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Abstract

We carried out the experimental measurements of photoacoustic responses, where the suspensions
of spherical gold nanoparticles (NPs) of different diameters (20, 40, and 50 nm) in water at different
concentrations and different temperatures (4 and 20 °C) were irradiated by 0.8-ns laser pulses. In the
case of 20 °C, the values of photoacoustic signals normalized by the light absorbance of the NP
suspension decreased with increasing the NP size. The photoacoustic signals at 4 °C were
significantly reduced compared with those at 20 °C. These experimental results are in fair agreement
with the estimations from our phenomenological model, where the acoustic pressure pulse is

represented by a sum of two contributions from the NPs and the surrounding liquid medium.
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1. Introduction

In recent years, bioimaging techniques for clinical diagnostics have received great attention and
various techniques have been developed to improve detection sensitivity and treatment outcome in
patients. One example is photoacoustic imaging (PAI), which is a nonionizing and noninvasive
imaging modality based on the photoacoustic effect: the irradiated light is absorbed by a target to be
converted into a thermoacoustic wave that is detected by an acoustic transducer [1, 2]. The contrast
in PAI counts on the optical-to-acoustic conversion (optoacoustic) efficiency, and can be
exogenously improved by use of nanoparticles (NPs) as contrast agents [2-4]. With recent growing
advancement in nanotechnology, a large variety of NPs have been developed for the PAI contrast
agents [5, 6].

Henceforth, for the sake of clarity, let us consider a simple system, that is, a weakly light-
absorbing liquid dispersed with strongly absorbing NPs, where the amplitude of the photoacoustic
signal should depend largely on the transfer of heat between two materials of the NPs and host liquid.
At low laser fluence, the acoustic signal results from the thermoacoustic response of the heated host
liquid as well as that of the heated NPs. If the laser fluence reaches a threshold, the temperature of
the NPs can exceed the boiling temperature of the host liquid. Subsequently, a vapor layer appears
on the surface of every NP to undergo rapid expansion, thus giving rise to an effective photoacoustic
signal. This cavitation-induced enhancement of the photoacoustic signal at high laser fluence has
been investigated in several experimental and theoretical studies [7-17], the principal focus of which
was placed on direct observations and theoretical descriptions of bubble formation around heated
particles and the resultant enhanced amplitude of the acoustic signal. On the other hand, very few
studies have reported experimental results and physical modeling in the case of low-level laser
irradiation that help us to better understand the fundamentals of the acoustic signal resulting from
the thermoacoustic response of the heated NPs and heated host liquid in the absence of cavitation,
except for the following studies.

In a recent study, Chen et al. [18] have demonstrated that the acoustic signal generated from laser-

irradiated suspensions of spherical 26-nm gold NPs is influenced by the temperature- and material-
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dependent properties of the host liquids (i.e., water, toluene, and silicone oil), and that the
photoacoustic signal is dominated by the surrounding liquid rather than the NPs although the light
absorbance of the former is still weaker than that of the latter. Only a few studies [18-22] have
reported physical modeling of the acoustic signal produced from such a heated inhomogeneous
solution including NPs (other than the particles of the larger sizes ranging from micrometers to
millimeters) in the case of low-level laser irradiation. Nevertheless, the effects of NPs on the
photoacoustic phenomena are not understood well and remain to be explored experimentally and
theoretically from a fundamental point of view.

Main focus of the present study is placed on how the thermoacoustic responses from a laser-
irradiated suspension of NPs are influenced by the size of the NPs. We report the experimental
measurements of the photoacoustic signals, where the suspensions of spherical gold NPs of different
diameters in water at different concentrations and temperatures are irradiated by nanosecond laser
pulses at low laser fluence. The results from the experiments are compared with those from our

phenomenological model that is developed from our previous study [19].

2. Experimental methods

2.1. Gold nanospheres

The aqueous suspensions of spherical gold NPs of different diameters (d, = 20, 40, and 50 nm at
the number concentrations of 7.0 x 10*, 9.0 x 10'°, and 4.5 x 10" particles/mL, respectively) were
purchased from British BioCell International (Cardiff, UK). The concentrated suspensions were
prepared in clean test tubes by solvent evaporation at 60 °C [19]. Before and after this concentration
process, no significant change was found in the profile of the absorption spectra of the gold NP
suspensions, indicating that the concentration process hardly affected the morphology and the

monodispersity of the gold NPs.
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Fig. 1. Illustration of the experimental setup. BS: beam splitter, PD: photo-diode.

