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Understanding the mechanism of photoacoustic generation at the nanoscale is key to developing more efficient
photoacoustic devices and agents. Unlike the far-field photoacoustic effect that has been well employed in im-
aging, the near-field profile leads to a complex wave-tissue interaction but is understudied. Here we show that
the spatiotemporal profile of the near-field photoacoustic waves can be shaped by laser pulses, anisotropy, and
the spatial arrangement of nanostructure(s). Using a gold nanorod as an example, we discovered that the near-
field photoacoustic amplitude in the short axis is ~75 % stronger than the long axis, and the anisotropic spatial
distribution converges to an isotropic spherical wave at ~50 nm away from the nanorod’s surface. We further

extend the model to asymmetric gold nanostructures by arranging isotropic nanoparticles anisotropically with
broken symmetry to achieve a precisely controlled near-field photoacoustic "focus" largely within an acoustic

wavelength.

1. Introduction

The photoacoustic effect, since discovered by Alexander Bell in 1880
[1], has wide applications in spectroscopy [2-4], medical imaging
[5-10], and recently neuroscience [11]. The photoacoustic effect gen-
erates acoustic waves in an optically absorbing sample. Plasmonic
nanostructures, including fabricated gold nanostructures [12] and syn-
thetic nanoparticles [13-15], are popular photoacoustic materials [16],
because they are chemically inert, have low toxicity, and, critically, their
optical properties can be conveniently controlled by their geometries
[17]. The plasmonic resonances of some anisotropic gold nanoparticles
are located in the near-infrared (NIR) spectral region, also known as the
tissue window, where light can penetrate deeper into tissue because of
the minimum endogenous tissue absorption and scattering [18]. Due to
their excellent optical properties and biocompatibility, these NIR gold
nanoparticles play a critical role in developing theranostic agents [8,19,
20], photothermal therapy [21-23], neuron stimulation [11,24,25], and
photoacoustic molecular imaging technologies [16,18,26].

Driven by the great interest in gold nanoparticles in photoacoustic

applications [11,18,24,27-34], the fundamental mechanism of photo-
acoustic generation from various gold nanoparticles has been investi-
gated theoretically and experimentally [18,35-38]. The photoacoustic
generation in gold nanoparticle solutions is distinct from the photo-
acoustic generation in pure light-absorbing solid or liquid. In pure bulk
materials, heat is confined within the same medium because of the op-
tical homogeneity. On the other hand, in gold nanoparticles, during the
photoacoustic process, the photon energy converts into heat, resulting in
thermal expansion and relaxation. Because of the high thermal con-
ductivity of gold and the nanoscopic size, the generated heat may leak
out of the nanoparticles during light exposure, and a significant portion
of the thermal energy can be deposited to the surrounding media (usu-
ally water or tissue), inducing photoacoustic waves from the surround-
ing media [36,38,39]. Compared to the bulk materials, the difference in
confinement at the nanoscale leads to several unique photoacoustic
properties. For example, different coating of the nanoparticles can affect
the photoacoustic intensity [26,36,38,40-42], albeit with the same op-
tical absorption. The size and shape of the nanoparticles affect the heat
distribution, which can influence the photoacoustic conversion
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efficiency, i.e., the efficiency of converting photon energy to acoustic
pressure [18,35,43]. These properties have paved new design rules for
producing nanoparticles with effective photoacoustic signal generation
in the far-field.

Recently, there has been a growing interest in photoacoustic devices
[44-47], which employ the photoacoustic near-field effect, dramatically
different from the far-field effect that is commonly used in photoacoustic
imaging. Others and our previous work have shown that gold nano-
particle aggregation causes a nonlinear effect [48,49], which results in
an enhancement of the photoacoustic fields and waves, suggesting that
the nanoparticle near-field photoacoustic interactions may contribute to
this nonlinear effect. Several recent studies of the photoacoustic
near-field have revealed that the near-field distribution around nano-
particles and microparticles differs from the far-field prediction [38] and
may even have a spatial distribution depending on the shape of the
particle [50]. However, the near-field spatiotemporal profiles remain
largely understudied for anisotropic nanoparticles and nanostructures
within the spatial region much smaller than the wavelength of the
associated acoustic pulse. This knowledge gap might be attributed to the
fact that many existing studies record nanoparticle-generated photo-
acoustic signals with ultrasound transducers, where the near-field pho-
toacoustic spatial profile was overlooked. However, the near-field
photoacoustic profile is of paramount importance in the applications of
cellular stimulation and photoacoustic induced drug release.

