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 ABSTRACT 

The probe-assisted integration of imaging and therapy into a single modality

offers significant advantages in bio-applications. As a newly developed

photoacoustic (PA) mechanism, plasmon-mediated nanocavitation, whereby 

photons are effectively converted into PA shockwaves, has excellent advantages

for image-guided therapy. In this study, by simulating the laser absorption,

temperature field, and nanobubble dynamics using both finite-element analysis 

and computational fluid dynamics, we quantified the cavitation-induced PA 

conversion efficiency of a water-immersed gold nanosphere, revealing new 

insights. Interestingly, sequential multi-bubble emission accompanied by high 

PA signal production occur under a single high-dose pulse of laser irradiation, 

enabling a cavitation-induced PA conversion efficiency up to 2%, which is

~50 times higher than that due to thermal expansion. The cavitation-induced PA 

signal has unique frequency characteristics, which may be useful for a new

approach for in vivo nanoparticle tracking. Our work offers theoretical guidance

for accurate diagnosis and controllable therapy based on plasmon-mediated 

nanocavitation. 

 
 

Since it was discovered by Bell in 1880 [1], the 

photoacoustic (PA) effect has been applied in biomedical 

imaging field as an emerging technology. Benefiting 

from its capacity for high-resolution sensing of the 

optical contrast at depths beyond the photon-transport 

mean free paths, PA imaging provides outstanding 

opportunities for noninvasively monitoring disease 

pathophysiology in vivo [2–10]. The PA technique has 

been employed for various bio-applications, such as 

visualizing blood-vessel structures and melanoma 

where intrinsic contrast is available [11–13]. Because 

many diseases lack PA contrast, the use of exogenous 

contrast agents that selectively target the region of 

pathological change allows the PA technique to be 
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extended to functional and molecular imaging [14–22]. 

Among the contrast agents, plasmonic nanoparticles 

(PNPs) have attracted intensive research interest 

because they have strong optical absorption and their 

peak absorption wavelengths can be finely tuned by 

inducing localized surface plasmon resonance (LSPR). 

The conventional mechanism for PNP-mediated PA 

imaging is thermal expansion, where the nanoparticles 

absorb laser energy, causing localized volume heating 

and PA wave emission. However, owing to its low 

conversion efficiency, the biomedical applications  

of thermal expansion, especially deep-seated tissue 

imaging, are severely restricted. As a novel alternative 

PA conversion mechanism [23, 24], plasmon-mediated 

nanocavitation provides a substantially higher PA 

conversion efficiency than thermal expansion. When 

the PNPs are irradiated by a high-dose laser, their sharp 

temperature increase may exceed the supercritical 

temperature of the liquid in the vicinity of the PNPs. 

Thus, a rapid phase transition occurs in the surround-

ing liquid, and a nanobubble emerges around the 

PNPs. The quick expansion and collapse of this 

bubble lead to large PA wave emission. This efficient 

transduction from photons to acoustic waves enables 

highly sensitive PA imaging by providing a bright 

contrast, meanwhile offering a promising therapeutic 

strategy through shockwave-induced mechanical 

damage to targeted cells and/or bubble explosion- 

induced drug release [25, 26]. Recent reports show that 

image-guided PA therapy can be achieved by utilizing 

triggerable PNP-loaded perfluorocarbon droplets, via 

a combined approach involving imaging and therapy 

functionalities [27]. However, the lack of quantitative 

analysis of the cavitation-mediated PA effect hinders 

its application in accurate disease detection and con-

trollable therapy, and vital issues such as the process, 

the quantified efficiency of the PA conversion, and 

the in situ PA pressure intensity remain unclear.  

In this study, we aimed to advance our basic 

understanding of the nanocavitation mechanism by 

performing quantitative simulations of the PA con-

version process for a water-immersed gold nanosphere 

under nanosecond laser irradiation. Analytical and 

computational methods, including finite element 

analysis (FEA) and computational fluid dynamics (CFD), 

were used in our simulation, and the computational 

method provided intuitive details that cannot be 

obtained by experiments [28, 29]. We found that the 

phase transition-induced bubble formation may occur 

under a laser energy lower than the safety threshold 

and that the PA signal amplitude is several times that 

due to thermal expansion. Interestingly, a secondary 

bubble emerges after the collapse of the first bubble, 

resulting in sequential multi-bubble emission upon 

irradiation by a single laser pulse. We monitored the 

temperature field and found that it is caused by the 

obstruction of the sphere-liquid heat exchange by the 

bubble; thus, the sphere temperature remains higher 

than the liquid supercritical point when the liquid 

returns to the sphere surface after the first bubble 

collapses. The multi-bubble emission acts as an in situ 

nano-ultrasonic transmitter by launching multiple 

sequential pulses, similar to ultrasound therapy.  