2.2. Setup for photoacoustic signal detection

Figure 1 depicts our experimental setup for photoacoustic signal detection, which is the same as
employed in our previous study [19]. A sample cuvette was immersed in a temperature-controlled
water bath and illuminated by a pulsed beam from a dye laser pumped by a nitrogen laser (OB-
401/0B-4300; Optical Building Blocks, Birmingham, NJ, USA), where the pulse width and
repetition rate were 0.8 ns (= t.) and 5 Hz, respectively. The wavelength of this laser was set at 522

nm, where the energy was I = 107 pJ/pulse. The cross section of the specific region irradiated by

the laser pulse was s, = 0.524 mm? and the laser fluence was Fq = o / s. = 204 J / (m? pulse). The
acoustic signal from the laser-irradiated gold suspension was detected by a membrane-type
hydrophone (H9C-036; Toray Engineering, Japan) with a measurable frequency range of 0.5-10
MHz. The distance between the hydrophone and the center of the sample cuvette was ~ 38 mm. The
output signal from the hydrophone was recorded by an oscilloscope (TDS-2012; Tektronix,
Beaverton, OR, USA) through an amplifier (Model 5682; Olympus NDT, Waltham, MA, USA). The
split laser beam was detected by a photo-diode (DET10A; Thorlabs, Newton, NJ, USA) and fed to
the oscilloscope as the trigger signal. The measurements were performed at the suspension
temperatures of 4 and 20 °C, using the cuvettes of light pass length of L = 0.92 mm. The results were
obtained after averaging over 128 signals from every sample at each temperature. After that, the
absorption spectra of these laser irradiated suspensions were measured. Before and after the laser
irradiation, no significant change was observed in the profile of the absorption spectra of the
suspensions, implying that the laser irradiation hardly caused the fragmentation/aggregation of the
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gold NPs.

3. Theoretical descriptions

3.1. Thermodynamic relation for a heated monodispersed suspension containing particles

Let us consider a heated monodispersed suspension containing particles at the number density of
np. Supposed that every particle has the thermal energy therein (e,) and the surrounding medium has
the energy resulting from the heat conduction from the particle thereto (en) immediately after the
laser irradiation with a nanosecond pulse, where ey (= e, + en) represents the total energy per
particle. The physical properties of the particle and medium are defined as follows: c;, the specific
heat capacity; p;, the mass density; &, the isothermal compressibility; £, the thermal coefficient of
volume expansion, where the subscript 1 denotes the particle (p) or the medium (m). Hereafter, we
assume that the physical properties of the particle and medium (i.e., ci, pi, &i, and fi) are constant at
the initial temperature.

Starting from the thermodynamic relation (AV/V = — k AP + 8 AT, where AV, AP, and AT denote
the volume, pressure, and temperature changes of a system of interest, respectively), we have
derived the local pressure rise pwt Of an inhomogeneous liquid containing particles upon short-pulsed

laser irradiation and two contributions from the particles (pp) and the medium (pm), as elaborated in

Ref. [19]:
P = M8 [ (1575 /6 ) X+ T @) | = B, + (1)
Py = (5T /) (i ) (1b)
P =T (D (%) (1c)
with
T =p/xcp )
X=e, /ey, 1-X=¢e, /e, (3)

where T'; denotes the Griuneisen parameter for the particle (i = p) or medium (i = m) and n, e
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represents the volumetric optical absorption by the particle suspension. As will be expected from Fig.
5, the limiting of x (=ep/ewr) — 0 is equivalent to that of (particle size) — 0, where the particles are
considered to be dissolved as solute molecules in the medium at a certain concentration. In this case,
Eqg. (1a) reduces to piwor = (Npewr)'m, Which is a popular form of the acoustic pressure [1, 23]. It is
worth noting that Eq. (1) is consistent with the idea given in Ref. [18]: If the pressure is measured in
the medium far from the particle, the contributions from the solid particle and the liquid environment
can be separated by setting the liquid and the solid volume expansion coefficients, respectively, to
zero. Consequently, we can estimate the pressure rise py and two contributions, p, and pm, from Eq.

(1), if the thermal energies per particle, e, €p, and em, are obtained.

