoustic signalling materials, we
proposed a light absorption-weighted FOM that can be calcu-
lated using their material data in the literature and numerically
simulated light absorption cross-sections. Based on the light
absorption-weighted FOM, the Ti nanodisc was expected to have
a photoacoustic conversion performance similar to that of the
Au nanodisc and better than that of the Pt nanodisc. Ti, Au, and
Pt nanodiscs with identical shapes and dimensions were
successfully synthesized to prove this theoretical expectation.
The experimental measurements of the light extinction spectra,
photoacoustic spectra, and photoacoustic images of the three
candidate materials demonstrated that the Ti nanodiscs could
be highly efficient contrast agents for PAI Considering the
present results of photoacoustic conversion performance and
other advantages, such as abundance in the earth and thermal
stability, we expect that the proposed Ti nanodiscs could
become promising exogenous contrast agents for PAIL
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