The synergy between the unique bubble dynamics 

and the nanocavitation-induced high PA pressure 

enables a cavitation-induced PA conversion efficiency 

~50 times higher than that due to thermal expansion. 

Our simulation offers theoretical guidance for accurate 

diagnosis and therapy using the cavitation-mediated 

PA technique and provides useful information for 

bubble-mediated blood–brain barrier disruption or 

the increased cellular uptake of therapeutic drugs 

through cell-membrane poration. Additionally, the 

nanocavitation-induced PA signal has unique frequency 

characteristics that can be exploited to develop a new 

approach for in vivo nanoparticle tracking. The PNP 

aggregation-induced LSPR coupling that leads to 

nanocavitation under low-dose laser irradiation is 

also discussed. 

The plasmon-mediated absorption of the pulsed laser 

and the resulting thermal response are of particular 

interest for biological applications [30]. When the PNPs 

are illuminated by the pulsed laser, owing to the 

strong LSPR, free electrons are excited to a high energy 

level within 50 fs through photon–electron interactions 

[31]. Then, the excited electrons nonradiatively release 

their kinetic energy to the lattice of PNPs through 

electron–phonon interactions and cause localized 

heating. Assuming that the PNPs are irradiated by 

laser with a time-harmonic electric field E with a 

frequency of ω, the electric-field distribution can be 

computed using the Helmholtz equation [32]  
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Where μr, εr, σ, and k0 are the relative permeability, 

permittivity, conductivity, and wavenumber, respec-

tively. We consider a water-immersed gold nanosphere 

with a radius of 30 nm, which is rational and practical 

for biological applications. The electric-field amplitude 

is E0 = 2.4 × 106 V/m, and the corresponding laser 

irradiance, Iin = cε0nwaterEz
2/2, is ~10 mW/μm2, where  

c, ε0, and nwater are the speed of light, the vacuum 

permittivity, and the refractive index, respectively. 

The interaction of the laser with the PNPs induces 

polarization and dipolar oscillations of the free electrons 

in the PNPs [33], and an enhanced electric field 

appears in the small region around the PNPs, as 

quantitatively modeled in Fig. 1(a). Through electron– 

phonon interactions, the sphere transforms kinetic 

energy into heat, which can be quantitatively computed 

as resistive heating Qabs = J ·E according to the FEA 

method [34]. J is the current density due to the free- 

electron oscillation. The absorbed power as a function 

of the incident laser wavelength is calculated in Fig. 1(b), 

where the wavelength with highest absorption is 

identified as the plasmon resonant wavelength. The 

laser absorption of the sphere leads to the heating of 

the sphere and the surrounding water, and once the 

water temperature exceeds the supercritical temperature, 

a phase transition-induced bubble forms around the 

sphere, as illustrated in Fig. 1(c). Subsequently, thermal 

energy finally diffuses out of the region of interest. 

When the sphere is irradiated by a nanosecond 

pulsed laser, the quick accumulation of laser energy 

causes the temperature of the sphere to increase sharply. 

However, because of the small size of the sphere, its 

thermal confinement time τth = R2/α is comparable to 

the laser pulse width, where R and α are the radius of 

the sphere and the thermal diffusivity of the liquid, 

respectively [35]. Thus, the diffusion of thermal energy 

from the sphere to the surrounding liquid, as well as 

the increase in the temperature of the liquid, cannot be 

neglected. Because the laser pulse width is substantially 

larger than the electron–phonon coupling time, the 

heat-diffusion equation describes the temperature of 

 

Figure 1 (a) Electric-field enhancement for a 30-nm water-immersed gold nanosphere due to LSPR. The color legend shows the ratio
of the enhanced electric field to the incident electric field. (b) Absorbed power as a function of the laser wavelength for the sphere under
10-mW/μm2 laser irradiation. (c) Schematic of the PA signal production process based on plasmon-mediated nanocavitation. 
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the sphere and its surrounding liquid 
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Where ρ, Cp, k, and T are the density, heat capacity, 

thermal conductivity, and temperature, respectively. 

