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Abstract

Photoacoustic signal generation by metal nanoparticles relies on the efficient conversion of light to
heat, its transfer to the environment and the production of pressure transients. In this study we
demonstrate that a dielectric shell has a strong influence on the amplitude of the generated
photoacoustic signal, and that silica coated gold nanorods of the same optical density are capable
of producing about 3-fold higher photoacoustic signals than nanorods without silica coating.
Spectrophotometry measurements and finite difference time domain (FDTD) analysis of gold
nanorods before and after silica coating showed only an insignificant change of the extinction and
absorption cross-sections, hence indicating that the enhancement is not attributable to changes in
absorption cross-section resulting from the silica coating. Several factors including the silica
thickness, the gold/silica interface, and the surrounding solvent were varied to investigate their
effect on the photoacoustic signal produced from silica-coated gold nanorods. The results suggest
that the enhancement is caused by the reduction of the gold interfacial thermal resistance with the
solvent due to the silica coating. The strong contrast enhancement in photoacoustic imaging,
demonstrated using phantoms with silica-coated nanorods, shows that these hybrid particles acting
as "photoacoustic nano-amplifiers™ are high efficiency contrast agents for photoacoustic imaging
or photoacoustic image-guided therapy.
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Photoacoustic imaging is a non-ionizing and noninvasive imaging modality that combines
the advantages of both optical and acoustic imaging.1=* In photoacoustic imaging, the
intensity modulated electromagnetic radiation, e.g. a beam of pulsed laser light, is directed at
the imaging target. The light is absorbed and converted to an outgoing thermoacoustic wave
that can be detected by an ultrasound transducer and used to reconstruct images.5~8 Since
light is only used for heating and not for imaging, and acoustic waves are less scattered in
optically turbid materials such as tissue, photoacoustic imaging can reach far deeper into
turbid materials than purely optical imaging techniques.8~° The contrast in photoacoustic
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imaging depends on the optical-to-acoustic conversion (optoacoustic) efficiency, i.e., how
many incident photons can be absorbed and converted to heat, and how fast the generated
heat can diffuse out from the target during thermoelastic expansion and wave generation.
When a uniformly absorbing target is irradiated by pulsed light, the amplitude of the
generated photoacoustic signal is proportional to the optical absorption and the thermal-
acoustic properties of the absorbing medium. In contrast, in a heterogeneous medium such
as a weakly absorbing solvent containing plasmonic nanoparticles, the amplitude of the
photoacoustic signal depends strongly on the transfer of heat between the two materials.®
These heterogeneous systems are of particular interest for photoacoustic imaging because of
their increased contrast, thus reducing image acquisition time and optical energy
requirements to better accommodate in vivo imaging conditions, 2 10-14

Gold nanoparticles have been a common choice for contrast and therapeutic agents based on
their superior optical properties,}1721 biocompatibility, and ease of bioconjugation with
biomarkers to create nano-sized contrast agents with molecular specificity. 1114 19, 22—24
The conventional strategy of designing plasmonic photoacoustic contrast agents is usually to
maximize the optical absorption cross-section of nanoparticles by manipulating their size
and shape, and to choose the peak position and the relative amplitude of the absorption and
scattering cross-sections.2527 Photoacoustic imaging has been demonstrated successfully
using gold nanorods, nanocages, and nanoshells with high and tunable optical absorption
cross-sections.9710+ 28731 In this study, we introduce a new approach to significantly
increase the contrast-to-noise ratio (CNR) of contrast-enhanced nanoparticle-augmented
photoacoustic imaging by encapsulating gold nanorods within an optically non-absorbing
shell material, silica. The role of the silica shell in amplifying the photoacoustic signal
highlights the importance of the heat transfer mechanism from the gold nanoparticle to the
ambient signal-generating medium.

PEGylated and silica-coated gold nanorods prepared for this study are illustrated in Figure 1.
The silica coating procedure followed our previously reported methods.32733 Briefly,
cetyltrimethyl-ammoniumbromide (CTAB) stabilized gold nanorods were first prepared
with the seed mediated growth method.34735 Then CTAB was replaced by mPEG-thiol
through ligand exchange, and then silica was grown onto the PEGylated gold nanorods via
the modified Stober method using tetraethyl orthosilicate (TEOS).36737 As seen in Figure
1, there is conformal and isotropic silica coating of the gold nanorods with controllable silica
thickness.