3.2. Heat production by a laser-irradiated metal nanosphere and the heat transfer into its

surrounding liquid

Let us consider a single spherical particle of diameter d, (=2rp) suspended in an infinite liquid
medium irradiated by a laser pulse, in order to calculate the thermal energies per particle, e, €p, and
em. It is assumed that the energy of the laser pulse absorbed by the particle is completely utilized to
heat the particle and surrounding medium. The heat transfer equations for the single particle and

surrounding medium with spherical symmetry are given by

oT(r,t) 1 0o ot (r,t) |
C.0, —pat = Fa{rz- K, P |J+ S(r,t), r<r, (4a)
oT.(rt) 10, oT(rt]
—mi o =tk p >y 4b
mPm ot r? ar[ mor |j P (40)

respectively, where k; (i = p, m) denote the thermal conductivity. The radiation energy absorbed by
the particle, S(r,t), is assumed to be homogeneously distributed over the particle volume, v,

(=47r,°13), following

S(I’,t) = O-ab\s/q(t) (5)

p

where oy is the absorption cross-section of the particle. It is noted that ous oc v, for sufficiently



small particles (e.g., dp < 60 nm for gold particles), whereas oups o Sp (:47rrp2) for sufficiently large
particles. The light intensity, q(t), is represented by a rectangular profile with the full width at half

maximum (FWHM), t., using

iq,, OJt]t
qt)=:° )

0, tt ©)

where the laser fluence is given as Fo = Qot..
If thermal contact resistance exists at the interface between the particle and its surrounding liquid

medium, the interface boundary conditions for Eq. (4) are given by

oT,(r,t)
Poor

=B [T, 0-T, (0] =-k, 8Tma_(rr,t)

r:rp r=rp

-k

(7)

where h, denotes the interface thermal contact conductance, the reciprocal of which is the thermal

contact resistance. On the other hand, if there is no interface thermal contact resistance (i.e.,

h, > ), Eq. (7) is replaced with the following:

Tp(r,t)‘r:rp =T (r),_, (8a)
OT (1 t

AN Rl P )] (8b)
or or

The initial conditions for Eq. (4) are given by

[T,(r,0)=T r<r,

9
Tm(rio)zTinit’ I’-er ( )

where Tiyit IS the temperature before laser irradiation.
It should be noted that no thermal expansion of the single particle and surrounding medium is

implicitly assumed during/after laser irradiation.

3.3. Numerical simulations

Hereafter, we assume that the physical properties of a particle and a medium (i.e., ¢, pi, &, 5i, Ki,

and oaps) are the constant values at the temperature before laser irradiation. We considered the



spherical gold NPs of diameter d, = 2r, < 60 nm suspended in water medium, which were irradiated
by a laser beam with a rectangular pulse [FWHM t_ = 0.8 ns and the laser fluence Fo = 204 J/(m?
pulse)]. This simulation system corresponds to the experimental system mentioned in Section 2. The

physical properties of gold and water at 4 and 20 °C are listed in Table S1. The absorption cross-

section ogys Of a spherical gold NP in water at 4 = 522 nm was calculated as a function of the particle
diameter, following Ref. [24]. We numerically solved Eq. (4) with Egs. (5), (6), (8), and (9) using a
finite volume method with the fully implicit scheme and the tri-diagonal matrix algorithm [25] to
obtain the temperature profile of T(r,t) as a function of the radial position r and time t. In contrast,
we employed the analytical description of T(r,t) in our previous study [19], where the spatial
temperature inhomogeneity inside an NP was assumed to be negligibly small compared with the
temperature distribution of the surrounding medium.

In the absence of laser attenuation, the total thermal energy produced by a laser-irradiated particle
ewt(t), the thermal energy inside the particle ep(t), and the thermal energy of its surrounding medium

em(t) are respectively given as a function of time:

eu() =0, [ a(2)dr (10a)
&, (1) =y, ['[T,(r,0) =Ty, J4rr’dr (10b)
en(t) =eq (1) - € ®). (10c)

3.4. Photoacoustic pressure pulse from particle suspension at different concentrations

Once the time at an instant of thermal-to-acoustic conversion (tcony) is assumed properly, we can
straightforward estimate the acoustic pressure pulse in the absence of laser and sound attenuation,
using Eq. (1) with the values of gj(t) (i = tot, p, m) at t = t.,ny that are obtained from Eq. (10) with the
numerical solution of T(r,t) for Eq. (4). Following Egerev et al. [11], teon Was assumed to be the
time for the end of laser irradiation, namely tcony =t (=0.8 ns) in the present study.