In this paper, we focus on analyzing the near-field photoacoustic
profile of plasmonic nanostructures, and start with a gold nanorod as a
representative anisotropic plasmonic nanostructure [51]. Our results
show that the photoacoustic spatial profile is anisotropic within a spatial
domain that is much smaller than the wavelength of the acoustic wave,
yielding 74.6 % higher signal intensity along the transverse direction of
the nanorod than in the longitudinal direction on the nanoparticle sur-
face. This near-field spatial profile depends on the sizes and geometries
of the nanostructure and the laser pulse durations. Further, we show that
the near-field photoacoustic profile can be manipulated by the aniso-
tropic spatial arrangement of isotropic gold nanostructures.

2. Results and Discussion

We use the following equation, p(r,t), to describe the photoacoustic
spatiotemporal profile [52],

, 1 9 B OT(r)
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where v; is the acoustic speed; f is the thermal expansion coefficient; « is

the isothermal compressibility, x = C, is the heat capacity at

G .
ps2Cy°
constant pressure; and C, is the heat capacity at constant volume. The
acoustic speed v, the thermal expansion coefficient S, and the
isothermal compressibility x are distributed parameters of gold and
water according to the spatial coordinate. Explicitly, the ratio between
Cp and G, is taken as 1 for both gold and water. The nanostructure (gold)
parameters are v; = 3240m/s, f = 14x 107°K!, and p = 19.3 x
10% kg m~3. The medium (water) parameters are v; = 1481m/s, f =
210x 107°K~!, and p = 997 kg m~3. We assume a non-thermally
resistive and non-lossy boundary condition for the nanostructures, i.e.,
the temperature is continuous, and the heat flux is conserved at the
boundary. The thermal resistive boundary condition between nano-
structure and media is discussed in Supplementary Note 1.

We use a semi-analytical approach to analyze the near-field photo-
acoustic profile. The detailed three-dimensional thermal profile governs
the near-field photoacoustic generation; therefore, it requires numerical
calculations. However, the comparison with far-field photoacoustic
signals requires an extensive computational burden. To reduce the
computational burden, we combine numerical calculations and analyt-
ical approaches in the following.
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We first numerically calculate the time-dependent thermal distri-
bution of a domain containing the gold nanorod and its surrounding
media. We choose to start with a gold nanorod because it has been
widely used in far-field photoacoustic research [18,26,36,49], is the
simplest anisotropic nanostructure, and serves as a convenient model
system. With a gold nanorod of 160 nm in length, 30 nm in width (i.e.,
an aspect ratio of 5.33), and water as the media, the absorption peak of
the longitudinal mode of the nanorod falls in the second near-infrared
(NIR-II) window (Fig. 1a). We simulate the nanorod absorption spec-
trum with a finite element solver (COMSOL Multiphysics 5.5, RF Mod-
ule, Frequency Domain). The time-dependent intensity I of the laser
pulse is modeled with a Gaussian function, I = Iy-exp( — % “’6—‘2‘))2), where

2
Iy is the peak intensity, Iy = ﬁ; F is the fluence of the laser; ¢ is the

ﬁ; w is the full-width-at-half-maximum (FWHM) of

the laser pulse; ty is the center time of the pulse.