We have previously shown the usefulness of silica-coated nanorods for photoacoustic
imaging and photothermal therapy due to their stability under high-fluence laser pulses.32™
33 In order to investigate the effect of the silica coating on the photoacoustic signal response,
we performed a study using polyvinyl alcohol (PVA) tissue-mimicking phantoms containing
inclusions made out of gelatin mixed with gold nanorods. The four types of gold nanorods
presented in Figure 1 were used to prepare the inclusions. To ensure the same level of
absorption between inclusions, the extinction of each gold nanorod solution was adjusted to
3 (in 1 cm optical path), which corresponds to about 3.8x1012 (particles/ml), as determined
by ultraviolet—visible (UV-Vis) spectroscopy. The nanorods were mixed with equal amounts
of a 10 wt% gelatin aqueous solution. The experimental set-up for the photoacoustic
imaging is shown in Figure S1 of the supplemental materials. A laser beam (5 ns pulse
duration, 10 Hz repetition rate) was generated by a tunable OPO laser system (Premiscan,
GWU, Inc.) pumped by a pulsed Nd-YAG laser (Quanta-Ray, Spectra Physics, Inc.). The
wavelength of the light in this and in all other experiments was matched to the peak
absorption of each type of gold nanorods (786 nm, 790 nm, 802 nm, and 806 nm for 0 nm, 6
nm, 20 nm and 75 nm silica shell thickness, respectively). The laser beam was expanded to
fully illuminate the entire inclusion. An ultrasound micro-imaging system (Vevo 2100,
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Visualsonics, Inc.) equipped with an array ultrasound transducer (MS550, Visualsonics,
Inc.) operating at 40 MHz center frequency was used to acquire the cross-sectional B-scan
and photoacoustic images of the phantom with inclusions. The position of the ultrasound
transducer was first adjusted so that the focus of the transducer was located at the center of
the inclusion, and the distance between the transducer and the inclusion was then kept
constant for all inclusions. The average fluence of the laser beam was maintained at 6 mJ/
cm? — a fluence that is below the damage threshold for PEGylated gold nanorods, to allow
for a quantitative comparison between the photoacoustic signals and images of the
inclusions.32 All experiments were performed at room temperature.

Figure 2 shows a comparison of ultrasound, photoacoustic, and the spatially co-registered
combined ultrasonic and photoacoustic images of phantoms with inclusions containing
PEGylated gold nanorods, and gold-silica core shell nanorods with silica shells of 6 nm, 20
nm, and 75 nm thickness, respectively. Inclusion with PEGylated gold nanorods produced a
much weaker photoacoustic signal than inclusions with silica coated nanorods — even the
nanorods with 6 nm silica shell had noticeable photoacoustic signal enhancement. As the
thickness of the silica shell increases from 6 nm to 20 nm, the photoacoustic signal increases
and, consequently, the photoacoustic image appears brighter. The signal enhancement is
slightly reduced for the nanorods with 75 nm silica shell.

The quantitative analysis of the photoacoustic signal enhancement is presented in Figure 3
(for details of the analysis see the supplemental material). The average amplitude of the
normalized photoacoustic signal measured from the inclusions containing PEGylated gold
nanorods, 6 nm, 20 nm, and 75 nm silica coated gold nanorods is 14.00 £ 5.40, 28.00 £
11.00, 53.00 + 15.00, and 32.00 £ 12.00, respectively (Figure 3a). The photoacoustic signal
from the gold nanorods with 20 nm silica shell is about 3.8 times higher compared to
PEGylated nanorods while the amplitude of the photoacoustic signal from the background
(i.e., noise) remains relatively the same for each phantom. Correspondingly, the contrast-to-
noise ratio (CNR) of the photoacoustic images of inclusions with PEGylated, 6 nm, 20 nm,
and 75 nm silica coated gold nanorods were 9.0 dB, 10.1 dB, 13.5 dB, and 10.7 dB,
respectively (Figure 3b). Again, the 20 nm silica coated gold nanorods exhibit a more than
2.8 times (4.5 dB) enhancement of contrast and CNR compared to traditional PEGylated
gold nanorods.