The light absorbance A, for the monodispersed suspension of particles in the cuvette of the light

pass length of L is defined as



A =-log,[1(L)/1,]=n0,,L/l0g, 10 (11)

1(L)=1,-exp(—n,o,,L) (12)

pOext
where oex: IS the extinction cross-section of the particle and Ip = s_Fo. If the particles are sufficiently
small, the extinction cross-section is approximated as oex: =~ oans, leading to

A ~no,lL/log,10=ne L /(F, log,10) (13)

where ey = oansFo denotes the optical power deposition per particle. Using Egs. (1) and (13) with ey

= e, the photoacoustic pressure pulse in the absence of laser and sound attenuation is given by
P = [(F 109,20)/L x| (%1, /6 =T )- X+T,, |- A, (14)

Equation (14) is useful for analyzing the photoacoustic signals observed from the particle

suspensions of different particle sizes and concentrations, as will be shown in Section 4.3.

4. Results and discussion

4.1. Observation of photoacoustic signal amplitudes

Figure 2 displays the signal amplitude observed from a laser-irradiated aqueous suspension of 50-
nm gold NPs at 20 °C, as a function of time. Two isolated spikes were observed as indicated by the
arrows in Fig. 2: the positive-peak signal was first observed and followed by the negative-peak
signal after the time period of 0.62 us. The time lag between these first and second peak signals
exactly coincides with the value of L/Cy, = 0.62 us for the sample cuvette of L = 0.92 mm, where
the speed of sound wave in water, Co m = 1481 m/s, was used. These results indicate that the peaks of
the first and second signals in Fig. 2 correspond to the plane waves generated at the inner walls of
the cuvette, Z = L and 0, respectively (see also Fig. 1). Thus, the transducer output was not a
pressure pulse signature, but its derivative, where the profile of photoacoustic signal observed by our
experimental setup reflected the shape of a laser-irradiated domain of particle suspension in a
cuvette rather than the morphology of individual particles [19]. The peak signals at Z = 0 were used

as a measure of the photoacoustic responses to avoid the complication from laser attenuation in the
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Fig. 2. Time variation of acoustic signal amplitudes observed from a laser-irradiated aqueous
suspension of 50-nm gold NPs at 20 °C. The light absorbance of this suspension was As;; = 0.33,
which is equivalent to the number concentration of n, = 1.1 x 10" particles/mL. The arrows

indicate two isolated spikes observed.

present study, whereas those at Z = L were affected by the laser attenuation as
experimentally/theoretically demonstrated in Ref. [19]. The detailed results of the photoacoustic
signals observed are summarized in Fig. S1-S3.

Figure 3 shows the peak values of the photoacoustic signals from suspensions of gold NPs for
different diameters of d, = 20, 40, and 50 nm at different temperatures of 4 and 20 °C, as a function
of the absorbance of the suspension Asp,, which was measured using the cuvettes of L = 0.92 mm
and represented by Eq. (11). The peak signal for the suspension of each NP size at 20 °C linearly
increased with the absorbance in the range of Asy, < 0.35. This behavior is in good agreement with
the results of Copland et al. [26], where the photoacoustic signal amplitude from 40-nm gold NPs
embedded in the gelatin phantom linearly increases with the concentration up to n, = 1.2 X 10"
particles/mL. It is noted that A;, is directly proportional to the number concentration of the suspended
particles, np, via Eq. (13), when the suspensions are sufficiently dilute and the particles are
sufficiently small. These results are consistent with the theoretical estimation of Eq. (14). Several
experimental studies have reported that the photoacoustic pressures from a laser-irradiated water and

a laser-irradiated suspension containing particles increase linearly with the laser fluence under
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Fig. 3. The peak values of the acoustic signals observed from a laser-irradiated aqueous of 20-nm

(circles), 40-nm (diamonds) and 50-nm (triangles) gold NPs, as a function of the absorbance of

the suspension As,; for different temperatures of 4°C (open symbols) and 20°C (filled symbols).