To begin with, we assume the laser fluence and pulse width to be
1mJem? and 0.1ns, respectively; the fluence is kept constant
throughout the paper, and the pulse width is considered a variable in our
later analysis. The laser pulse width is associated with the thermal
confinement of the nanorod. If the pulse width is much shorter than the
thermal relaxation time of the nanorod, the photoacoustic process is
thermally confined; otherwise, the photoacoustic process is not ther-
mally confined, where the heat transfer to the immediate media of the
nanorod competes with the photothermal heating process. The thermal
relaxation time of the nanorod, 7;, defined as the time required to
dissipate 1 —e~! of the thermal energy with an impulse laser input [53].
We numerically simulate the thermal relaxation process with COMSOL
Multiphysics 5.5 using the time domain heat transfer module. The
thermal relaxation time is simulated to be 0.248 ns (Supplementary
Note 2), which falls in the measured range of 0.1-0.4 ns for gold
nanoparticles with a similar size [54]. The non-uniformity of the optical
field due to the scattering of the nanostructure is insignificant at the
nanoscale [55]; therefore, light will provide a close-to-homogeneous
thermal excitation to the nanostructure, and we treat the absorption
power density to be uniform within the nanostructure. If the process is
thermally confined, the heat transfer between the nanorod and its media
is negligible, and the second derivative of temperature in Eq. (1) can be
simplified as

variance ¢ =

T 1 oH
— o1 2
o2 C,m, Ot 2

where C,;, my,, and H are the heat capacity, mass, and the total ab-
sorption power of the nanorod. Explicitly, the parameters are C, =
129Jkg 'K~ ! and m, = 2.05x 10718kg. H = 64,I, where o4, is the
absorption cross-section of the nanorod. The time derivative of the la-
ser’s intensity is 3—{ = - “;—f")loexp( - %(t;%)z) If the process is not
thermally confined, one can simulate the temperature distribution.
Because of the large range of laser pulse widths being studied, we do not
assume thermal confinement throughout our discussion.

The assumed laser pulse width of 0.1 ns is smaller but comparable to
the thermal relaxation time, therefore, the time-dependent heat transfer
cannot be ignored. As shown in Fig. 1, the numerical simulation
considering the heating and cooling processes results in a lower second
derivative of the nanorod’s temperature, T", than the analytical calcu-
lation (Eq. 2) by assuming thermal confinement (Fig. 1b). Fig. 1c shows
the time evolution of the photoacoustic wave generated by the nanorod,
which propagates through space with a far-field profile similar to a
spherical wave but with a distinct anisotropic feature in the near-field.

The anisotropy of the near-field photoacoustic distribution is
attributed to the nanorod’s geometry and acoustic interference.
Neglecting the acoustic scattering at the nanorod/water interface, we
can calculate the photoacoustic field using Green’s function in water G(r,

_o(er -y

tr',t) = (Mﬁ The photoacoustic pressure can be simplified as
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Fig. 1. | Calculated anisotropic photoacoustic near-field spatial distribution generated by a gold nanorod. a, Optical absorption spectrum. The nanorod has a length
of 160 nm and a width of 30 nm. The laser has a fluence of 1 mJ cm™ and a wavelength of 1100 nm. The laser is circularly polarized to excite both the longitudinal
and transverse modes of the nanorod. Note that the particular handedness (left or right) is not critical regarding the nanorod’s absorption. The inset shows the electric
field distribution on resonance (at 1100 nm). The absorption spectrum and the electric field distribution are simulated with a finite element solver (COMSOL
Multiphysics 5.5, RF Module, Frequency domain). b, Absorption and second derivative of temperature as a function of time. The temperature profile is simulated
using a finite element solver (COMSOL Heat Transfer Module). ¢, Numerical simulation of the photoacoustic (PA) pressure wave using the partial differential Eq. (1),
simulated with a finite element solver (COMSOL, PDE Module). The corresponding time frames are marked as the red dots in b.
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When the photoacoustic source region (the nanorod and its imme-
diate media) is comparably small to their distance to the measurement
point (i.e., far-field), |r'|<|r|, the term ‘rj—r‘ ~ ‘17‘ On the other hand, when
the laser pulse width is relatively long, the time shift of the photo-
acoustic wave generated from different parts of the source region is