Since the photoacoustic amplitude is proportional to the optical absorption, one would
expect that the strong increase in the photoacoustic signal is a result of a changed absorption
cross-section of the gold nanorods due to the change of the immediate environment (i.e. the
silica shell acting as a layer between the gold surface of the nanorod and the surrounding
material such as water). To show that this is not the case, a series of UV-Vis spectra of gold
nanorods before and after silica coating was collected. To ensure that the concentration of
gold nanorods was constant, 100 pL of the nanorod solution was taken at the beginning and
at different time points during the silica shell growth process from the growth solution.
Figure 4(a) shows the measured extinction spectra of gold nanorods recorded at the start of
the silica coating process and as the silica coating reached 75 nm thickness. The synthesized
gold nanorods, as illustrated in Figure 1, have an aspect ratio of 3.9+0.38 resulting in a
longitudinal plasmon resonance at 786 nm. After coating the nanorods with a silica shell of
6 nm, 20 nm and 75 nm thickness, the longitudinal peak red shifts to 790 nm, 802 nm, and
806 nm correspondingly. The amplitude of extinction after 6 nm silica coating drops 3% and
then gradually increases back to the same amplitude as for the PEGylated gold nanorods due
to the increasing contribution of light scattering. The shape of the peak is preserved
suggesting that the silica coating did not alter the shape or cause noticeable aggregation of
the nanorods. This was also confirmed by an analysis of the TEM images. Most importantly,
the amplitude of the extinction at the resonance is unchanged.
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Finite difference time domain (FDTD) simulations (FDTD Solutions, Lumerical Inc.)
confirmed that the silica coating insignificantly alters the amplitude of the extinction cross-
section of gold nanorods (~1.8%), and that the amplitude of the absorption cross-section,
which is responsible for the photoacoustic signal, is also practically unchanged (~2%).
Figure 4(b) presents the calculated absorption and scattering cross-sections for gold
nanorods before and after 10 nm, 20 nm, and 60 nm silica coating. The scattering cross-
section, which is nearly 2 orders of magnitude lower than the absorption cross-section and is
shown in an enlarged scale in Figure 4(b) for clarity. The peaks are less broad compared to
measured spectra — this is due to small variations in the aspect ratio of the synthesized
nanorods. The insignificant scattering by nanorods with and without silica shell indicates
that a small number of spheroid particles in the synthesis solution leads to the increased
background seen in the experiment (Fig. 4a). However, without background signal, the area
under the measured peak decreases only slightly with silica thickness, which most likely
indicates some decrease in the yield of the synthesis. The peak is shifted further to the red
compared to the experiment because, as discussed previously,3? the silica shell is less dense
than the fused silica used in the simulation. Because the absorption cross-section changes
insignificantly and the laser wavelength in each photoacoustic experiment was adjusted to
the peak absorption of each sample, we can exclude a change in the absorption cross-section
as the cause of the photoacoustic signal amplification.

After excluding a change in the absorptive properties of the gold nanorod due to silica
coating as the reason for the increase in the photoacoustic response, changes in the thermal
transport from the gold nanorod to the signal generating fluid environment were
investigated. The amplitude of the photoacoustic signal for a small source at nanosecond
time scales is related to the temporal temperature gradient generated in the surrounding
medium by the heat diffusing from the nanorod.>~"+ 38 Assuming a diffusive heat transport
process, adding a shell of any material with finite heat conductance and capacity will only
broaden a heat pulse and deteriorate the photoacoustic signal. However, the same signal
deterioration results from a high interfacial thermal resistance between the heat pulse exiting
the gold nanorod and entering the ambient medium. This high resistance would lead to a
much higher nanoparticle temperature, and a slower heat release into the adjacent medium.
Conversely, a low interfacial thermal resistance leads to fast heat transfer and a temperature
profile that much more closely resembles the profile of the laser pulse and leads to a
stronger photoacoustic signal. The interfacial thermal resistance originates from the
scattering or reflection of phonons at the gold dielectric interface and causes a discontinuity
of the thermal profile at the interface of the form AT=RxQ, where Q is the heat flux through
the interface and R is the interfacial resistance.39-41