The dashed and solid lines are the guides for the eyes. The thick, gray-colored line indicates the

level of the background noise.

sufficiently low laser fluence [7, 8, 15, 16, 27]: this linear increase of the photoacoustic pressure is
explained by Eq. (14) as well. If the laser fluence exceeds a threshold, the photoacoustic pressure
experiences a sharp nonlinear increase, where the water layer adjacent to heated metal NPs
undergoes a phase transition from liquid to vapor [7-17]; this is out of our scope in the present study.

In the case of 4 °C, the peak signals were significantly reduced compared with those at 20 °C. The
peak signals at Asp, ~ 0.1 were very close to the level of the background noise, although they slightly
increased with the absorbance in the range of As;; > 0.15. Similar behavior has been reported by
Chen et al. [18], where the photoacoustic signals for an aqueous suspension of 26-nm gold NPs

irradiated by 5-ns laser pulses becomes negligibly small at 4 °C.
4.2. Theoretical estimation of temperatures and thermal energies
As described in Section 3.3, we computed the temperature profile for a spherical gold NP (d, = 20

or 50 nm) and the surrounding water, which were irradiated by the laser pulse. The absorption
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Fig. 4. The spatial distribution of the temperature rise, AT(r,t), around a spherical gold NP in
water at 20 °C after t = 0.8 ns: (a) dy = 20 nm and (b) d, = 50 nm. The temperature rise was
normalized by the maximum temperature rise of the particle without heat l0ss ATyer = €o/(CpopVp),
where ey = oumsFo represents the optical power deposition per particle. Almost the same

simulation results were obtained for 4 °C.

efficiencies of the spherical gold NPs in water were calculated following Ref. [24], where Qaps =
aabs/mp2 =1.12 and 3.17 at A = 522 nm were obtained for d, = 20 and 50 nm, respectively. It should
be noted that we implicitly assumed no thermal expansion during/after laser irradiation. Figure 4
shows the spatial distribution of the temperature rise around the gold NPs at 20 °C after t = 0.8 ns (=
t., immediately after the laser irradiation), when the temperature of the NPs became maximal. The
temperature rise was normalized by ATwr = €0/(CoopVp), Where ey = ounsFo represents the optical
power deposition per NP. As seen from Fig. 4, the temperatures inside the NP (r < rp) were almost
homogeneous regardless of the NP diameters considered in the present study (d, < 60 nm). This is
due to the large thermal diffusivity of gold, y, (= kp/Cpop) = 1.27 X 10~* m?/s. The thermal diffusion
distance of gold for the laser pulse duration is calculated as (y, t.)"2 = 319 nm, which is about ten
times larger than the radii of NPs considered in the present study (r, < 30 nm). A comparison

between parts a and b of Fig. 4 indicates that the temperature inside the NP increased with the NP

diameter. The heated volumes were highly localized to the vicinity of the NPs, although there was
13
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Fig. 5. The ratio between the thermal energy inside the NP and the total thermal energy, e, / €,

for a spherical gold NP in water at 20 °C after t = t. = 0.8 ns, as a function of the NP diameter.

Almost the same simulation result was obtained for 4 °C.

Figure 5 shows the ratio between the thermal energy inside the NP and the total thermal energy,

ep / eyt Tor a spherical gold NP in water at 20 °C after t = t, = 0.8 ns, as a function of the NP
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Fig. 6. (a) Replot of the experimental data in Fig. 3 as a function of the NP diameter for different
temperatures of 4°C (open symbols) and 20°C (filled symbols), where every peak value of the
photoacoustic signal was normalized by the absorbance of the NP suspension Asy,. The results of
dp = 8 nm (squares) taken from Ref. [19] are also shown. (b) The acoustic pressure pulse
normalized by the optical power deposition of the suspension per unit volume for the systems

corresponding to panel a at 4 °C (dashed line) and 20 °C (solid line).



4.3. Comparison between experimental results and theoretical estimations

As shown in Fig. 6a, the experimental data in Fig. 3 is replotted as a function of the NP diameter,
where every peak value of the photoacoustic signal was normalized by the absorbance of the NP
suspension Asz. The results of d, = 8 nm taken from our previous study [19] are also shown in Fig.
6a. According to Eq. (14), the photoacoustic signal normalized by the absorbance (pwi/A,) should be
constant for a given NP diameter (dp) regardless of the absorbance (A;) or the NP concentration (ny).
Indeed, this is the case for Fig. 6a, though some scatters are observed: this result demonstrates the
accuracy of our experimental observation as well as the validity of our phenomenological modeling.

