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Photoacoustic imaging (PAI) combines the advantage of optical and ultrasonic imaging, which has a high signal-
to-noise ratio, and spatial resolution. To further improve the performance of PAL gold nanorods can be utilized as
exogenous contrast agents, and their size can be controlled. The size change of gold nanorods will change their
absorption and heat transfer characteristics, and then affect their photoacoustic characteristics. Therefore, in the
present work, the influences of absorption characteristics (absorption cross section and volume absorption co-
efficient) and heat transfer characteristics (specific surface area) of gold nanorods on photoacoustic response are
studied by FDTD (FDTD Solutions, Lumerical) and FEM (Comsol Multiphysics). Results show that the increase of
specific surface area will enhance the thermal coupling between gold nanorods and water, so as to improve the
heat transfer and produce different photothermal responses without significantly affecting the photoacoustic
quantum yield (As the specific surface area increases by about 10 times, the temperature increases by about 12
times, while the photoacoustic quantum yield increases by about 24%). On the contrary, absorption charac-
teristics are decisive factors for both photothermal and photoacoustic responses. Therefore, in terms of improving
photoacoustic quantum yield, when the size of gold nanorods changes, more attention should be paid to the
improvement of the absorption characteristics rather than the specific surface area. In addition, increasing the
specific surface area can significantly improve the photostability of gold nanorods, which is very important for
practical applications.

these defects, including small chromophores, fluorescent proteins, car-
bon nanoparticles, semiconductors, and plasmonic nanomaterials [4,5].

Introduction

Photoacoustic imaging (PAI) combines the advantages of optical
imaging and ultrasonic imaging, which has a high signal-to-noise ratio,
and spatial resolution. As a non-ionizing and non-invasive imaging
method, it has great potential in biomedical imaging [1]. The generation
of a photoacoustic (PA) signal has four different mechanisms: thermal
expansion, vaporization, photochemical reaction, and optical break-
down depending on the laser intensity and other factors [2]. For pho-
toacoustic imaging of biological tissues, the only safe method is the
photoacoustic effect based on thermal expansion [2]. However, in terms
of photoacoustic conversion efficiency, the photoacoustic effect based
on the medium’s thermal expansion mechanism is relatively weak,
causing photoacoustic imaging based on an endogenous contrast agent
to have some defects such as low sensitivity and insufficient contrast [3].
Different exogenous contrast agents have been developed to overcome

Plasmonic nanomaterials, represented by gold nanoparticles (AuNPs),
have been investigated due to their unique advantages. First, AuNPs
have strong light absorption/scattering characteristics due to the
localized surface plasmon resonance (LSPR) effect [6,7]. Second,
because of their simple fabrication, various synthesis methods, and
various forms, such as rods, cages, and shells, they have numerous
choices in practical application [8,9]. Most importantly, their stable
surface chemistry makes them biologically inert [10] and easy to bind
with targeted ligands [11]. Therefore, gold nanoparticles as contrast
agents have been widely utilized in photoacoustic imaging [12-16].
With the successful application of photoacoustic imaging of biolog-
ical tissues with gold nanoparticles as the contrast agent, research on the
photoacoustic response mechanism and influencing factors of gold
nanoparticles has garnered a great deal of attention. Due to the
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simplicity of their structure, research on the mechanism of the photo-
acoustic effect of gold nanoparticles is mostly focused on spherical
nanoparticles, and some important results have been obtained. Chen
et al. [17] theoretically calculated the photoacoustic signal of the ideal
model of gold nanospheres in water. Combined with the experimental
verification, it was proved that the photoacoustic signal generated by
the AuNPs solutions mainly came from the water instead of the AuNPs.
Moreover, they found that the photoacoustic signal generated by AuNPs
is responsible for less than 1% of the detected signal strength. Yu et al.
[18] systematically studied the effects of geometry, surrounding media,
laser intensity, and laser pulse width on the photoacoustic response of
SiOg-coated gold nanoshell in the near-infrared band by using the finite
element method, and optimized the structure of the gold nanoshell.
Shahbazi et al. [19] obtained the analytical solution for the photo-
acoustic response of core-shell nanospheres. On this basis, the effects of
interface thermal resistance and the pulse laser waveform on photo-
acoustic signals of nanospheres were studied, and the proportion of
photoacoustic signals generated by the shell and water layer was
investigated. It was demonstrated that the water layer radius that can
generate photoacoustic signals is twice that of the spherical radius.

While the photoacoustic effect of gold nanospheres has been inves-
tigated thoroughly, the LSPR wavelength of gold nanospheres is gener-
ally located in the visible region [20-25], which has a relatively small
penetration depth in biological tissue. In the near-infrared region, the
absorption rate of biological tissue is lower, allowing the use of larger
laser fluence, which is conducive to the application of photoacoustic
imaging in deep biological tissue. Therefore, other morphologies of gold
nanoparticles that can show high absorption characteristics in the near-
infrared region have attracted much attention. Compared with other
morphologies, nanorods have more potential applications in the near-
infrared region due to their advantages of simple synthesis and
tunable surface plasmon resonances [26]. The photoacoustic effect of
gold nanorods has been studied. Chen et al. [27] proposed a synthesis
method for miniature gold nanorods, which proved that the properties
of miniature gold nanorods were theoretically and experimentally more
effective compared to regular-sized gold nanorods (AuNRs). Shi et al.
[28] studied the quantitative relationship between the photoacoustic
conversion efficiency and the size of gold nanospheres and nanorods. It
was found that the optimal sizes of gold nanospheres and gold nanorods
were 60 nm in diameter and 56 nm x 16 nm in length and width
respectively. However, the optimization of gold nanorods is carried out
under the condition of a fixed aspect ratio, and when the aspect ratio
changes, the optimized results are no longer applicable. Through
experimental research, Oscar et al. [29] compared the performance of
four sizes of gold nanorods in photoacoustic conversion efficiency,
melting threshold, and cytotoxicity. It was found that AuNRs with r =
40 nm and r = 50 nm (r is the gold nanorod radial length) produced the
strongest signal for the same number of particles, but had the strongest
toxicity. On the contrary, the photoacoustic conversion efficiency of
AuNRs with r = 10 nm was the highest under the same total mass.

The purpose of studying the mechanism of photoacoustic response of
gold nanorods is to have a deeper insight of physical processes, so as to
optimize the structure of gold nanorods with better photoacoustic per-
formance. However, researches on the photoacoustic response mecha-
nism and structure optimization of gold nanorods are still insufficient.
The size change of gold nanorods will change the absorption and heat
transfer characteristics of gold nanorods at the same time, but there is a
lack of quantitative research on the influence of the two on the photo-
thermal response and photoacoustic response of gold nanorods. In
addition, for the size optimization of gold nanorods, in the current
research, the size range of gold nanorods studied is very small, such as
fixed aspect ratio [28] or qualitative research on only four commercially
available gold nanorod sizes [29]. There is a lack of research on the size
optimization of gold nanorods with the best photoacoustic response
considering the absorption and heat transfer characteristics under a
specific near-infrared spectrum.
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In this work, finite difference time domain (FDTD, Lumerical) and
finite element method (FEM, COMSOL) are used to study the photo-
acoustic effect of AuNRs in an aqueous solution. The effects of incident
laser wavelength (i.e. absorption characteristics) and specific surface
area (i.e. heat transfer characteristics) of gold nanorods on photothermal
response and photoacoustic response of a single gold nanorod are
quantitatively analyzed through numerical simulation. Then, the rela-
tionship between the photoacoustic quantum yield of single gold
nanorod and the photoacoustic quantum yield of macro gold nanorod
solution is established. Furthermore, the sizes of gold nanorod at 808
nm, 895 nm and 1064 nm in the near-infrared region are optimized to
achieve the highest photoacoustic signal of the macro solution. Finally,
for the optimized size of gold nanorods, the suggestions to ensure the
thermal stability are given by calculating the critical laser fluence that
leads to the phase change of water around AuNRs.