[r—r'|
Vs

negligible, <t, thus, t' ~t. With these two approximations, the
photoacoustic distribution can be further simplified into a spherical

wave:

g1 / LT (1, 1)
sph ] = T d A 4
P (r, t) dmrv? |r| Y5} “)

However, the spherical wave assumption fails to hold in the near-
field. And when the pulse width is relatively short, the time-shift of
the photoacoustic wave generated from different parts of the source
region becomes significant; the positive acoustic pressure generated by
one part may destructively interfere with a negative acoustic pressure
caused by another. Both effects will lead to differences in the photo-
acoustic field distribution compared to the spherical wave described by
7(7).

As seen in Fig. 1c, the generated photoacoustic signal oscillates in
time. To further analyze the spatial distribution of the photoacoustic
near-field, we define the photoacoustic amplitude as the difference be-
tween the maximum and the minimum of the photoacoustic pressure

over time, P(r) = max(p(r,t),t) — min(p(r,t),t). Note that the temporal
profile of the photoacoustic pressure is asymmetrical under thermal non-
confinement, so max(p(r,t),t) — min(p(r,t),t) # 2 max(p(r,t),t). Fig. 2a
shows the 2D photoacoustic amplitude distribution P(r), calculated with
Eq. (3). For comparison, Fig. 2b shows the photoacoustic amplitude
distribution of a spherical wave Py, (r) given by 7(7). Although Eq. (3)
and 7(7) are general to both thermal confined and non-confined sce-
narios, in the short pulse case, we use the Green’s function together with
the thermal confinement approximation (Eq. (2)) to reduce the
computational burden.

The anisotropic spatial distribution in Fig. 2a motivates us to analyze
the photoacoustic amplitude profiles along the transverse (x, or T) and
longitudinal (y, or L) directions of the nanorod. With 0.1 ns laser pulse
excitation, the pulse propagation length (A) defined as the FWHM pulse
width multiplied by the acoustic speed A = wy; is 148 nm in water. This
length scale is comparable to the length scale of the nanorod (160 nm);
therefore, we anticipate discrepancies between the simulated photo-
acoustic amplitudes and the spherical wave estimated photoacoustic
amplitude. Fig. 2c compares the simulated photoacoustic amplitudes
along transverse and longitudinal directions with the semi-analytical
solutions given by Eq. (3) and 7(7). The simulated photoacoustic
amplitude deviates strongly from the far-field spherical wave estimation
(7(7)) when the distance to the nanorod surface is less than 50 nm,
approximately 1/3 of the pulse propagation length A. This distance can
be considered as the near-field regime where the far-field approximation
breaks down, suggested by the convergence of all solutions in Fig. 2c to
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Fig. 2. | Influence of nanoparticle orientation on the near-field photoacoustic amplitude. a, The near-field photoacoustic (PA) amplitude of a nanorod calculated by
the Green’s function method. The field inside the nanorod is set as zero. b, The photoacoustic amplitude of a spherical wave given by 7(7). The source of the spherical
wave locates at the center of the nanorod. ¢, Photoacoustic amplitude calculated using Multiphysics numerical simulation, the Green’s function method (Eq. (3)), and
spherical wave approximation (7(7)) along the transverse (T) and longitudinal (L) directions of the nanorod. The distance starts from the surface of the nanorod, as
illustrated in the insets. d, 2D map of the correction coefficient R,, which is the ratio between the photoacoustic amplitude in a to the spherical wave in b. e, R, along
the transverse (T) and longitudinal (L) directions, calculated using the numerical simulation and the Green’s function method, showing good agreement in the near-

field region.

the spherical wave estimation beyond this distance. Fig. 2c also dem-
onstrates that the simulated results and the Green’s function method
match well even within the near-field. The difference between the nu-
merical simulation and that from Green’s function method is attributed
to the leaked heat to the media. Due to the larger boundary area along
the transverse direction than the longitudinal direction, the difference
contributed by such approximation is larger along the transverse di-
rection. Nevertheless, the influence of this effect is minor, which has a
difference smaller than 5 % for 0.1 ns laser pulses and is expected to be
even smaller for longer pulses, suggesting that the Green’s function
method can serve as a good approximation in the near-field regime.