In the case of 20 °C, the normalized peak signal decreased with increasing d,. This result suggests
that even when the total energy of an NP suspension per unit volume produced by the laser
irradiation is constant, the resultant photoacoustic pressure is greatly influenced by the NP size. In
the case of 4 °C, the normalized peak signals were significantly reduced compared with those at
20 °C.

Figure 6b displays the calculated acoustic pressure pulse (prwt) as a function of dy, where every prot
was normalized by nyeo that represents the optical power deposition of the suspension per unit
volume. In the case of 20 °C, the predicted pressure pulse decreased with increasing dp; this
behavior was in good agreement with the experimental result shown in Fig. 6a. The dimensionless
prefactors for the NP and medium contributions in Eq. (1) were calculated as xpl"p/xm = 0.038 and

I'm = 0.108, respectively. Using these values, Eq. (1) or (14) with ey = €9 Can be rewritten as prot/Np€o

= - 0.070x + 0.108, where x monotonically increases from zero to unity with increasing dj (see Fig.
5). The negative sign of the prefactor for x in Eqg. (14) explains the monotonic decrease of the
normalized acoustic pressure with the NP size shown in Fig. 6b.

In the case of 4 °C, the calculated acoustic pressure pulses were considerably diminished, where

Eq. (1) is reduced to pio/Npeo = 0.038x because of Suaer = 0 at 4 °C. The acoustic pressure pulse at 4

°C was never contributed by a great amount of the heat within the water medium (i.e., em/ewt = 1 —
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ep/er > 0.66 as in Fig. 5) because of Suwaer = 0 as in Table S1, but solely by a negligibly small
amount of the heat within the NP (i.e., ep/ew: < 0.34 as in Fig. 5). This extremely low efficiency of
the thermal-to-acoustic conversion at 4 °C resulted in the negligibly small values of acoustic

pressure pulses compared with the case of 20 °C, as in Fig. 6b. It is noted that the pressure pulse
predicted at 9 °C is constant regardless of the NP size (i.e, pwt/Np€o = 0.037), where the temperature-
dependent properties of water were used as listed in Table S2 and the physical properties of gold
were assumed to be constant regardless of temperature as in Tale S1.

The simulation results in Fig. 6b generally agreed with the experimental results in Fig. 6a, though
there were some variances between them at 4 °C. This would be explained by the following two
reasons. First, it was technically difficult to measure with precision the photoacoustic signal
amplitudes in water at 4 °C that were relatively small and close to the value of the background noise
(see Fig. 3). Second, the assumptions made in our phenomenological modeling are arguable, where
the physical properties of an NP and its surrounding medium were assumed to exhibit the constant
values at the initial temperature during the laser irradiation; especially, the assumption of Syater = 0
at 4 °C seems more or less premature. Although the temperature rise of the whole suspension is
sufficiently small (~ several mK) during laser irradiation, that of the medium in the vicinity of an NP
is large according to our estimation of the temperature profiles (see Fig. 4). This suggests that the
contribution of acoustic pressure from the water medium is not negligible even at the temperature
point of 4 °C [28]. Therefore, it is desirable to take this thermal nonlinearity into consideration,

when modeling the photoacoustic phenomena at 4 °C [19]. This will be our future study.

5. Conclusions

We carried out the experimental measurements of the photoacoustic responses, where the
suspensions of spherical gold NPs of different diameters (20, 40, and 50 nm) in water at different
concentrations and temperatures (4 and 20 °C) were irradiated by nanosecond laser pulses. In the
case of 20 °C, the values of photoacoustic signals normalized by the light absorbance of the NP

suspension decreased with increasing the NP size. This size-dependent behavior of the photoacoustic
16



responses agreed with the prediction from our phenomenological model, where the acoustic pressure
pulse is represented by a sum of two contributions from the NPs and the medium. In the case of 4 °C,
the photoacoustic signals were significantly reduced compared with those at 20 °C. This result was
reasonably explained by our model, though there were some variances between the experimental
results and the theoretical estimations at 4 °C. Further experimental and theoretical studies are
required for understanding clearly how the magnitudes of photoacoustic responses from agueous

suspensions of gold NPs at 4 °C are influenced by the NP size.
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Fig. S1. Time variation of signal amplitudes observed from a laser-irradiated aqueous suspension of
20-nm gold NPs. As,;, represents the observed absorbance of the suspension through the cuvette of the
light pass length of L = 0.92 mm at a wavelength of 522 nm. (a) Asy2 = 0.102, 4 °C; (b) Asz2 = 0.102,
20 °C; (c) Asp2 = 0.189, 4 °C; (d) Asze = 0.189, 20 °C; (e) Asz = 0.326, 4 °C; and (f) Asz, = 0.326,