Photoacoustic response model of the AuNP
Physical process

The LSPR effect of the gold nanoparticle in an aqueous solution oc-
curs due to laser irradiation. The gold nanoparticle scatters part of the
pulse laser energy, and the other part is absorbed and converted into
thermal energy, which leads to a rapid temperature rise of the gold
nanoparticle within a short period. The temperature difference between
the gold nanoparticle and the surrounding water induces a nanosecond
heat transfer process, causing a rapid temperature change of the sur-
rounding water. As a result, thermal expansion occurs in the surround-
ing water, which means that the water will produce elastic stress and
strain, resulting in pressure changes. The pressure change will cause
acoustic wave-propagation, which can be detected as a real-time PA
signal. The whole physical process is shown in Fig. 1.

PA response model

When the gold nanoparticle is illuminated by a linearly polarized
plane wave with frequency w, the electric field E and magnetic field
intensities H can be calculated by the Maxwell’s curl equations[30].
Then, the absorption cross section Cypg, Scattering cross section Cyca, and
extinction cross section Cex of the gold nanoparticle respectively can be
calculated by [31]:

_ Pabs (C())
Cabs(w) - 10((1)) (1)
_ Psca(w)
Coa(@) = To(@) (2)
Cext(w) = Cabs ((D) + Csca(w) (3)

where I is the incident laser fluence, and P is the total energy absorbed
or scattered by nanoparticles. The expression of P is complex, which can
be seen in the literature [32].

The absorbed electromagnetic energy is converted into thermal en-
ergy of the gold nanoparticle, which can be calculated as the resistive
heating g, [33]:

qr = IOCabs/V (C))

where V is the volume of nanoparticles.

The temperature of the gold nanoparticle rises rapidly because of
resistance heating. When illuminated by a nanosecond pulsed laser, the
electronic temperature of the electronic gas is equal to the temperature
of the lattice (phonons) [34], which means that the heat transfer and
temperature distribution in the gold nanoparticle and surrounding water
can be calculated by the transient Fourier heat conduction equation
[35]:
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Fig. 1. Schematic of physical process of photoacoustic effect of the gold nanoparticle.

or
pe s, = VEVT +af (1 (5)
wherep, c, k, and T are the density, heat capacity, thermal conductivity,
and temperature, respectively. Here, the function, f(t) , represents the
temporal Gaussian-shaped laser pulse, which is defined as:
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where t is the time, tj is the time position of the center of the peak, and
S=ty/ (2\/ 2ln2) is the standard deviation. Here, t,, is the full width at

half-maximum of the Gaussian profile (i.e. the pulse duration of the
pulsed laser).

At the interface of different material surfaces, there is interfacial
thermal resistance, which makes the temperature distribution on both
sides of the interface discontinuous. The boundary conditions at the
interface meet the following formula [36]:

(Tl - TZ)GIZ = 7K2VT'" (7)

where subscripts “1” and “2” respectively represent the media on both
sides of the interface, G is the thermal conductivity of the interface, and
n represents the normal direction of the interface.

Linear thermal expansion occurs due to an increased temperature in
the gold nanoparticle and the surrounding water. The corresponding
stress—strain tensor can be calculated by the Duhamel-Hookes equation
[37]:

s=C:(e—a(T—-Ty)) ®

where s is the total stress tensor, C is the fourth-order elasticity tensor
related to shear and bulk modulus, “:” is defined as the double-dot
product, ¢ is the total strain tensor, ais the thermal expansion coeffi-
cient, and Ty is the reference temperature.

The convection of fluid in the whole process of thermal expansion is
ignored. Therefore, the water medium around the gold nanoparticle can
be regarded as a solid, and its elastic properties can be represented by
shear and bulk moduli [38].

The thermal expansion-induced total displacement u can be calcu-
lated from the total stress tensor s through the following equation [37]:

F u
Vs =p I )

The acoustic pressure change can be calculated from the thermal

expansion-induced total displacement u by [37]:

1 &
"’L?V”J — (10)

where n; is the outward normal to the boundary, and p; = p +py, is the
total acoustic pressure. Here, p is the PA signal and py, is the ambient
pressure.

The propagation and pressure distribution of the PA signal in the
surrounding medium can be obtained by solving the following acoustic
wave equation [18]:

RN
pv2 or

1
V]| -0 an
where vy is the speed of sound.

Method and verification

In this work, the absorption cross section of gold nanorods is calcu-
lated by finite difference time domain (FDTD, Lumerical), and the
photothermal and photoacoustic responses of gold nanorods are calcu-
lated by finite element method (FEM, COMSOL).

When calculating the absorption cross section of gold nanorods, a
single gold nanorod is irradiated by linearly polarized light in water, and
the perfectly matched layer is used as the external boundary condition to
eliminate the influence of reflected electromagnetic wave. In order to
verify the accuracy of the calculation, the convergence experiment is
carried out, which has set an error limit of 10°. In the calculation, there
are dense grids near the gold nanorods, and the grid size is related to the
size of the gold nanorods. Gold nanorods are composed of hemispheres
at both ends and cylinders in the middle. The radius of hemispheres and
cylinders is r, the height of cylinders is H, the length of gold nanorods is
L = H + 2r, and the aspect ratio is AR = L/2r. The grid size shall meet
radial step Ar = 2r/15, axial step Ah = H/40, and the maximum value of
Ar and Ah shall not exceed 1 nm. When the linearly polarized light is
along the axial direction of the gold nanorod, it is compared with the
absorption cross section of the gold nanorod calculated by the finite
element method in the literature [39]. As shown in Fig. 3 (a), the results
are in good agreement with the literature.

The coupled partial differential equations of transient heat transfer
equation, transient structural mechanics equation and transient sound
propagation method are solved by finite element method (FEM, COM-
SOL), as shown in Fig. 2. Fourier heat conduction equation and gener-
alized Hooke’s law equation are solved in Domain-I, and the coupling
variable is temperature T. In the heat transfer equation, the heat source
is gold nanorods. It is assumed that the position of the yellow dotted line
is the boundary (called “Boundary™) and is set as an isothermal wall,
equal to the initial temperature. In the structural mechanics equation,
both gold nanorods and water are linear thermal expansion media, and
others are the default settings. The sound propagation equation is solved
in Domain-II, and the boundary condition is spherical wave radiation at
the outermost boundary to reduce the influence of reflected sound
waves. The coupling variables of structural mechanics equation and
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Fig. 2. Schematic of the PA response model of the gold nanoparticle.

sound propagation equation are displacement u and pressure p, which
are coupled at Boundary by Eq. (10). In the calculation, the transient
solver is used to solve the above three coupled partial differential
equations at the same time. In order to reduce the use of computer
memory, the separate solver is used, and a relative error limit is set to 10
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# and the time step is 0.2 ns. The grid size is related to the size of gold
nanorods. The maximum grid size of gold nanorods is (r/2-1) nm, the
minimum grid size of other regions is 0.1 nm, the maximum grid size is
250 nm, and the maximum grid growth rate is 1.45. The total number of
grids is between 16,000 and 23000, depending on the size of gold
nanorods. Domain-I and Domain-II are spheres with a radius of (r + 700)
nm and (r + 1000) nm, respectively. In order to verify the accuracy of
the heat transfer model, the temperature distribution of gold nano-
spheres with a radius of 30 nm under the irradiation of pulsed laser with
a pulse duration of 10 ns and a wavelength of 532 nm is calculated and
compared with the results in the literature [19]. As shown in Fig. 3(b)
and Fig. 3(c), the results are in good agreement with the literature.
Ref. [40] gives the time profile distribution model

2
p(r.0) = —Po% (t - é) exp{ - [1; (t - {,) ] } of photoacoustic pres-

sure of spherical objects excited by Gaussian pulses. The photoacoustic
pressure results of gold nanospheres calculated in this work are
compared with them, as shown in Fig. 3 (d). It can be seen that the re-
sults are in good agreement with the literature.