To elaborate on the anisotropic near-field property of the nanorod,
we define a unitless correction coefficient R,, which is the ratio of the
photoacoustic near-field amplitude to the photoacoustic amplitude
estimated from the spherical wave:

P(r)

R,(r) = Po(r) (5)

Fig. 2d shows the 2D distribution of R, given by the ratio of Fig. 2a
and Fig. 2b, highlighting the spatial anisotropy of the photoacoustic
amplitude along the transverse and longitudinal directions. In contrast,
the photoacoustic near-field for isotropic nanostructures is similar to a
spherical wave and the R, coefficient is close to 1 (Supplementary Note
3). Fig. 2e analyzes how R, varies as a function of the distance away from
the nanorod’s surface along both directions, quantifying the differences
between the near-field photoacoustic amplitude P(r) and the amplitude
estimated with spherical waves Py, (r) and, thus, the anisotropy. On the
nanorod surface, P(r) is 20.0 % higher than Py (r) along the longitudinal
direction but 58.5 % lower along the transverse direction. It is worth
noting that the absolute value of photoacoustic amplitude at the

transverse location remains higher than at the longitudinal location
because |r| is smaller at the width than the length of the nanorod and r’s
origin is the nanorod center. As a result, the photoacoustic amplitude in
the transverse direction is 74.6 % higher than the longitudinal direction
on the nanorod surface. This is because there are more thermal sources
contributing to the transverse direction than the longitudinal direction,
which should not be confused with the electromagnetic field distribution
shown in the inset of Fig. la.

The near-field photoacoustic amplitude can be further controlled by
laser pulse widths due to heat transfer and acoustic interference. To
fairly compare across different pulse widths, we use normalized thermal
energy Q"w?. Q" is the second derivative of the nanorod’s thermal en-
ergy, where Q is calculated by Q = pCy [, TdV and w is the laser pulse
width. Q"w? is proportional to the normalized photoacoustic pressure
(see more details in Supplementary Note 4). Fig. 3a shows the com-
parisons of normalized thermal energy across different pulse widths; the
N-shaped analytical solution is calculated as the time derivative of the
absorbed power of the nanorod according to Eq. (2) under the thermal
confinement condition. Therefore, the analytical solution shows the
highest value. The normalized thermal energy is higher with shorter
pulse durations, which matches our expectations that the photoacoustic
amplitude increases (Fig. S3c) as the laser pulse duration decreases
because less thermal energy is leaked out to the surrounding medium,
and it is approaching the analytical solution condition.

We conducted a frequency analysis of the photoacoustic pulses to
investigate how the laser pulse width changes the frequency responses of
the photoacoustic signals. It is known that the photoacoustic pulses
generated from nanoparticles contain a broad band of frequencies. The
photoacoustic central frequency is tunable from several MHz to hun-
dreds of GHz for laser pulses ranging from 0.01ns to 100 ns
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Fig. 3. | Tuning the near-field photoacoustic amplitude and decay rate with laser pulse widths. a, The second time derivative of the nanorod’s thermal energy Q
versus time with different pulse widths. The thermal energy is normalized by multiplying the square of the pulse width (Supplementary Note 4), and the time is
normalized by dividing the pulse width. b, 2D map of Rp with different pulse widths. ¢, Rp on the surface of the nanorod (with the position marked in the inset) as a
function of the pulse width, calculated using the Green’s function method. For pulse widths longer than 1 ns, the time shift due to the size of the nanorod can be
neglected. d, The photoacoustic pressure (P) normalized by the far-field photoacoustic pressure at ris = 1 pm (denoted as Py ;) along the transverse direction as a
function of the pulse width and the distance from the nanorod surface. e, Normalized photoacoustic pressure versus distance with different pulse widths showing the

spatial decay rate.