In the case of PEGylated gold nanorods, the interfaces of gold to surface layer, and surface
layer to water play a role. In the case of silica-coated gold nanorods, the interfaces of gold to
surface layer, surface layer to silica, and silica to water exist. Studies of the heat
conductance from flat gold surfaces coated with alkyl-thiols of varying length showed that
the heat transfer process was linear with chain length but that it was dominated by the Au-S
interface resistance.*2 The interfacial thermal conductance, which is the inverse of the
interfacial thermal resistance, for this interface was found to be 200-250 MW m~2 K1, very
similar to Au-Pd nanoparticles stabilized with monohydroxy(1-mercaptoundec-11-
yl)tetraethylene glycol (EG-4) and CTAB,*3 and gold nanorods stabilized with CTAB.44
This value is about two times the interfacial thermal conductance for citrate stabilized gold
nanoparticles in water,45-46 while the calculated value for a pure gold-water interface of
170 MW m~2 K1 [ies in between.4” However, these values depend strongly on the solvent;
the interfacial conductivity for the same thiol coated Au-Pd nanoparticles in toluene is an
order of magnitude lower.43: 48 The thermal conductance for the interface of a thin solution-
grown silica layer to gold is not known. Some reports place the conductance relatively low

Nano Lett. Author manuscript; available in PMC 2012 February 9.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Chen et al.

Page 5

for solid-solid interfaces, with the Au-dielectric conductance at 40 MW m~2 K1
independent of the dielectric,? and Au-glass conductance at 100 MW m~2 K1 for glass
with a silica content of 53%,%9 and 60 MW m~2 K~ for gold on thermally grown thin silica
films.>1 However, the structure of the silica and details of the interface play an important
role®® and interfacial heat conductance in excess of 220 MW m~2 K~ have been measured
for more grainy gold films®2, which is in better agreement with what our results suggest. In
contrast, the silica to water interface has a very high thermal conductance in excess of 1000
MW m~2 K~1 as determined by molecular dynamics.>3=54 The large spread of interfacial
thermal conductances between different interfaces highlights the importance of the
molecular interactions, such as hydrogen bonding between the hydroxyl head groups of
silica and water. Accordingly, terminal functionality of thiols and silanes has been shown to
strongly influence the effective interfacial conductance for gold and silica to water with
hydrophobic groups showing ~50 MW m~2 K1 for gold®* and ~200 MW m~2 K1 for
silica.>3

While it is clear that introducing a silica-water surface will increase the interfacial
conductance, the gold to silica surface may have a relatively high thermal interface
resistance. However, coating gold nanoparticles with a shell has been found to increase the
heat conductance from the gold core to the ambient medium. Ge and coworkers coated gold
spheres with a polymeric shell and found the heat conductance to be faster than expected
from bulk materials properties and interfacial conductance if a small amount of a co-solvent
was added to the aqueous medium.#® Very much in agreement with our results, Hu et.al.
reported faster heat dissipation from silica coated gold nanospheres than from bare gold
nanoparticles in water.>> We therefore expected that the photoacoustic signal enhancement
must come from an increased thermal transfer through the gold interface induced by
changing the interface from gold-(PEG)-water to gold-(PEG)-silica-water, and that the
signal increase should be sensitive to an exchange of the environment from water to oil.

To experimentally demonstrate the influence of the interfacial heat conductance on the
photoacoustic response, two sets of experiments were conducted to separately investigate
the two interfaces of silica coated gold nanorods. The first set of experiments was focused
on studying the thermal conductance at the gold/silica interface in aqueous solution. Three
types of gold nanorods were prepared: CTAB stabilized gold nanorods, gold nanorods
coated with mPEG-thiol (MW 2,000 Da), and CTAB stabilized gold nanorods coated with
an electrostatically stabilized multilayer created by sequential layer-by-layer deposition of
poly(styrenesulphonate) (PSS, MW 14,900 Da), poly(allylamine hydrochloride) (PAH, MW
15,000 Da), and poly(vinylpyrrolidone) (PVP, MW 10,000 Da) following the procedure
reported by Pastoriza-Santos et. al..8 These three types of gold nanorods have all been
successfully used for subsequent silica coating,32733: 56=57 hyt have an increasing thickness
of the organic passive layer. The thickness of CTAB, PEG, and multilayer polyelectrolyte
are about 4-5 nm,®8 6-7 nm,5%60 and 7-8 nm,>° respectively. The concentrations were
adjusted so that the extinctions of each gold nanorod type were the same. The amplitudes of
the photoacoustic signal from 60 pulses were recorded, and the average and the standard
deviation are reported for each nanorod type (the same experiment was performed twice
with two different batches of gold nanorods; the absolute photoacoustic amplitudes differ
from those in Fig. 3 because of different concentrations and experimental setup — see
supplemental information (Figure 5).) Before silica coating, CTAB and PEGylated gold
nanorods show similar photoacoustic signal amplitudes, while a slightly higher signal was
found for the polyelectrolyte coated gold nanorods. After coating the nanorods with 20 nm
of silica, all three types of nanorods show significantly elevated photoacoustic signals, but to
different levels. The silica coated CTAB gold nanorods show the largest enhancement and
the silica-coated polyelectrolyte-multilayer gold nanorods show the lowest signal
enhancement. These different nanorods represent different interfaces of gold with silica and
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have been shown to modulate the interfacial heat conductance.?® Since the CTAB layer is
extremely thin, and the CTAB is almost totally exchanged with silica during the coating
process;>’ these nanorods come closest to the exact interface between gold and silica.
However, since both the PEG layer and the polyelectrolyte multilayer have finite thickness,
the results show a decreasing enhancement with increasing layer thickness. It is unclear,
however, whether this thickness dependence represents a direct correlation, or whether
factors such as interpenetration of silica into the organic layer or surface coverage play a
role. Such influences are suggested by the CTAB nanorod experiments, which show a large
variation between batches and are known to be the least controlled way to generate the silica
coating.