Results and discussion

In the application of biomedical photoacoustic imaging, the photo-
acoustic effect of gold nanorods is a derivative effect of thermal
expansion, which originates from the photothermal conversion of gold
nanorods and the heat transfer process between gold nanorods and the
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Fig. 3. Validation of present model: (a) Absorption cross section distribution of gold nanorods. The polarization direction of linearly polarized light is along the axial
direction of gold nanorods. (b) Gaussian profile of pulsed laser and temperature profile distribution of the gold nanosphere. The radius of gold nanosphere is 30 nm
and the pulse duration of pulsed laser is 10 ns. (c) Radial temperature distribution of the gold nanosphere. The radius of gold nanosphere is 30 nm, the thickness of
SiO, shell is 15 nm, and the time is 30 ns (when the pulse laser intensity is the maximum). (d) Temporal profile of the normalized PA pulse generated by a gold

nanosphere heated by Gaussian pulse.
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surrounding aqueous medium. The former is affected by nanosecond
pulsed laser and the absorption cross section of gold nanorods, and the
latter is mainly determined by the heat transfer area between gold
nanorods and water (defined here as the specific surface area, that is, the
ratio of surface area to volume of gold nanorods) and the interfacial
thermal resistance (Kapitza resistance) between gold and water. When
the size of gold nanorods is changed, the absorption cross-section dis-
tribution and heat transfer area to water are changed, resulting in the
change of photoacoustic response. Therefore, the effects of absorption
cross section and specific surface area of gold nanorods on their pho-
tothermal response and photoacoustic response are analyzed separately.
Furthermore, the size of gold nanorods used in near-infrared region is
optimized to maximize the photoacoustic quantum yield of gold nano-
rods at corresponding wavelengths.
The physical parameters of Au and H,0 are shown in Table 1.

Laser wavelength

The absorption cross sections of four different sizes of gold nanorods
were calculated by FDTD, as shown in Fig. 4(a). Because the axial and
radial directions of gold nanorods are asymmetric, gold nanorods will
show different absorption cross-section distribution when laser irradi-
ates gold nanorods with different polarization directions. Meanwhile,
the nanorods are likely to have a vast arrangement of orientations in
solution, which is random. Therefore, it is necessary to average the
absorption cross section distribution in each polarization direction of
gold nanorods. However, this is time-consuming and requires a lot of
computing resources. Previous studies have shown that for gold nano-
rods, the average results in each direction can be replaced by the average
absorption cross sections in both radial and axial directions [41].
Therefore, the absorption cross section calculated in this work is the
average of radial and axial polarization directions. As can be seen in
Fig. 4(a), gold nanorods have absorption peaks near 530 nm and near-
infrared region respectively, while the second absorption peak of gold
nanorods significantly redshifts when the aspect ratio increases. The
absorption peak originates from the LSPR of gold nanorods. The latter
will happen under two conditions. Firstly, the size range of gold nano-
rods is in the nanometer level, which is equivalent to the average free
path of free electrons on the surface. Secondly, the external laser with a
specific frequency irradiates the gold nanorods to make the free elec-
trons on the surface of gold nanorods resonate with photoelectric
magnetic wave [42], resulting in the increase of local electric field and
the conversion of light energy into heat energy through Joule heat. The
resonance frequency strongly depends on the relative relationship be-
tween the average electron free path and the size of gold nanorods. Due

Table 1

Physical parameters used for PA model.
Parameters Symbol Value
Dielectric function of gold EAu Johnson and Christy [64]
Refractive index of water n u,0 1.33
Density of gold Pau 19300 kg/m*
Density of water Pr,0 1000 kg/m®
Thermal conductivity of gold KAu 318 W/m/K
Thermal conductivity of water KH,0 0.6 W/m/K
Shear modulus of gold Yau 75 x 10°N/m?
Poisson’s ratio of gold VAu 0.42
Shear modulus of water Gn,0 0 N/m?
Bulk modulus of water Ku,0 2.15 x 10° N/m?
Linear expansion coefficient of gold Apu 0.14 x 10° 1/K
Linear expansion coefficient of water an,0 70 x 10° 1/K
Heat capacity of gold Cau 129 J/kg/K
Heat capacity of water CH,0 4200 J/kg/K
Sound velocity of water Vs H,0 1500 m/s
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to the huge size difference between radial and axial direction, there are
two absorption peaks corresponding to radial and axial direction
respectively. Therefore, the absorption cross-section distribution of gold
nanorods can be adjusted by changing the aspect ratio. Moreover, Fig. 4
(a) shows that the maximum absorption cross section of gold nanorods
decreases significantly with the decrease of length and the increase of
aspect ratio, while the volume of gold nanorods decreases significantly
with the decrease of length and the increase of aspect ratio. They show a
certain positive correlation, which may be due to the significant
decrease of polarizability of gold nanorods with the decrease of the
volume. In Ref. [43], it is considered that the absorption cross section of
gold nanoparticles is directly proportional to the volume.

Furthermore, taking the gold nanorod with AR = 3 and L = 90 nm as
an example, the photothermal response of gold nanorods irradiated by
nanosecond pulsed laser with different wavelengths was studied, as
shown in Fig. 4(b). It shows the temperature distribution at the central
origin (the center of the gold nanorod). Since the thermal diffusion co-
efficient of gold is three orders of magnitude higher than that of water
(the thermal diffusion coefficient of gold is 1.29 x 10* m2es~! and that
of water is 1.4 x 107 m2.s™!), the temperature distribution in gold
nanorods can be considered to be uniform, which means that the results
in the figure can represent the temperature distribution of gold nano-
rods. Gold nanorods have different absorption cross sections at different
laser wavelengths. Larger absorption cross section means that gold
nanorods have stronger light absorption ability, resulting in higher
temperature of gold nanorods with larger absorption cross section at
each time. The time profile of gold nanorod temperature is mainly
determined by the time profile of pulsed laser. Therefore, each curve in
Fig. 4(b) shows the same trand. The inset on the left in Fig. 4(b) shows
the change of axial temperature spatial distribution of gold nanorods
and surrounding aqueous medium with time when the laser wavelength
is 774 nm. It can be seen that the heat transfer process of gold nanorods
is at the nano level in space and nanosecond level in time. This means
that the influence of the heat transfer process of gold nanorods on the
macro biological tissue can be ignored, even if the heat transfer process
produces a temperature rise of hundreds of Kelvin (no phase change in
aqueous medium), which ensures the biological safety of the biological
tissue photoacoustic imaging technology using gold nanorods as pho-
toacoustic contrast agent.