20 °C.
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Fig. S2. Time variation of signal amplitudes observed from a laser-irradiated aqueous suspension of
40-nm gold NPs. Asp, represents the observed absorbance of the suspension through the cuvette of the
light pass length of L = 0.92 mm at a wavelength of 522 nm. (a) Asy2 = 0.097, 4 °C; (b) Asz2 = 0.097,
20 °C; (c) Asp2 = 0.178, 4 °C; (d) Asz2 = 0.178, 20 °C; (e) Asz = 0.306, 4 °C; and (f) Asz, = 0.306,

20 °C.
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Fig. S3. Time variation of signal amplitudes observed from a laser-irradiated aqueous suspension of
50-nm gold NPs. As,;, represents the observed absorbance of the suspension through the cuvette of the
light pass length of L = 0.92 mm at a wavelength of 522 nm. (a) Asp2 = 0.132, 4 °C; (b) Asp2 = 0.132,
20 °C; (c) Asp2 = 0.207, 4 °C; (d) Asz2 = 0.207, 20 °C; (e) Asz = 0.333, 4 °C; and (f) Asz = 0.333,

20 °C.
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Fig. S4. (a) The normalized intensity of a laser beam with a rectangular pulse of FWHM t_ = 0.8 ns, as
a function of time t. (b,c,d) The total thermal energy produced by a laser-irradiated gold NP of three
different diameters [ew(t), solid line, green], the thermal energy inside the NP [ey(t), long dashed line,
red], and the thermal energy of its surrounding water medium [em(t), short dashed line, blue], as a
function of time t at 20°C: (b) d, = 20 nm, (c) d, = 40 nm, and (d) d, = 50 nm. Every energy ej(t) (i =

tot, p, m) was normalized by ey, which represents the optical power deposition per NP.



Table S1. Physical properties of gold (particle) and water (medium) at ambient conditions (taken from

Ref. [19]).
Physical property Gold Water Water
at4°C at20°C
pi : Mass density (kg m™) 19320 1000 998
ci : Specific heat capacity (J kg™ K™) 128 4205 4182
ki : Thermal conductivity (J K* m™s™) (315)* 0.567 0.599
i : Thermal diffusivity (m®s™) (1.27x107%*  1.35x10°' 1.43x1077
Si : Thermal coefficient of volume expansion (K ™) 4.27x10°° 0 2.06x107*
ki : Isothermal compressibility (Pa™) 5.88x1072  4.96x107°  4.59x107%°
i = Bi/kicipi : Griineisen parameter (—) 2.94 0 0.108
Dimensionless prefactor for p; in Egs. (1) or (14) 0.038° 0° 0.108°

% The value in the parenthesis was not used in the solutions of the heat transfer equations.

® The value of the prefactor plp/ kim for the particle contribution in Egs. (1) or (14).

¢ The value of the prefactor I'y, for the medium contribution in Egs. (1) or (14).



Table S2. Coefficients a; (i =0, 1, 2, 3, and 4) of predictive equations for physical properties of water

(medium) at different temperature T: f(T/°C) = ap + aiT + a;T + asT° + a,T*.

Physical property ao a1 a as a

Pm : Mass density (kg m™®)? 1.00x10°  1.97x102 -5.94x10° 1.59x107°
Cm : Specific heat capacity (J kgt K)®  4.22x10° ~3.71 0138  -25x10°  2.0x10°
LSm . Thermal coefficient of volume

_ — -6.93 177 -2.33x107%  2.24x10* -8.61x10™*
expansion (10> K™) ¢
Km - Isothermal compressibility

5.10 -3.69x10%  6.71x10* -4.99x10° 1.75x10°®

(10 pahy®
240 <T/°C < 100.

b0 < T/°C < 40.
©0 < T/°C < 90.



	Manuscript
	Figures
	SupplementaryData