In a second set of experiments, the interface between silica and the surrounding media was
investigated (experimental details can be found in the supplemental section (Figure S4)).
Three different solvents, the silica growth solution (a water/IPA mixture which contains 26
volume % of water), water, and silicone oil were utilized to immerse PEGylated gold
nanorods and silica-coated gold nanorods with various coating thickness. The absolute value
of the photoacoustic signal in oil, IPA, and water is generally different due to the differences
in Griineisen parameter and experimental setups, but this is of no importance to the
arguments made here. Figure 6 shows an increasing photoacoustic signal with increasing
silica thickness from 0 nm to 20 nm in polar solvent, while in oil, the opposite trend, a
decrease in photoacoustic signal with increasing silica thickness up to 20 nm is observed.
PEGylated gold nanorods have a less hydrophilic surface due to the methyl terminal groups
than silica, and, when immersed in oil, a higher interfacial thermal conductance could be
expected compared to water. On the other hand, the hydroxyl groups of the silica surface are
able to form hydrogen bonds with water, and have been shown to have a high interfacial
thermal conductance.

The equal photoacoustic signal from PEG and CTAB coated nanorods is in agreement with
the thermal behavior seen for Au-Pd nanoshells,*3 although our PEG is larger and methyl
rather than hydroxyl-terminated. The strongly increased signal due to silica coating in water
contradicts a direct coupling of the silica with the gold surface as this should have a
decreased interfacial conductance.?? The results shown in Figure 2 and Figure 6(b)
demonstrate, however, that the parameters that characterize each interface have a strong
influence on the thermal conductance, and therefore on the photoacoustic signal. Whether
the signal increase by a factor of 3 can be explained fully by an improved thermal interfacial
conductance or whether increased thermal diffusion along water channels in the silica shell
may play a role, and whether the improved conductance leads to non-linear effects in the
photoacoustic signal generation due to the temperature dependence of the thermal expansion
coefficient of water® is currently under investigation.

It is interesting that the photoacoustic response change due to the introduction of a silica
shell is not a simple step but a biphasic profile in the case of the polar solvent and a
continuous decrease in the case of oil. The maximum at around 20 nm silica shell thickness
in polar solvents is significantly higher than the signal at thicker shells (p < 1074, pairwise t-
test). We attribute the gradual increase to imperfections in the coating for thin silica layers
below ~20 nm. For thicker silica layers we expect that the thermal pulse profile exhibits
some broadening due to the finite thermal conduction of silica, even though silica has a good
thermal conduction. The signal enhancement effect due to an increase in interfacial
conductance is partially canceled by this signal broadening above a thickness of 20 nm in
polar solvent. Additionally, the increased scattering of the larger silica-coated nanoparticles
could lead to a reduced local fluence, and so also contribute to the reduced PA signal. On the
other hand, in silicon oil, the interfacial conductance of the silica/oil interface is lower than
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that of the PEG/oil interface, and together with the heat pulse broadening and the scattering
both contribute to the signal reduction.