The photoacoustic effect of gold nanorods originates from the pres-
sure change caused by the thermal expansion of gold nanorods and
surrounding water medium, resulting in detectable photoacoustic sig-
nals. The thermal expansion coefficient of water is about 5 times that of
gold (see Table 1), and the area of thermal expansion of water is also
larger than that of gold nanorods. Therefore, it can be considered that
the photoacoustic response of gold nanorods is mainly contributed by
the temperature changing water around gold nanorods. Chen et al. [17]
have proved this view theoretically, that is, for the photoacoustic
response of gold nanospheres, the photoacoustic pressure generated by
gold nanospheres accounts for less than 1% of the total photoacoustic
pressure. Therefore, it is necessary to study the temperature rise change
of the water medium around different gold nanorods under different
laser wavelengths (in this work, the effect of laser wavelength is
essentially the effect of the absorption cross section of gold nanorods
under different wavelengths, so it will be directly expressed by the ab-
sorption cross section of gold nanorods), as shown in Fig. 4(c). It can be
seen that for gold nanorods of different sizes, under the same pulse laser
fluence, the maximum temperature rise of water medium around gold
nanorods is directly proportional to the absorption cross section of gold
nanorods. However, for different sizes of gold nanorods, the slope of
Cabs-ATwater curve is different. The gold nanorods have larger Caps-
ATwater curve slope, which is equivalent to the same increase in ab-
sorption cross section, the water medium around the gold nanorods can
have higher temperature rise, which means that the gold nanorods have
higher heat transfer efficiency to the surrounding water medium. In
Fig. 4(c), the aspect ratio of the four kinds of gold nanorods increases
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Fig. 4. Absorption characteristics and photothermal response of gold nanorods: (a) Absorption cross section distribution of four sizes of gold nanorods. The results
are the radial and axial average of gold nanorods. (b) Temporal profile of the temperature at the center of gold nanorods at different wavelengths. The sizes of gold
nanorods are AR = 3 and L = 90 nm, corresponding to Nanorod-1. The laser fluence is 2 mJ/m?, the pulse duration is 5 ns, and the laser intensity distribution is the
red dotted line in the figure (the later results are under the irradiation of this pulsed laser). The inset shows the axial temperature distribution of gold nanorods at a
wavelength of 774 nm and a time step of 0.1 ns. (¢) Variation of maximum temperature rise in water with absorption cross section of gold nanorods with different
sizes. (d) The increasing ratio of the maximum temperature rise of gold nanorods to the maximum temperature rise in water varies with the absorption cross section.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

and the length decreases in turn, so that the specific surface area of the
gold nanorods increases gradually. Correspondingly, the slope of the
Cabs-ATyater curve of the gold nanorods increases, which means that the
heat transfer efficiency of the gold nanorods increases gradually.
There is a certain temperature drop at the interface between gold
nanorods and aqueous medium due to the interfacial thermal resistance.
The value of interfacial thermal resistance mainly depends on the
properties of nanomaterials and surrounding media and the synthesis
process of nano materials [44]. In this work, the value of interfacial
thermal conductivity of Au-H,O interface G = 200 MW+m~2ek ! is used
for calculation to study the difference between the maximum tempera-
ture rise of gold nanorods and that of the surrounding aqueous medium
at different laser wavelengths, as shown in Fig. 4(d). It can be seen that
for a certain gold nanorod, the increase ratio of the maximum temper-
ature rise of the gold nanorod relative to the aqueous medium is not
affected by the laser wavelength. Combined with Fig. 4(c), it can be seen
that the maximum temperature rise of the gold nanorod itself is also
directly proportional to the absorption cross section, which also means
that the larger the temperature rise of the gold nanorod, the larger the
difference between the maximum temperature rise of the gold nanorod
and water. Moreover, it is worth noting that the increase ratio of the
maximum temperature rise of gold nanorods with different sizes relative
to the aqueous medium is also different. The larger the specific surface

area of gold nanorods, the greater the increase ratio, which means that
when the specific surface area increases, the heat transfer efficiency of
gold nanorods is improved, and meanwhile the influence of interfacial
thermal resistance is also gradually enhanced. The interfacial thermal
resistance will weaken the heat transfer enhancement caused by the
increase of specific surface area, but it can not be completely eliminated.

The laser wavelength affects the photothermal response of gold
nanorods, and then affects the photoacoustic response accordingly.
Taking the gold nanorod with AR = 3 and L = 90 nm as an example, the
photoacoustic response of gold nanorods at different wavelengths was
studied, as shown in Fig. 5(a). It can be seen that the time profile of
photoacoustic pressure of gold nanorods at different wavelengths is bi-
polar distribution, and the profile is highly similar to the second deriv-
ative of Gaussian pulse function to time, which means that the time
profile of photoacoustic pressure of gold nanorods is mainly determined
by Gaussian pulse function. However, due to the different absorption
cross sections of gold nanorods at different laser wavelengths, there are
significant differences in the value of photoacoustic pressure at each
time. Obviously, the larger the absorption cross section of gold nano-
rods, the higher the temperature rise of gold nanorods and aqueous
medium, and the stronger the photoacoustic pressure. Furthermore, in
the application of biological photoacoustic imaging, attention is paid to
the initial photoacoustic pressure amplitude of contrast agent and the
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Fig. 5. Photoacoustic response of gold nanorods: (a) Temporal profile of photoacoustic pressure. (b) Variation of sound pressure amplitude with absorption cross
section of gold nanorods. (c) Variation of acoustic energy with absorption cross section. (d) Variation of photoacoustic quantum yield with absorption cross section.

detected photoacoustic signal amplitude. Therefore, it is necessary to
study the influence of laser wavelength on the photoacoustic pressure
amplitude of gold nanorods, as shown in Fig. 5(b). It can be seen that for
gold nanorods of different sizes, the pressure amplitude is directly pro-
portional to the absorption cross section. Combined with Fig. 4(c) and
Fig. 4(d), it can be inferred that the maximum temperature rise of gold
nanorods, the maximum temperature rise of surrounding water, the
pressure amplitude and the absorption cross section of gold nanorods are
directly proportional to each other. When the pulse laser parameters are
the same, according to Eq. (4), the absorption cross section is directly
proportional to the heat generation of gold nanorods. Then, the photo-
acoustic pressure amplitude is actually proportional to the heat pro-
duction of gold nanorods, which means that in addition to the
absorption cross section of gold nanorods, the laser fluence is also pro-
portional to the photoacoustic pressure of gold nanorods. This conclu-
sion is consistent with the existing experimental results [27,45,46]. It is
worth noting that in this work, the pulse energy is adjusted so as not to
make the water phase change (i.e. the highest temperature of water is
less than 550.15 K), which meets the non-invasive requirements of
medical diagnosis.

In addition to the photoacoustic pressure amplitude, the photo-
acoustic quantum yield is also an important index to evaluate the pho-
toacoustic properties of gold nanorods. The photoacoustic conversion
efficiency of the AuNRs in an aqueous solution is defined as [27]:

Eacous(ic _ M
T [ Cupldt

Dpy = (12)

Ethermal

where, Ecoustic iS the sound energy of the photoacoustic system, Ethermal
is the thermal energy, R = py,och,0 is the acoustic impedance of water,
and S is the spherical surface with enough size containing the gold
nanorods, so that the heat will not escape from the S plane.

The acoustic energy is directly related to the photoacoustic pressure
time profile and is affected by the absorption cross section, as shown in
Fig. 5(c). It can be seen that for gold nanorods of different sizes, the
acoustic energy has a quadratic relationship with the absorption cross
section, which can be proved from the analysis. From the definition of
acoustic energy (see Eq. (12)), it can be known that acoustic energy has a
quadratic relationship with photoacoustic pressure, and photoacoustic
pressure is directly proportional to the absorption cross section. There-
fore, the result in Fig. 5(c) is reasonable, and literature [27] also has the
same conclusion. On this basis, the effect of absorption cross section of
gold nanorods on photoacoustic quantum yield was quantitatively
studied, as shown in Fig. 5(d). It can be seen that for gold nanorods of
different sizes, the photoacoustic quantum yield is directly proportional
to the absorption cross section, that is, directly proportional to the heat
generation of gold nanorods, which means that the photoacoustic
quantum yield of gold nanorods is affected not only by the properties of
gold nanorods, but also by the parameters of pulsed laser. The higher
heat production of gold nanorods can increase the temperature rise of
gold nanorods and surrounding water medium, resulting in more sig-
nificant thermal expansion effect and increasing the ratio of thermal
energy to acoustic energy (that is the photoacoustic quantum yield).
Furthermore, it is worth noting that for a single gold nanorod, the
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photoacoustic quantum yield of gold nanorods is in the order of 107,
which is a very low value. It may be due to the fact that the photo-
acoustic effect is very small in time and space relative to the macro. In
macro applications, the aqueous solution of gold nanorods usually
contains hundreds of thousands of gold nanorods. The photoacoustic
pressure of gold nanorods is directly proportional to the concentration of
gold nanorods in the solution (we emphasize that when the overall
concentration of nanoparticles is low, the statement is still true, and it
has been proved experimentally[47,48]), which can significantly in-
crease the photoacoustic quantum yield of the solution. However, the
photoacoustic quantum yield of gold nanoparticles based on thermal
expansion mechanism is still low [45], which is one of the limitations of
photoacoustic imaging in biological applications.

