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ABSTRACT: Photoacoustics is an upcoming modality for biomedical
imaging, which promises minimal invasiveness at high penetration depths of
several centimeters. For superior photoacoustic contrast, imaging probes with
high photothermal conversion efficiency are required. Gold nanoparticles are
among the best performing photoacoustic imaging probes. However, the
geometry and size of the nanoparticles determine their photothermal
efficiency. We present a systematic theoretical analysis to determine the
optimum nanoparticle geometry with respect to photoacoustic efficiency in
the near-infrared spectral range, for superior photoacoustic contrast.
Theoretical predictions are illustrated by experimental results for two of the
most promising nanoparticle geometries, namely, high aspect ratio gold
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nanorods and gold nanostars.
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old nanoparticles represent a versatile class of materials,

with potential application in various fields, including
photoacoustic imaging.' > Pulsed excitation of plasmonic gold
nanoparticles leads to periodic heating and thermal expansion
and contraction of the particle, as well as the surrounding
medium, which can be recorded as ultrasound waves using a
conventional ultrasound transducer.* For biomedical imaging,
photoacoustics is advantageous over fluorescence imaging, as
only the excitation light beam needs to penetrate through the
tissue.” Light becomes attenuated due to absorption and
scattering by biological structures, while ultrasound waves can
travel through tissue almost unhindered. Tissue exhibits the
least absorption and background scattering in the near-infrared
region, from about 700 to 1300 nm, which is why this spectral
region is commonly described as the tissue transparency
window.® Depending on the shape and size of the plasmonic
gold particles, the attenuation can be spectrally shifted into the
desired examination window, to gain information also from
deep underneath the skin.’

A wide variety of synthetic strategies have been developed to
obtain gold nanoparticle shapes in a controlled fashion, rangin%
from spheres, shells, bipyramids, and rods, to cages and stars.”
Edges and tips present in some geometries lead to the
enhancement of the electromagnetic field in these tapers and
the emergence of hotspots, where the plasmon-polaritons relax
thermally (via electron—phonon coupling).” However, differ-
ent shapes also exhibit different ratios between absorption and
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scattering, which may limit the applicability of such gold
nanostructures in photoacoustic imaging.'”"" To date, mainly
gold nanorods, nanocages, and nanoshells have been applied
for biomedical photoacoustic imaging.'”~"” However, the
complete parameter space of nanoparticle size, length,
diameter, and other degrees of freedom with respect to their
optimal photoacoustic performance have not been optimized
and the contributions of the individual factors are not well
understood. This lack of understanding leads to the use of
unsuitable or underperforming gold nanoparticle architectures
and limited photoacoustic contrast in imaging applications.

Here, we identify the most important parameters for
plasmonic nanoparticle design, enabling identification of the
optimal gold nanoparticle shape and size for maximized
photoacoustic efficiency within the tissue transparency
window. While the optimal structure is probably impossible
to obtain, we approach this ideal by developing suitable size
and shape ranges for gold nanorods and gold nanostars. We
compare their actual photoacoustic performance with model
simulations.
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The photoacoustic intensity generated by a small plasmonic
nanoparticle as part of an ensemble can be described using a
point source model.">"® In this case, the intensity from a single
nanoparticle is proportional to its absorption cross-section o,
and the fluence of the laser radiation @ at the source location x

S (1)

spa(0) o0, @(x) o o,

Here, W(x) is the power of the laser radiation and S is the laser
beam cross section area. In analyzing the total photoacoustic
intensity, one has to consider that the laser radiation is

(@) w
laser PA
10 0, =2000nm’ 0,/0,=1.0 10 0,/0,=08
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Figure 1. (a) A sketch of photoacoustic (PA) intensity recording.
Gold nanoparticles are heated by an incident laser radiation and
generate an ultrasound signal. The intensity of the laser beam drops as
it propagates through the sample. (b) Photoacoustic intensity
normalized to incident power, as given by eq 4, for different fractions
of absorption in the extinction cross-sections (70—-100%). The
extinction cross-section is assumed to be equal to o, = 2000 nm?. (c)
Photoacoustic intensity for different extinction cross sections, from o,
= 1000 nm’ to 6, = 4000 nm” The fraction of absorption in the
extinction cross sections is 80%. With increasing concentration, the
photoacoustic intensity increases linearly at low concentrations, while
at high particle concentrations, the intensity saturates.