Figure 7 shows a schematic summary of the proposed mechanism for the photoacoustic
signal enhancement from silica-coated nanoparticles, emphasizing the importance of the
heat transfer to the water. While nanoparticles with no shell have a slower heat transfer
resulting in a broader heat peak due to their interfacial properties, adding a silica shell
reduces the interfacial resistance and leads to a sharper peak even though its amplitude may
be reduced due to the heat capacity of silica. At very large thickness the influence of the
bulk silica is stronger leading to a further reduced and somewhat broader temperature peak.
Because the pressure is roughly proportional to the slope, but includes also a geometric term
that grows with the size of the heated liquid, the slightly sharper pulse of a larger particle
leads to a higher photoacoustic signal. Additionally, changes in the frequency spectrum of
the signals may be possible, which we have not investigated here.

In conclusion, this study has shown that silica coated gold nanorods can amplify the
photoacoustic response without altering the optical absorption of nanoparticles other than
shifting it slightly to the red. The signal enhancement of silica coated gold nanorods in water
depends on the silica thickness in a biphasic way. The enhancement could be attributed to
changes in the interfacial heat conduction from gold to water due to the silica. The biphasic
behavior reflects the balance between changing the interfacial conduction and the profile
flattening due to a finite bulk heat conductivity and capacity by adding a dielectric shell.
Silica coating of gold nanoparticles appears to be a simple way to increase their usefulness
as contrast agents for photoacoustic imaging.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

(a) TEM image of PEGylated gold nanorods; TEM images of gold-silica core-shell nanorods
with (b) 6 £ 0.5 nm (N = 100) and (c) 20 + 3.6 nm (N = 100) thickness of silica coating; (d)
SEM image of gold-silica core-shell nanorods with 75 + 5.0 nm (N = 100) thickness of silica
coating (the silica shell is too thick for TEM).
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Figure 2.

(a) Ultrasound, (b) photoacoustic, and (c) combined ultrasound and photoacoustic images
(top to bottom) of inclusions containing (I) PEGylated gold nanorods and gold-silica core-
shell nanorods with (1) 6 nm silica coating, (111) 20 nm silica coating, and (IV) 75 nm silica
coating (left to right). Each image covers 6 mm by 6 mm field of view.
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Figure 3.

(a) Amplitude of the photoacoustic signal from the background (green dots) and inclusions
(blue dots) containing gold nanorods with varying thickness of the silica coating. The error
bars show plus/minus one standard error. (b) Contrast-to-noise ratios (CNRs) of the
photoacoustic images of the inclusions containing gold nanorods with varying thickness of
the silica coating.
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(a) Extinction spectra of a gold nanorod solution before and after 6 nm, 20 nm, and 75 nm
silica coating. (b) FDTD simulated absorption (solid curve) and scattering (dashed curve)
cross-section spectra of gold nanorods before (black line) and after coating with 10 nm (red
line), 20 nm (blue line), and 60 nm (orange line) silica. The simulations were performed
using the refractive index of fused silica. Note that scattering is nearly 2 orders of magnitude
lower than the absorption.
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Figure 5.

Average amplitudes of the photoacoustic signal from three types of gold nanorods before
and after silica coating. The error bar represents plus/minus one standard deviation of the
photoacoustic signal measured using 60 laser pulses of low (4 mJ/cm?) fluence.
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Figure 6.

Photoacoustic signal amplitude of gold nanorods with varying thickness of the silica coating
in (a) silica growth solution (IPA containing 26 vol% water). (b) water, and (c) silicon ail. In
polar environment the signal is amplified, and shows a maximum at ~20 nm shell thickness,
while in nonpolar environment the signal monotonically decreases. The vertical error bar
represents plus/minus one standard deviation of the photoacoustic signal measured using 60
laser pulses of low (4 mJ/cm?) fluence. The horizontal error bars represent plus/minus one
standard deviation of the silica thickness measured by TEM.
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-

Schematic summary of the proposed thermal transport processes from the nanoparticle to the
environment and the resulting temporal profiles of the temperature (T) near the surface and
the amplitude of the photoacoustic signal (P) far from the surface of the nanoparticle. (a) A
bare nanoparticle with high interfacial resistance leads to a broadened temperature profile
and a smaller amplitude of the photoacoustic pressure signal; (b): introducing a silica shell
leads to a minimal interfacial resistance between gold (Au) and SiO, and SiO, and water.
The resulting sharper temperature profile, and because the temperature profile is at a larger
distance, the photoacoustic signal is increased; (c) a thick shell leads to a broadened
temperature peak and again a decrease in the photoacoustic signal, although it may still be

higher than that for the bare nanoparticle.
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