Comparing Fig. 4(c) with Fig. 5(b), Fig. 5(c) and Fig. 5(d), it can be
observed that there is a significant difference in the slope of Cyps-ATwater
curve for gold nanorods of different sizes, while in terms of photo-
acoustic response, the curves of pressure amplitude, acoustic energy and
photoacoustic quantum yield with absorption cross section are close to
each other. This means that the change of heat transfer caused by the
change of gold nanorod size will significantly affect its photothermal
response, but it can not have as significant impact on the photoacoustic
response as the photothermal response.

Heat transfer area (specific surface area)

When the size of the gold nanorods changes, their absorption cross
section and specific surface area will also vary correspondingly. The
essence of the absorption cross section affecting the photothermal and
photoacoustic response of gold nanorods is to change the heat source of
the system. To analyze the influence of specific surface area on photo-
thermal and photoacoustic response of gold nanorods separately, it is
necessary to eliminate the influence of heat source, that is, a single gold
nanorod of different sizes has the same heat energy. It can be set that the
thermal energy obtained by a single gold nanorod is 50 fJ (i.e. Ethermal =
F « Cyps = 50 fJ) and the pulse duration is the same as 5 ns. The pho-
tothermal response of a single gold nanorod with different sizes (The
corresponding sizes of gold nanorods are shown in Table 2) was studied,
and the variation curve of the maximum temperature rise of the aqueous
medium around the gold nanorod with the specific surface area of the
gold nanorod was obtained, as shown in Fig. 6(a). It can be seen that the
maximum temperature rise of water is directly proportional to the
specific surface area of gold nanorods. The larger specific surface area of
gold nanorods means that the aspect ratio of gold nanorods is larger and
the length of gold nanorods is smaller, that is, the volume of gold
nanorods is smaller, and the heat generation power per unit volume of
gold nanorods is larger and the temperature rise is higher when the same
thermal energy is obtained. As a result, there is a larger temperature
difference between the gold nanorods and the surrounding water me-
dium, which makes the heat flux density of the whole heat transfer
process higher and the heat transfer stronger. In Fig. 4(d), it is observed
that the increase ratio of the maximum temperature rise of gold nano-
rods to the maximum temperature rise of water is also affected by the
specific surface area of gold nanorods. Furthermore, the increase is
directly proportional to the specific surface area of gold nanorods, as

Table 2
Size of gold nanorods.

Aspect Length L/  SurfaceareaS  Volume V/  Surface to volume
ratio AR nm / nm> nm? ratio S/V / nm !
2 100 15707.96 163,620 0.09600

3 90 8482.30 56,549 0.15000

4 80 5026.55 23,038 0.21818

5 70 3078.76 10,057 0.30612

6 60 1884.96 4450.6 0.42353

7 42 791.68 1131 0.70000

8 30 353.43 317.53 1.11300

Results in Physics 34 (2022) 105209

shown in Fig. 6(b). This means that by improving the synthesis tech-
nology of gold nanorods to reduce the interfacial thermal resistance
between gold nanorods and surrounding media to improve the heat
transfer efficiency, the effect of improvement is more significant for gold
nanorods with larger aspect ratio and smaller length.

Furthermore, the effects of the specific surface area of gold nanorods
on the pressure amplitude and the photoacoustic quantum yield were
studied, as shown in Fig. 6(c) and Fig. 6(d). It can be seen that the
variation of pressure amplitude and photoacoustic quantum yield with
specific surface area of gold nanorods is different from the effect of
specific surface area on photothermal response, and there is no strict
linear relationship. When the specific surface area is small (approxi-
mately on the left side of 0.5 nm ™! in the figure), the increase of its value
will strongly increase the pressure and photoacoustic quantum yield.
When the specific surface area is large (on the right side of 0.5 nm ™! in
the figure), the change of specific surface area will not significantly
change the photoacoustic effect of gold nanorods. This is closely related
to the change in the volume of gold nanorods. It can be seen from Fig. 6
(e) that the volume of gold nanorods changes sharply when the specific
surface area is small and slowly when the specific surface area is large,
which is consistent with the change of photoacoustic quantum yield. In
addition, it is worth noting that our results are not consistent with those
of Chen et al. [27]. Their results show that there is a linear relationship
between the photoacoustic quantum yield and the specific surface area
of gold nanorods, as shown in Fig. 6(f). We have a comparative dis-
cussion here. Different from our research, Chen et al. did not keep the
heat source of gold nanorods fixed in the process of simulation. We
believe that this is because it is difficult to ensure the effectiveness of
optical density matching in the experimental process, and they ignore
this factor in order to match the experimental results. This is reasonable
in their research. However, it also means that the absorption properties
will play a major role in the photoacoustic quantum yield of gold
nanorods, as shown in Fig. 6(f). The volumetric absorption coefficient
and photoacoustic quantum yield coincidentally have a linear rela-
tionship with the specific surface area. Combined with the results of
Fig. 5(d), it is reasonable to believe that in the study of Chen et al., the
linear relationship between photoacoustic quantum yield and specific
surface area is dominated by absorption properties. Our calculation re-
sults are physically reasonable, that is, with the increase of the specific
surface area, the photoacoustic quantum yield will reach a certain limit.
If the photoacoustic quantum yield of gold nanorods is linear with the
specific surface area, then when the object producing photoacoustic
signal is a point heat source, the photoacoustic quantum yield will tend
to infinity. Calasso et al.[49] provided an analytical expression of the

photoacoustic pressure wave emitted by the “point absorber”, p(r,t) =

Eabsﬂcp%% = % (1 = %) . Obviously, the photoacoustic quantum yield
of a point sound source is a finite value. Moreover, noting the results in
Fig. 6(c) and Fig. 6(d), the specific surface area of gold nanorods
increased from 0.096 nm ™! (corresponding to the size of gold nanorods
AR=2andL =100nm) to 1.113nm ' (AR = 8 and L = 30 nm), which
increased by 10.6 times, while the corresponding pressure amplitude
and photoacoustic quantum yield increased by 0.13 times and 0.24
times respectively, with a difference of 1-2 orders of magnitude. This
means that relative to the absorption cross section, the influence of
specific surface area on the photoacoustic response of gold nanorods is
more limited, that is, the absorption cross section will be the key factor
dominating the photoacoustic effect of gold nanorods.