attenuated as it passes through the sample (see Figure 1a).
Using the Beer—Lambert law

N
W(x) = W, exp| —0,—x
(5) = Wy exp( -] o
the photoacoustic intensity from the thin layer dx at position x
can be estimated as

N N \N
SPA(x)Vde x oW, exp(—ae;x)vdx )
Here, W, is the power of the laser at the sample entrance, o, is
the extinction cross-section of the nanoparticle, N is the total
number of nanoparticles in the illuminated volume V, and N/V
is the nanoparticle density. After integration over the sample
length L, the total photoacoustic intensity, Sp,, is given by

7, ol
Spa & Wy—|1 — exp| ———c¢
G, m

€

(4)

Here, the weight concentration of nanoparticles ¢ has been
introduced
N
c=m—
v ()

m being the mass of a single particle.
The total photoacoustic intensity is plotted in Figure 1b,c as
a function of nanoparticle concentration, for different
absorption and extinction cross sections. It can be seen that
two distinct regimes exist. For small concentrations

L
(%c < 1), the total photoacoustic intensity is linearly

dependent on the concentration and the absorption cross-
section

Spa o WL

pa & —“c=ac
m (6)

where « is the photoacoustic efficiency at low concentrations.

In order to maximize the photoacoustic efficiency for low

concentrations, the absorption cross-section has to be

%> 1), the total

m
photoacoustic intensity saturates toward a constant value

maximized. For large concentrations (

0,
Spa & —

G, (7)

To maximize the photoacoustic efficiency in this case, the
absorption cross-section has to be maximized with respect to
the extinction cross-section. These observations allow to
formulate a first design principle for achieving high perform-
ance of the photoacoustic point source: (i) the absorption
cross-section of the nanoparticle has to be maximized, not only
with respect to its absolute value, but also with respect to the
extinction cross-section. Therefore, an ideal photoacoustic
probe should display maximal absorption and minimal
scattering efficiencies.

For small nanoparticles, the absorption cross-section is
proportional to the imaginary part of the particle polarizability
a, o, ~ Ima. The scattering cross-section, o, is proportional to
the absolute value squared of the polarizability, o, ~ lal®. The
polarizability itself is proportional to the particle volume v.
Therefore, the absorption cross-section of a plasmonic
nanoparticle scales with the particle volume, while its scattering
cross-section does with the volume squared, v*. This results in
the dominance of absorption over scattering for the particles
with a small volume.'” Unfortunately, this effect is accom-
panied by a shift of the plasmon resonance toward the plasma
frequency, and so away from the near-infrared (NIR)
transparency window of biological tissue. It is well-known
that the plasmon resonance frequency can be shifted toward
longer wavelengths by elongating the particle geometry.'”
Combining this with the requirement that the particle volume
must be kept small, one arrives at the second design rule for
achieving optimal performance of the nanoparticle photo-
acoustic source: (ii) the nanoparticle volume has to be kept
small with simultaneous increase of one nanoparticle
dimension. This requirement can be satisfied by using small
nanoparticles with a large aspect ratio.

Obvious candidates for an optimal photoacoustic source are
long, high-aspect ratio nanorods or nanowires.”” We thus
calculated the absolute absorption cross-section and relative
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absorption of gold nanorods at their absorption maxima, for
different diameters and lengths (different aspect ratios), as a
function of a corresponding wavelength (Figure 2). Relative
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Figure 2. Absolute absorption cross-section (top) and relative
absorption (bottom) of gold nanorods at their respective absorption
maxima, as a function of the corresponding wavelength. Results for
different nanorod diameters (d) and lengths (noted near the
corresponding points) are shown. The light red area marks the NIR
transparency window of biological tissue.