(Supplementary Note 5). While the high-frequency components cannot
propagate to the far-field, within the near-field regime, the duration of
the laser pulse is a convenient approach to tune the frequency responses.

We discovered the different laser pulse widths also affect the near-
field photoacoustic decay rate over distance. Note that here the decay
rate is the initial photoacoustic amplitude distribution near a nanorod
caused by thermal distribution, not the decay caused by the water
attenuation of the propagating photoacoustic wave. According to Eqs.
(4) and (5), the distribution of the photoacoustic amplitude can be
written as:

P(r)=-2 6)

Ir]

where Ay is the source intensity defined as Ag = max(A(t),t) — min(A(t)
1), and A(t) = -2 fdr’%.

a2 i)
Since the photoacoustic amplitude will converge to the spherical
wave (7(7)) at a distance much larger than 50 nm, R, will approach 1 in

the far-field for longer pulses (w > 1 ns). Based on Eq. (6), the near-field

photoacoustic amplitude can be written as P, = Rp(rt)“:—fi“Pff, where Py

and P,y are the far-field and near-field photoacoustic amplitude, r, and
ry are the near-field and far-field displacements with respect to the
nanorod’s center, and R, is evaluated in the near-field at the point of
interest. R, reflects how fast the photoacoustic near-field decays. A
higher R, with a certain far-field amplitude represents a higher near-

field photoacoustic amplitude at the point of interest, in other words,
amore rapidly decayed near-field in distance. By comparing R, in Fig. 3¢
and its spatial distribution in Fig. 3b, one can see that R, reaches its peak
value with a pulse width between 0.1 ns and 1 ns.

When the pulse width is relatively short and the pulse propagation
length A is smaller than the nanorod’s size, the positive and negative
peaks of the photoacoustic wave generated by different parts of the
source region destructively interfere with each other in the near-field,
which will affect the near-field photoacoustic amplitude and change
the photoacoustic pulse shape in the time domain (Fig. S4a, Supple-
mentary Note 5). On the other hand, when the pulse width is longer than
the thermal relaxation time, the heat transfer becomes significant, and
the photoacoustic amplitude decreases as the pulse width increases. As
both effects affect the near-field photoacoustic amplitude, our estimated
R, using the Green’s function method confirms a peak R, at the pulse
width near the thermal relaxation time-scale and decreases toward
longer and shorter pulse durations (Fig. 3¢). Scrutinizing Fig. 3¢ suggests
that to reach over 70 % of the peak R,, the laser should have a pulse
propagation length longer than 0.46 of the nanorod’s length, i.e.,

veew > 0.46-1 7
and a pulse width shorter than 42.13 of the thermal relaxation time, i.e.,
w < 42.13-1, (¥

To compare the spatial decay rate more intuitively, we fix the far-
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field photoacoustic amplitude at 1 pm and calculate the near-field with
different pulse widths (Fig. 3d). Fig. 3e shows the photoacoustic near-
field decays with a faster rate over distance for pulse widths of 0.1 ns
and 1 ns than the other pulse widths, corroborating the optimal range of
laser pulse widths for fast decayed photoacoustic near-field in Fig. 3c.

To optimize photoacoustic signals, many existing works have dis-
cussed the influence of physical dimensions and coating on the far-field
photoacoustic signals [18,26,35-37]. Similarly, the physical dimensions
and coating also affect the near-field photoacoustic amplitude. Both the
photoacoustic equation (Eq. (1)) and the heat transfer equation (Sup-
plementary Eq. (§6)) can be scaled up or down of its dependent variables
without changing the correction coefficient R,. 10(10) and 11(11)
remain valid regardless of the nanorod’s size (Supplementary Note 6).
We define a scaling factor, a, as the ratio of the nanorod’s length to
160 nm (i.e., our initial nanorod length). When the nanorod is rescaled
by a factor a, equivalently, the spatial variable is rescaled by 1/a, and
the temporal domain is rescaled by a. In this way, the heat transfer
equation remains the same for different sizes of the nanorod so that one
can optimize the nanorod dimensions while maintaining the nanorod’s
aspect ratio and, thus, the optical resonance. During the photoacoustic
generation, optical absorption efficiency and heat transfer will be
affected by the nanorod dimension. Considering both effects, there is an
optimal nanorod dimension for generating photoacoustic near-field
amplitude at a given laser pulse width (Fig. S5, Supplementary Note 6).