In the application of biological photoacoustic imaging, the number of
gold nanorods contained in biological tissue is very large. When study-
ing the effect of the specific surface area of gold nanorods on their
photoacoustic response, the results of single gold nanorods may be
different from those of macro gold nanorod solution. However, we still
expect to obtain the photoacoustic response of the macro gold nanorod
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Fig. 6. Effects of specific surface area (surface-to-volume ratio) on photothermal and photoacoustic responses of single gold nanorods (the thermal energy obtained
by a single gold nanorod is 50 fJ, and the pulse duration is 5 ns): (a) Variation of maximum temperature rise in water with specific surface area. (b) Variation of the
ratio of the maximum temperature rise of gold nanorods to the maximum temperature rise in water with the specific surface area. (c) and (d) are the variations of
photoacoustic pressure amplitude and photoacoustic quantum yield with specific surface area, respectively. (e) Variation of gold nanorod volume with specific
surface area. (f) The results in Ref. [27]: there is a linear relationship between the photoacoustic efficiency of gold nanorods and the specific surface area. The results
of volume absorption coefficient are calculated according to the data of Ref. [27].

solution through the study of the photoacoustic response of a single gold
nanorod. Therefore, it is necessary to establish the relationship between
the photoacoustic response of a single gold nanorod and the macro
response. Here, the absorption of laser energy by water in the solution is
ignored, and it is considered that the distance between gold nanorods is
large enough to avoid the electromagnetic coupling and thermal
coupling effects caused by the aggregation of gold nanorods. It should be

emphasized that these assumptions are still achievable in biological
tissues. Gold nanoparticles often require surface modification of bio-
molecules[50], such as PEG, for practical applications. These modifi-
cations are beneficial for increasing the half-life of particles in the
circulation of the blood, targeting tumor, and should not have a signif-
icant effect on photoacoustic[51]. Biomolecules modified are highly
charged and have polymeric properties can be effective stabilizers
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through the introduction of colloidal stabilizers by using chemical
coupling methods, electrostatic and physical adsorption[50]. In general,
the concentration of gold nanorod solution is described by the mass of
gold nanorod contained in unit volume of the solution. In order to study
the effect of specific surface area of gold nanorods, for the same volume
of solution containing different sizes of gold nanorods, gold nanorods
should have the same total mass M and total thermal energy Etotal thermal-
Therefore, in the solution containing gold nanorods of different sizes,
the corresponding single gold nanorods should contain the same thermal
energy per unit volume, as shown in the following formula:

Elhermal/vnanorod = Etolal,lhermalpAu /M = const (13)
where, Vihanorod is the volume of a single gold nanorod.

When the propagation loss of photoacoustic pressure is ignored, the
relationship between the photoacoustic pressure P generated by the gold
nanorod solution and the photoacoustic pressure p generated by a single
gold nanorod in the solution satisfies P = Np [33] (N is the total number
of gold nanorods in the solution), so the relationship between the total
acoustic energy Erotal acoustic generated by the solution and the acoustic
energy E,coustic generated by a single gold nanorod can be described by
the following formula:

E\ota_acoustic :-//PZ/Rdet :ﬂ(Np)z/Rdef = NzEacous!ic

Therefore, the relationship between the photoacoustic quantum
yield ®¢ota1 pa Of gold nanorod solution and the photoacoustic quantum
yield ®p4 of single gold nanorod is satisfied:

(14

2
N Eacouslic
Elmalflherma] N Elhermal
M ®py

PAU Vnanomd

Elo(a]_acouslic _

Do pa = = NDpy

(15)

It can be seen from the above formula that the photoacoustic quan-
tum yield of gold nanorod solution is affected by the photoacoustic
quantum yield and volume of a single gold nanorod at the same time. A
mathematical model describing the relationship between photoacoustic
quantum yield of gold nanorod solution with mass concentration and
photoacoustic quantum yield of single gold nanorod has been estab-
lished. In order to study the effect of specific surface area on the pho-
toacoustic quantum yield of macroscopic solution described by mass
concentration, from the established model, it can be known that for a
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single gold nanorod in solution, the heat source of gold nanorod of
different size should meet the condition of fixed thermal energy per unit
volume, seen in Eq. (13). The fixed value can be set as Ehermal/ Vaanorod
= 0.1 J/m®. Then, the maximum temperature rise and pressure ampli-
tude of water medium around gold nanorods of different sizes with
specific surface area were calculated, as shown in Fig. 7(a). It can be seen
that both decrease with the increase of specific surface area, because the
increase of specific surface area means that the volume of gold nanorods
is smaller (as shown in Fig. 6(e)), the heat energy obtained by a single
gold nanorod is reduced, and the maximum temperature rise and pres-
sure amplitude of water are reduced. For the macro gold nanorod so-
lution, when the mass concentration is the same, the number of gold
nanorods in the gold nanorod solution with larger specific surface area is
more and the total heat exchange area is larger. With the same total
thermal energy obtained, although the maximum temperature rise of
water decreases, the heat transfer capacity is stronger, and higher
photoacoustic quantum yield can be obtained, as shown in Fig. 7(b). In
addition, it should be declared that from Eq. (15), it can be seen that the
photoacoustic quantum yield of gold nanorods described by mass den-
sity is related to the total mass and the volume of gold nanorods. For the
sake of wide universality, we have normalized the photoacoustic
quantum yield of macroscopic gold nanorod solution.

Oscar et al. [29] measured the maximum PA amplitude of the same
four AuNRs in the A549 cells using an MSOT system at a fixed number of
particles (1 x 10! NP/ml) and fixed total mass (100 pg/ml). They got
completely different results. At a fixed number density, AuNR-50 (the
largest of the four sizes of gold nanorods) had the greatest photoacoustic
pressure amplitude; In contrast, AuNR-10 (smallest volume) had the
greatest photoacoustic pressure amplitude at a fixed mass concentration.
Furthermore, when they tested the effect of gold nanorods size on
cytotoxicity, it was observed that more total mass was taken up by the
lung cancer cells compared with that of the smaller AuNRs. They spec-
ulated that the total number of particles may be a more important factor
to consider for cellular uptake and targeting than total mass, which
needed more detailed biological experiments to confirm this hypothesis.
A cell is only going to uptake particles through endocytosis by a certain
amount until they become toxic[52]. However, it is not clear whether
this ’a certain amount’ is a limit of number or a limit of mass, which
determines the description of the concentration of gold nanoparticles in
cells. Meanwhile, how to describe the concentration of gold nanorods is
very important for predicting the photoacoustic response. Therefore, in
addition to the mass of gold nanoparticles per unit volume, the
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Fig. 7. Photothermal and photoacoustic responses of gold nanorods in mass concentration gold nanorod solution: (a) Variation of maximum temperature rise in
water and pressure amplitude with specific surface area. The thermal energy per unit volume of gold nanorods is 0.1 J/m®, and the pulse duration is 5 ns. (b) The
normalized photoacoustic quantum yields of number density gold nanorod solution and mass concentration gold nanorod solution vary with specific surface area.
The normalized results in the figure are obtained by dividing the calculation results of gold nanorods with AR = 8 and L = 30 nm.
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concentration of gold nanoparticles described by the number density (i.
e. the number of gold nanoparticles per unit volume) should be inves-
tigated. For the number density gold nanorod solution, in order to study
the effect of specific surface area on the photoacoustic response of macro
solution, different gold nanorod solutions should have the same number
of gold nanorods Ny, and the same total thermal energy under the
same solution volume. Then, in the solution containing gold nanorods of
different sizes, the thermal energy Enermal Obtained by a single gold
nanorod satisfies:

E\hermal = Elolalilherma] /Nlmal = const (16)
that is, in different sizes of gold nanorod solutions, the corresponding
single gold nanorod should meet the same thermal energy obtained by a
single particle. The photoacoustic quantum yield relationship between
the solution and the corresponding single gold nanorod satisfies the
following formula:

N 2 Eacouslic

= = Niota Dpa
Eto!al,(hermal N, Elhermal

Eloml,acouslic

q)lniaLPA = (17)

This means that after the normalization of the analysis results in
Fig. 6(d), the photoacoustic quantum yield of the number density gold
nanorod solution with specific surface area can be obtained directly, as
shown in Fig. 7(b). The results of normalized photoacoustic quantum
yield of two concentrations of gold nanorod solutions (number density
and mass concentration) were fitted, and it was found that the change
curves of the two were almost the same. This shows that the photo-
acoustic quantum yield of gold nanorod solution changes the same with
the specific surface area as long as the corresponding thermal energy
conditions are met, regardless of the number density or mass concen-
tration, which means that the photoacoustic quantum yield of the so-
lution can get rid of the limitation of the concentration description
method and well describe the influence of the specific surface area on its
photoacoustic response.