absorption is defined as the ratio of the absorption to
extinction cross sections, o0,/0,. All calculations were
performed using a commercial solver, CST Studio Suite. We
employed a finite element solver with the plane-wave excitation
linearly polarized along the long axis of the nanorod, in
combination with far-field monitors. Open boundary con-
ditions were used to simulate an infinite water background.
Water was assumed to have a refractive index of 1.33. The
Johnson-Christy values were used for the wavelength-depend-
ent dielectric function of gold.”" It can be clearly seen that an
increase in the nanorod length leads to a shift of the resonance
toward longer wavelengths (Figure 2). An increase of the
nanoparticle volume results in the simultaneous increase of the
absolute absorption and reduction of the relative absorption. A
reasonable compromise between the two trends is achieved for
nanorods with diameter d = 12 nm and length between I = 40
nm and [ = 100 nm. These nanorods demonstrate both large
absolute and relative absorption in the NIR transparency
window of biological tissue (Figure 2). However, such high
aspect ratio gold nanorods have been reported to suffer from
degradation due to Rayleigh instability,””*’ that is, breakage of
high aspect ratio gold nanostructures into smaller pieces over
time. This degradation is accompanied by a shift of the
resonant absorption band toward the visible spectral range,
considerably reducing the NIR absorption efficiency over time.

A compromise between long-term stability of the nano-
particle and high absorption efficiency in the NIR spectral
range is offered by gold nanostars.”* Nanostars consist of a
small quasi-spherical core (typical diameter 10—25 nm) and
many sharp tips (typical length: 5—25 nm). Their plasmonic
response can be roughly understood by considering hybrid-
ization of particle plasmon polaritons of the core and the high
aspect ratio nanorods representing nanostar tips.25 Due to the
large spectral separation between the corresponding plasmon
polariton resonances, the NIR absorption efficiency of gold
nanostars resembles that of high aspect ratio gold nanorods,
demonstrating both large absolute and relative absorption.*®
We calculated the absolute absorption cross-section and
relative absorption at the absorption maximum wavelength
for different nanostar geometries, as shown in Figure 3. Three
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Figure 3. Absolute absorption cross-section (top) and relative
absorption (bottom) of gold nanostars at their respective absorption
maxima, as a function of the corresponding wavelength. Results for
different nanostar geometries are shown. Representations of the
geometries with relevant dimensions are provided as insets. The light
red area marks the NIR transparency window of biological tissue.

geometries were considered. They all had a core diameter of D
=25 nm and diameter of the tip base and tip top of d, = 8 nm
and d, = 4 nm, respectively. Results for 10 random realizations
for tip lengths L = 10, 15, and 25 nm are shown. Every
realization differs by number and placement of the tips, with an
average number of tips (N) = 10 and a standard deviation oy =
4. For all nanostar geometries, both absolute and relative
absorption are high and comparable with those of long aspect
ratio nanorods. Nanostars with tip lengths larger than L = 10
nm satisfy both conditions for an optimal photoacoustic probe,
as defined above.

In order to confirm our theoretical predictions, we
determined the attenuation (extinction), absorption and
scattering coefficients of dispersions of gold nanorods and
nanostars, with geometries fulfilling the conditions for optimal
photoacoustic performance. Gold nanorods with average
length of 38.0 + 3.8 nm and diameter of 10.0 + 1.0 nm
were used. The rods were stabilized by cetyltrimethylammo-
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nium bromide (CTAB) and dispersed in water. Gold nanostars
were synthesized following previously reported protocols.”” >’
Geometrical parameters of the nanostars were determined
through inspection of at least 100 particles in TEM images.
The average equivalent diameter of the nanostars was 45.0 +
5.0 nm, with an average core diameter of 25.0 + 2.0 nm.
Experimental attenuation, absorption and scattering coeffi-
cients are shown for nanorods and nanostars in Figure 4a and
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Figure 4. Top panel: Experimental attenuation (extinction),
absorption, and scattering coefficients for nanorods (a) and nanostars
(b). Inset shows a representative TEM image of nanostars. Relative
absorption at the absorption maximum is 87.3% and 95.7% for
nanorods and nanostars, respectively. Measurements were performed
for different concentrations of nanorods and nanostars. Bottom panel:
Theoretical extinction, absorption and scattering cross-sections for
gold nanorods (c) and gold nanostars (d). All theoretical spectra were
averaged over 100 random realizations of the corresponding
geometries. Insets show representative examples of simulated
structures. Relative absorption values at the absorption maxima are
94.5% and 97.1% for nanorods and nanostars, respectively.