In general, a smaller nanorod yields a higher absorption power
density (Fig. S3b) but also a faster heat transfer and, consequently, a
stronger cooling effect from the medium (Supplementary Note 6).
Considering both effects, there is an optimal nanorod dimension for
generating photoacoustic near-field amplitude at a given laser pulse
width (Fig. 4). We observed that the optimal nanorod size is dependent
on the laser pulse width and is approximately linear to the logarithm of
the pulse width. Through linear fitting of the optimal scaling factor a,
with the logarithm of the laser pulse width w (Fig. S3d), the optimal
scaling factor is approximately

T T T
a=0.47
10_; w=46 n\
15
m
£
3
0-13a=0.20 ;
Jw=0.011ns
0.01 - ]
0.0 0.2 0.4 0.6 0.8 1.0

Scaling factor, a

Fig. 4. | Design criteria of the laser pulse widths, nanorod materials and di-
mensions for optimizing near-field photoacoustic amplitude. The black, red,
blue and cyan curves are given by conditions in 10(10), 11(11), 12(12), and Eq.
(S10), respectively. The shaded region between the black and red curves pro-
vides the highest decay rate of the photoacoustic field, and the blue curve
provides the highest photoacoustic intensity. The blue curve between the two
arrows marks the optimal condition considering both the decay rate and the
photoacoustic intensity. The distance along x direction between the blue and
the cyan curves shows the optimal coating thickness of a lipid shell. The shaded
region illustrates the more rapidly decayed photoacoustic near-field, yielding
R, over 70 % of its peak value. w denotes the laser pulse width; a denotes the
scaling factor of the nanorod.
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Aopr = €y + - log(w/lns) 9)

where the two coefficients are ¢; = 0.0591 and ¢, = 0.402. For
example, for laser pulse widths of 0.1 ns, 1 ns, and 10 ns, the optimal
nanorod length is around 50 nm, 65 nm, and 80 nm (Fig. S3c), respec-
tively. The photoacoustic amplitude is enhanced by 64.91 %, 56.56 %,
and 48.36 % accordingly compared to the nanorod with a length of
160 nm. Note that this is the near-field photoacoustic amplitude
generated by a single nanorod with the assumption of a fixed laser flu-
ence, distinct from that generated from an ensemble of nanoparticles in
solution.

The near-field photoacoustic signal can be further enhanced with a
coating, such as lipid [38,42,56], because the coating layer changes
interfacial thermal resistance and the nanorod becomes more thermally
confined at the same physical length. However, a thicker coating also
increases the distances between the nanorod and the coating surface,
which decreases the photoacoustic amplitude on the coating surface;
therefore, there is an optimal coating thickness as well (Supplementary
Note 6).

The overall optimal nanorod design and laser pulse width are shown
in Fig. 4 to maximize the near-field photoacoustic amplitude by
considering both the nanorod size and lipid coating thickness. Specif-
ically, the shaded region between the black and red curves offers a
rapidly decayed photoacoustic field, where R, is over 70 % of its peak
value. The relationship between the laser pulse width and the nanorod’s
size for the optimal photoacoustic amplitude is the blue curve (given by
12(12)). The scaling factor should be between 0.2 and 0.47, corre-
sponding to a nanorod’s length of 32-75.2 nm with a resonance in NIR
II, and the laser pulse width should be between 0.01 ns and 4.6 ns ac-
cording to these dimensions. The optimal thickness of a lipid coating
should be between 8.5 nm and 25.6 nm, given by Eq. (S10), shown as
the cyan curve in Fig. 4.