Geometrical optimization of AuNRs

When gold nanorods are used as the contrast agent of photoacoustic
imaging, it is expected to obtain a strong photoacoustic signal, which is
conducive to improve the contrast of photoacoustic imaging. However,
under the irradiation of specific wavelength pulsed laser, gold nanorods
with different sizes show significant differences in photoacoustic
response. This is because different sizes of gold nanorods show different
absorption characteristics in a specific spectrum. At the same time, the
change of size will also change the specific surface area of gold nano-
rods. Both of them will affect the photoacoustic response of gold
nanorod solution. Therefore, it is necessary to comprehensively consider
these two factors and optimize the size of gold nanorods at specific
wavelengths to obtain the gold nanorod structure with the strongest
photoacoustic response. According to the previous analysis, the photo-
acoustic quantum yield can describe the photoacoustic response of gold
nanorod solution. In addition, the concentration of gold nanorod solu-
tion can be described by number density or mass concentration. When
the number density is used to describe the concentration of gold nanorod
solution, the relative magnitude of the absorption characteristics of gold
nanorod solutions with different sizes with the same concentration can
be expressed by the relative magnitude of the absorption cross section
Caps of a single gold nanorod. When the mass concentration is used to
describe the gold nanorod solution, the relative magnitude of the ab-
sorption characteristics of different gold nanorod solutions can be
described by the relative magnitude of the ratio of the absorption cross
section of a single gold nanorod to the volume, which can be called the
volume absorption coefficient [53], a = Caps/V. What’s more, the size
range of gold nanoparticles applied to biological tissues is also limited.
The maximum size of gold nanoparticles should be less than 100 nm,
otherwise the particle transmission through cell membrane will be
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affected, which may also cause additional problems [54,55]. The min-
imum size is limited by the current synthesis technology, that is, it is
difficult to synthesize gold nanorods with small length and large aspect
ratio. Therefore, the size range of gold nanorods optimized in this work
is that the aspect ratio is 2-8, the length is 30-100 nm.

When gold nanorods are applied to the laser wavelength of 808 nm in
the near-infrared region, in order to obtain the size of gold nanorods
with the highest photoacoustic quantum yield, it is necessary to calcu-
late the absorption characteristics of gold nanorods at this wavelength,
as shown in Fig. 8(a) and Fig. 8(d). It can be seen that within the size
range of gold nanorods studied, the absorption cross section and volume
absorption coefficient of gold nanorods have the maximum values, but
the sizes of gold nanorods corresponding to the maximum values of the
two are obviously different. As mentioned earlier, the absorption cross
section of gold nanorods is usually positively correlated with the vol-
ume. However, similar to gold nanospheres[56], when the volume of
gold nanorods increases, the increasing rate of absorption cross section
increases at first and then decreases. This means that when the size of
gold nanorods changes, the volume absorption coefficient will have an
extreme value[28]. Therefore, the distribution of absorption cross sec-
tion C,ps and volume absorption cross section a with volume is signifi-
cantly different, which leads to a significant difference in the size of gold
nanorods corresponding to the maximum values of the two physical
quantities. Then, the photoacoustic quantum yield of the corresponding
solution can be calculated according to the absorption characteristics of
gold nanorods. However, the amount of calculation is too large. The
previous analysis shows that when the absorption characteristics and
specific surface area of gold nanorods are quite different, the absorption
characteristics will be the key factor determining the relative magnitude
of photoacoustic quantum yield of gold nanorods. Therefore, when
calculating the photoacoustic quantum yield of gold nanorods, only the
size range of gold nanorods with high absorption characteristics needs to
be paid attention to, as shown in Fig. 8(b) and Fig. 8(e). The calculation
range of Fig. 8(b) and Fig. 8(e) is determined by the size parameters of
gold nanorods with maximum absorption properties and the size
parameter distribution with high absorption properties in Fig. 8(a) and
Fig. 8(d). The selected range should fully show the size parameters of the
absorption characteristics and photoacoustic quantum yield at the
maximum, and reduce the amount of calculation as much as possible,
which is the same situation for Fig. 8(c) and (f). On this basis, the
photoacoustic quantum yield of the corresponding gold nanorod solu-
tion is calculated, as shown in Fig. 8(c) and Fig. 8(f). Fig. 8(b) and Fig. 8
(e) are normalized to facilitate comparison with the photoacoustic
quantum yield distribution of the corresponding gold nanorod solution.
Moreover, Fig. 8(c) and Fig. 8(f) are also normalized because the ab-
solute value of photoacoustic quantum yield of gold nanorod solution is
strongly affected by pulsed laser fluence and solution concentration. The
normalized results can eliminate the influence of these two factors,
making the optimization results more universal reference value. From
the comparison between Fig. 8(b)-(c) and Fig. 8(e)-(f), it can be seen that
the photoacoustic quantum yield distribution of gold nanorod solution
described by number density is highly similar to the absorption cross-
section distribution, and the size of the gold nanorod solution has the
maximum absorption characteristics, which is also completely consis-
tent with the size of photoacoustic quantum yield. In contrast, the gold
nanorod solution described by mass concentration has a distribution
region of higher photoacoustic quantum yield, which shifts downward
compared with the volume absorption coefficient. The reason is that
when the concentration is the same, the relative magnitude of photo-
acoustic quantum yield of gold nanorod solution described by number
density is directly proportional to the relative magnitude of photo-
acoustic quantum yield of single gold nanorod in the solution, as shown
in Eq. (17). However, for the gold nanorod solution described by mass
concentration, the relative magnitude of photoacoustic quantum yield is
determined by the ratio of photoacoustic quantum yield and volume of a
single gold nanorod, as shown in Eq. (15). Therefore, compared with
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Fig. 8. Absorption characteristics and photoacoustic quantum of gold nanorods with different sizes at 808 nm: (a) and (d) are the absorption cross section and
volume absorption coefficient distribution of gold nanorods at 808 nm wavelength, respectively. (b) and (c) are the normalized absorption cross section distribution
and the normalized photoacoustic quantum yield distribution of number density gold nanorod solution, respectively, in the region of high absorption cross section.
The normalized results in the figure are obtained by dividing the calculation results of gold nanorods with AR = 3.4 and L = 100 nm. (e) and (f) are the normalized
volume absorption coefficient distribution and the normalized photoacoustic quantum yield distribution of mass concentration gold nanorod solution, respectively, in
the region of high absorption cross section. The normalized results in the figure are obtained by dividing the calculation results of gold nanorods with AR = 3.6 and L
= 70 nm. Fig. 8.(c) and (f) in the manuscript share the L scales with Fig. 8(b) and (e), respectively.

Fig. 8(e), the high photoacoustic quantum yield distribution region in
Fig. 8(f) will shift to the smaller gold nanorod region.

Similarly, the size of gold nanorods was optimized for the other two
laser wavelengths 895 nm and 1064 nm in the near-infrared region, as
shown in Fig. 9. Comparing the results in Fig. 8 and Fig. 9, it can be
found that the maximum absorption cross section of gold nanorods al-
ways occurs at the gold nanorods with a length of 100 nm (maximum
length), which is consistent with the results observed in Fig. 4(a), and
the maximum volume absorption coefficient will shift to the smaller
gold nanorod region due to the influence of the volume of gold nano-
rods. Moreover, it can be observed that for the gold nanorod solution
described by number density, the size of the gold nanorod corresponding
to the maximum photoacoustic quantum yield is always consistent with
that of the gold nanorod with the maximum absorption cross section. For
the gold nanorod solution described by mass concentration, the size of
the gold nanorod with the maximum photoacoustic quantum yield al-
ways shifts to the smaller gold nanorod region. However, it should be
noted that for the gold nanorod solution described by mass concentra-
tion, although the size of the gold nanorod at the maximum volume
absorption coefficient is inconsistent with that at the maximum photo-
acoustic quantum yield, there is no significant difference in the relative
magnitude of the photoacoustic quantum yield of the gold nanorod so-
lution corresponding to the two sizes (in this work, the maximum dif-
ference is no more than 3%). Therefore, in practical application, the size
at the maximum volume absorption coefficient can be used to
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approximately replace the size at the maximum photoacoustic quantum
yield. However, the difference in the size optimization results of gold
nanorods caused by the difference of gold nanorod solution concentra-
tion description methods can not be ignored.