b, respectively. The measurements were performed by using an
integrating sphere setup. The setup consists of an Andor
spectrometer (iDus 420 CCD camera and Shamrock 303i
spectrograph) and an integrating sphere with barium sulfate
coating (UPB-150-ARTA from Gigahertz-Optik). Both nano-
particle types demonstrated pronounced resonances in the
NIR transparency window near 750 nm, with absorption
dominating over scattering. The resonance band of nanostars
was found to be largely broadened, compared to nanorod
resonances, due to higher dispersity in nanostar geometries.
Both nanoparticle types show high relative absorption at the
maximum absorption wavelength, with 87.3% and 95.7% for
nanorods and nanostars, respectively.

Calculated attenuation, absorption, and scattering cross
sections for gold nanorods and gold nanostars are shown in
Figure 4c and d, respectively. All spectra were calculated for
linearly polarized plane wave excitation and averaged over 100
realizations of randomly oriented nanorods (c) and nanostars
(d) geometries. The best fit to the experimental data was
obtained for nanorods with average length (L) = 38.0 nm,

standard deviation of 6; = 2 nm and average diameter (d) =
12.0 nm nm with 6; = 1.0 nm. For nanostars, the best fit was
obtained for a core diameter of 25 nm, average number of tips
of (N) = 6, with o = 4, length of tips (L) = 10.0 nm, with 6, =
2.0 nm, diameter of the tip at the top of (d;) = 4.0 nm, with
6, = 1.0 nm and taper opening angle of (@) = 8.0° with ¢, =
2°. The calculated spectral position of the plasmon resonances,
as well as the relative and absolute absorption values, are in
good agreement with the experimental data. Both types of
nanoparticles demonstrated large relative and absolute
absorption efficiencies, with relative absorption at maximum
wavelength being 94.5% and 97.1% for nanorods and
nanostars, respectively.

Experimentally determined relative absorption at the
respective absorption maxima of several nanorods and
nanostars are summarized in Figure 2, bottom, and Figure 3,
bottom. Two types of nanorods are analyzed. Relative
absorption of the type-A (type-B) nanorods with an average
length of 38.0 + 3.8 nm (71.0 £ 2.0 nm) and a diameter of
10.0 + 1.0 nm (25.0 = 1.0 nm) is shown as a star (triangle) in
Figure 2, bottom. Relative absorption of three types of gold
nanostars, with the average equivalent diameter of 55.0 + 5.0
nm (type-A), 45.0 = 5.0 nm (type-B), and 35.0 + 5.0 nm
(type-C) are depicted in Figure 3, bottom, as star, triangle, and
diamond, respectively. For all types of nanostars, the average
core diameter is estimated to be 25.0 + 2.0 nm. Overall, these
data are in good agreement with the numerical predictions and
further support the proposed design rules: high aspect ratio
nanoparticles with small overall volume are preferable for
optimal absorption efficiency.