This abovementioned optimization methodology is not limited to
gold nanorods but can be applied to near-field photoacoustic amplitude
generated by general nanostructures. For example, the anisotropic near-
field distribution can also be formed by isotropic gold nanospheres in an
anisotropic arrangement. We discovered that a similar anisotropic
photoacoustic near-field distribution, as shown in Fig. 1, can be formed
using a linear array of three isotropic gold nanospheres (Fig. S7, Sup-
plementary Note 7). The field distribution and the decay rate highly
depend on the arrangement of the nanostructure. The near-field
anisotropy can be further manipulated by breaking the symmetry of
the arrangement. As shown in Fig. 5a, when the top and bottom nano-
spheres are displaced by 30 nm toward the +x direction, the near-field
photoacoustic pressure on the right side of the nanospheres becomes
stronger than the left (Fig. 5b). The stronger photoacoustic amplitude at
a certain location can be further enhanced by introducing more asym-
metry in the nanostructure (Fig. 5¢ and 5d) and optimized. Here, we
assume the same absorption power density as the nanorod at 1100 nm in
Fig. 1a. Due to the spatiotemporal linearity of the photoacoustic equa-
tion (Eq. (1)), the absorption-normalized photoacoustic near-field dis-
tribution is uniquely determined by the nanostructure’s geometry and
the laser pulse width and independent of the laser’s polarization and
propagation direction.

The photoacoustic signal generated at the nanostructures will decay
with the distance. The spatial distribution and decay rate of this signal
can be precisely controlled by the nanostructure arrangement. Fig. 5
creates a near-field signal that is asymmetric due to the anisotropic
nanostructures; the decay of the near-field photoacoustic intensity on
the right side of the nanostructure is slower than that from the left side of
the nanostructure. Spatially, this is analogous to a "focusing" hot spot in
the photoacoustic signal if there is a threshold intensity. Through further
optimization, the "focal point" with an intensity stronger than the
threshold can be precisely controlled.

In summary, we develop a systematic analysis of the near-field
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Fig. 5. | Manipulating the near-field photo-
acoustic distribution using anisotropic nano-

(edy) einsseld —
PA amplitude (MPa)

structures. a, Simulated photoacoustic (PA)
amplitude at 0.35 ns generated by three nano-
spheres. The top and bottom spheres are dis-
placed by 30 nm compared to the case in
Fig. S3. The nanospheres have a radius of
15nm and a separation of 65 nm. The laser
pulse width is 0.1 ns. We use the same absorp-
tion power density as the nanorod at 1100 nm
in Fig. 1a. b, Simulated PA amplitude along the
transverse (T) direction. Blue curve shows the
PA amplitude to the right of the nanostructure;
the red curve shows the PA amplitude to the left

1
N
o

d Distance to the surface (nm)

of the nanostructure. ¢, Simulated PA amplitude
at 0.35 ns generated by five nanospheres. The
nanospheres have 25 nm separations in the y
direction and 30 nm separation in the x direc-
tion, showing a strong anisotropy in the near-
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photoacoustic profile in this paper, starting from a representative
anisotropic gold nanoparticle. The laser pulse width is a tunable
parameter to control the decay rate of the photoacoustic near-field. One
can consider the near-field photoacoustic spatial distribution as the
spatial 'resolution’ of the nanostructure, where such a near-field pho-
toacoustic signal extends beyond the nanostructure region and interacts
with their immediate medium. Our results show that the near-field
photoacoustic amplitude at a specific location can be optimized. The
destructive acoustic interference reduces the near-field photoacoustic
amplitude for short laser pulses, and thermal non-confinement reduces
the photoacoustic amplitude for long laser pulses; therefore, for specific
dimensions of the nanostructure, there is an optimal laser pulse dura-
tion. Our study provides a general design rule for choosing the laser
pulses, optimizing the sizes, and designing the anisotropy of a nano-
structure to manipulate and achieve a designated near-field photo-
acoustic distribution for enhancing localized interactions.
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