Near-infrared region is the transparent window of biological tissue,
and the absorption rate of biological tissue in this region is very low.
Therefore, high pulsed laser fluence is allowed to be used for photo-
acoustic imaging in the near-infrared region. The maximum permissible
exposure limit for human skin at different wavelengths is 20 mJ/cm? at
400 < 2< 700 nm, 20 x 10%%024799) ;my/em? at 700 < 2 < 1050 nm and
100 mJ/cm? at 1050 < A < 1500 nm [16]. However, the thermal sta-
bility of gold nanorods is not ideal, that is, gold nanorods will melt and
break under high pulse fluence. With the change of the morphology of
gold nanorods, the absorption properties and photoacoustic response
will be reduced. The melting and fragmentation mechanisms of gold
nanorods are complex and their energy thresholds are different. Link
et al.[57] found in experimental studies that the energy threshold for
fragmentation with nanosecond pulses was around 1000 mJ/cm 2,
while ¢-shaped gold nanoparticles were observed at 250 mJ/cm™2. This
means that in biological applications, the morphologic changes caused
by the melting of gold nanorods are the main limitation of photo-
stability. Molecular dynamics simulations show that the stability of gold
nanorods is significantly affected by the energetics of its surface facets
[58-60]. The gold surface roughens at about 680 K, the {100} surface
disorders at about 1170 K, while the {111} surface remains stable up to
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the bulk melting point 1337 K[58]. At high temperature, {110} and
{100} can change to {111} with the change of the morphology of gold
nanorods. In addition, the surface melting temperature of gold nanorods
is also affected by pulse duration[51]. When gold nanoparticles are
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Fig. 9. Distribution of absorption characteristics and
photoacoustic quantum yield of gold nanorods at 895
nm and 1064 nm: (a) and (e) are the absorption cross
section distribution of gold nanorods at 895 nm and
1064 nm, respectively. (b) and (f) are the normalized
photoacoustic quantum yield distributions of number
density gold nanorod solutions at 895 nm and 1064
nm, respectively. (c) and (g) are the volume absorp-
tion coefficient distribution of gold nanorods at 895
nm and 1064 nm, respectively. (d) and (h) are the
normalized photoacoustic quantum yield distributions
of mass concentration gold nanorod solutions at 895
nm and 1064 nm, respectively.

irradiated by nanosecond pulse laser, the temperature increases rapidly
and will transfer heat to water by thermal diffusion, resulting in a huge
temperature gradient in water. The so-called boiling under very large
temperature gradient is commonly related to the crossing of the spinodal
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line, which occurs at a temperature (called spinodal temperature
550.15 K and different from the boiling point 373.15 K) just below the
critical fluid temperature[61]. When the temperature of water reaches
the node-turning temperature, the water around the gold nanorods will
undergo gas-liquid phase change, and forms a bubble layer, which
worsens the heat exchange environment of gold nanorods, so that the
temperature of gold nanorods rises sharply[62,63]. With this high
temperature process (gold nanorods typically reach temperatures of
more than 1000 K), the gold nanorods are transformed into ¢-shaped
nanoparticles. Then, the absorption characteristics and photoacoustic
response of gold nanorod solution are changed, and the utility of gold
nanorod solution as contrast agent is reduced. Therefore, when gold
nanorods are applied in the near-infrared region, the thermal stability of
gold nanorods is also the key factor to improve their photoacoustic
properties. According to the above analysis, the key to ensure the
thermal stability of gold nanorods is to ensure that there is no phase
transition in the surrounding aqueous medium, which means that the
maximum temperature of water medium does not exceed the spinodal
temperature when pulsed laser irradiates gold nanorods. The pulsed
laser fluence when the water medium temperature around the gold
nanorod reaches the spinodal temperature is defined as the critical phase
transition fluence F.. For the optimized gold nanorod sizes at 808 nm,
895 nm and 1064 nm in Fig. 8 and Fig. 9, the corresponding critical laser
fluence is calculated, as shown in Table 3. It can be seen that the critical
phase transition laser fluence of gold nanorods optimized at three
wavelengths is smaller than that of critical safety laser fluence (F, less
than 10 mJ/cm ™2, while the maximum permissible exposure limit is
more than 20 mJ/cm~2). It means that in practical application, the pulse
fluence of gold nanorods should be estimated by optical transmission
simulation to avoid the reshaping of gold nanorods according to the
critical phase change fluence. Moreover, the increase of the pulse
duration of the pulsed laser t,, can significantly improve the critical
phase transition laser fluence of gold nanorods. The reason is that the
increase of the pulse duration of the pulsed laser t,, will significantly
reduce the peak power density of laser, and then reduce the maximum
temperature rise of gold nanorods and water, allowing gold nanorods to
tolerate higher pulse laser fluence.

Conclusions

The size of the gold nanorod will affect its absorption across section
and specific surface area at the same time, which will then affect its
photothermal and photoacoustic responses. However, the weight of the
specific surface area and absorption properties to change the photo-
acoustic response is not clear. In this work, the effects of these two
factors on the photothermal and photoacoustic responses of gold
nanorods were studied separately. The main conclusions are obtained as
followed:

(1) The effect of interfacial thermal resistance G on the thermal
coupling between gold nanorods of different sizes and water is
different. There is a linear relationship between (ATa, —
ATwater)/ ATwater and specific surface area.

For a single gold nanorod, compared with the effect of absorption
cross section on photoacoustic quantum yield, the effect of spe-
cific surface area on photoacoustic quantum yield is not signifi-
cant. The specific surface area of gold nanorods increased by 10.6
times, while the corresponding pressure amplitude and photo-
acoustic quantum yield increased by 0.13 times and 0.24 times
respectively.

For the gold nanorod solution, when the size of gold nanorods
changes, the change of absorption characteristics (including ab-
sorption cross section and volume absorption cross section) will
be the decisive factor for the dominant photoacoustic character-
istics, and the specific surface area is the secondary factor, which

(2

—

3

-
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Table 3
Critical phase transition laser fluence of optimized gold nanorods at different
pulse durations.

A/nm Size of gold Critical phase transition laser fluence F, /

nanorods mJecm ™2
tw =218 tw=5ns tw=10ns tw=20ns

808 AR =34 1.84 3.32 5.48 9.40
L =100 nm
AR = 3.6 2.04 4.00 6.88 12.32
L =70 nm

895 AR = 4.2 1.32 2.44 4.08 7.08
L =100 nm
AR = 4.4 1.48 2.84 4.88 8.72
L =82 nm

1064 AR = 6.0 1.32 2.60 4.44 7.92
L =100 nm
AR = 6.0 1.44 2.80 4.84 8.68
L =94 nm

can be ignored to a certain extent. The effect of specific surface
area on photoacoustic quantum yield is less than 3%.

The pulse laser with larger pulse duration should be selected,
which is helpful to maintain the thermal stability of gold nano-
rods. When the pulse duration is 5 ns, the gold nanorods will melt
under the pulse fluence of about 4 mJ/cm?. However, when the
pulse duration increases to 20 ns, the gold nanorods can with-
stand the pulse fluence of about 8 mJ/cm?.

(4

-

In this work, the background medium of gold nanorods’ photo-
acoustic response is aqueous solution, which is significantly different
from the optical properties of biological tissues. However, as the
absorbance of gold nanoparticles is several orders of magnitude higher
than that of these biomolecules, within the effective imaging depth of
photoacoustic imaging, these photoacoustic signals will not strongly
interfere with the photoacoustic signals produced by gold nanoparticles
[16]. Therefore, the photoacoustic response of gold nanorods in aqueous
solution is of reference value for that in biological tissues.
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