We thus proceeded to investigate the photoacoustic
intensity for optimized nanorod and nanostar geometries.
For comparison, we also include the results for a nonoptimized
plasmonic nanostructure, namely, nanospheres of a compara-
ble diameter (d = 44 nm), as shown in Figure S. We calculated
the theoretical photoacoustic intensity using eq 4 and the
absorption and extinction cross sections reported in Figure
4¢,d for gold nanorods and nanostars (Figure Sa,c). For gold
nanospheres we determined the attenuation cross section by
averaging over 100 realizations, with an average diameter of 44
nm and a standard deviation of 6 nm (not shown here). The
length of the sample was assumed to be 600 ym, which
corresponds to the length of the experimentally used phantom.
The numerical value of the laser power at different wavelengths
was obtained from the literature.”” The average mass of the
gold nanoparticles was calculated using their averaged volume
and density (p = 19300 kg/m?®).”" The photoacoustic intensity
from both nanorods and nanostars was found to follow the
spectral shape of the attenuation cross section, being
considerably stronger than the intensity from gold nanospheres
across all excitation wavelengths and concentrations (Figure
Sa,c). For a concentration of ¢ = 04 g/L, the intensity
enhancement was as large as 55 and 3$ times for nanorods and
nanostars, respectively (see Figure Sa). The dependence of the
total photoacoustic intensity as a function of concentration,
calculated as a sum over the wavelength interval from 690 to
900 nm, shows the expected and characteristic saturation
behavior (compare with Figure 1b,c). While the absorption
cross section for gold nanorods is larger than that for
nanostars, the photoacoustic intensity from nanorods grows
faster for low concentrations, but also saturates at lower values
due to the smaller relative absorption.
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Figure 5. (a, b) Photoacoustic intensity as a function of excitation
laser wavelength. Theoretical (a) and experimental (b) data are
shown for a concentration ¢ = 0.4 g/L. (c, d) Theoretical (c) and
experimental (d) total photoacoustic intensities over a wavelength
range from 690 to 900 nm as a function of concentration. Data for
nanorods (black), nanostars (red), and nanospheres (blue) are
shown. Experimental photoacoustic intensity for nanospheres is
multiplied by a factor of S. (e—h) Photoacoustic intensity vs
concentration for eight different types of gold nanostars. Nanostars
with 30 (e), 40 (f), SO (g), and 60 nm (h) cores each with short and
long tips are shown. Circles are for measured data and curves are for
fits to eq 4.

Photoacoustic measurements of synthesized”’ >’ nanorods,
nanostars, and nanospheres were performed on a Visualsonics
Vevo LAZR or an LED-based photoacoustic system from
PreXion Corporation. The gold nanoparticles were analyzed in
tubing phantoms (air bubble free polyurethane intravascular
tubing, 0.025 X 0.040 in, INSTECH) as an aqueous dispersion
of the corresponding nanoparticle concentration. The
previously described gold nanorods, nanostars and nano-
spheres were used. The spectral dependence of the photo-

acoustic intensity showed good qualitative agreement with the
theoretical prediction (Figure Sb). For a concentration of ¢ =
0.4 g/L (Figure Sa), the intensity enhancement with respect to
the intensity from nanospheres is as large as 35- and 25-fold for
nanorods and nanostars, respectively. The concentration
dependence of the photoacoustic intensity showed the
expected saturation character in the case of nanostars (Figure
5d). However, for gold nanorods the photoacoustic intensity
deviated substantially from the expected trend for large
concentrations (¢ > 0.4 g/L). We attribute this behavior to
additional nonlinearities of the photoacoustic process, which
are not considered by our model. To further showcase the
suitability of our design rules, we synthesized and analyzed
eight different types of gold nanostars. They are based on four
seeds with diameters of 30, 40, 50, and 60 nm and possess
short (avg 12 nm) as well as long tips (avg 17 nm). The
concentration-dependent photoacoustic intensity upon excita-
tion with a 750 nm LED (30 mW/cm?) is shown in Figure
Se/f. Experimental data are successfully fitted to the analytical
expression (eq 4), demonstrating suitability of the developed
model. In accordance with the predictions, gold nanostars with
smaller volume and longer tips outperform nanostars with
larger volume and shorter tips as a photoacoustic source.

In conclusion, we have developed a theoretical model for the
photoacoustic response of gold nanoparticles, considering their
size, tip length, and taper angle, as well as batch heterogeneity.
This model allows to formulate two simple constraints for
nanoparticle properties, to obtain an optimal photoacoustic
performance in the tissue transparency window. We demon-
strate that gold nanorods and nanostars can be designed to
fulfill both constraints. While gold nanorods exhibit slightly
better performance, their biocompatibility and cytotoxicity
might limit their application.” Gold nanostars might represent
the superior geometry with comparable performance and
better biocompatibility. However, previous studies have shown
that biocompatibility can be improved by coating the gold
nanoparticles with inert materials."”” In the future, the here
developed model will allow modeling the performance of gold
nanoparticles for a variety of further applications. Furthermore,
the model represents a means to derive guidelines for the
development of other nanoparticle shapes and materials for
photoacoustic imaging applications.
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