Qabs is the absorbed power. In our simulations, the 

sphere is irradiated by a laser with a pulse width of  

3 ns at the plasmon resonant wavelength, where the 

liquid (water) is assumed to be optically transparent 

owing to its relatively low absorption. Figure 2(a) 

shows the temperature of the sphere with respect   

to time under laser irradiation of 6 and 20 mW/μm2 

respectively. For low-dose laser irradiation, the sphere 

is heated without nanocavitation, and its temperature 

does not exceed the supercritical temperature of water. 

The dynamic temperature field is quantitatively 

simulated, as shown in Fig. 2(b), indicating that   

the water temperature increases quickly as the laser 

pulse is applied because of the heat diffusion from 

the sphere. The length of the heated liquid layer 

(thermal-diffusion length) is defined as    and 

is ~20.5 nm at the end of the pulsed-laser irradiation. 

Then, the temperature field is eventually smoothed 

by heat diffusion. However, for high-dose laser 

irradiation, the sphere is prone to be overheated, 

exceeding the supercritical temperature of water (580 K) 

[32]. Owing to the small size of the sphere, the Laplace 

pressure [36], P = 2σ/R, of a 30-nm bubble created by  

the liquid surface tension σ = 0.073 N/m is ~49 atm, 

resulting in a phase-transition temperature that is 

substantially higher than the macroscopic boiling 

temperature of water (373 K). As shown in Figs. 2(a) 

and 2(c), under the laser irradiation of 20 mW/μm2, 

the sphere and water are gradually heated from 300 K 

to the supercritical temperature of water within 1.2 ns. 

Subsequently, a phase transition occurs at the sphere 

surface: The water first forms a thin vapor layer and 

then expands into a bubble because the pressure in 

the vapor is substantially higher than the ambient 

pressure. 

The initial pressure in the newly formed vapor 

layer can be predicted using the Clausius–Clapeyron 

equation [37] 

vap

sat 0

0

1 1
( ) exp

H
p T p

R T T

  
       

      (3) 

Here, p0 = 101 kPa and T0 = 273.15 K are the ambient 

pressure and temperature, respectively, in our simu-

lation, Hvap is the latent heat of vaporization, and R  

is the gas constant. The calculated initial pressure is 

~100 atm. The formed vapor layer is in the non- 

equilibrium state, with a relatively high pressure and 

temperature. As the expansion continues, the bubble 

dissipates energy by performing work on the external 

water, which is accompanied by PA wave emission. 

The bubble dynamics are simulated by CFD using the 

Rayleigh–Plesset equation [38] 

 

Figure 2 (a) Temperature of the gold nanosphere with respect to time under 3-ns pulsed laser irradiation with different laser energies. 
(b) Temperature fields for a water-immersed gold nanosphere under 6-mW/μm2 laser irradiation. (c) Temperature fields and nanobubble 
dynamics for a water-immersed gold nanosphere under 20-mW/μm2 laser irradiation. 
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Here, ρ is the liquid density, R is the bubble radius, μ 

is the viscosity, and Pbubble is the pressure in the bubble. 

By assuming the bubble to be an ideal gas, the bubble 

pressure is estimated using the equation of state [32] 

bubble bubble bubble,V bubble
( 1)P C T           (5) 

Here, γ = Cbubble,p/Cbubble,V. Cbubble,p and Cbubble,V are the 

specific heat capacity at a constant pressure and volume, 

respectively. ρbubble is dynamically evaluated with 

respect to the time and temperature in our simulation, 

and the density, pressure, and temperature are assumed 

to be homogeneous in the bubble. The expansion of 

the bubble decreases its internal pressure and tem-

perature, while the pressure of the liquid in the vicinity 

of the bubble–liquid interface increases because of 

liquid compression. In our simulation, the liquid 

pressure is tracked using the volume-of-fluid method 

according to the Navier–Stokes equation [39] 

2

liquid

v
v v P v

t
   

       
       (6) 

Here, we assume the liquid (water) to be incompressible 

and Newtonian. v and Pliquid are the velocity and the 

liquid pressure, respectively. The velocity is assumed 

to be continuity in our simulation. After the bubble 

expands to its maximum radius, it collapses, and the 

liquid finally returns to the sphere surface (Fig. 2(c)). 

We assume that during the bubble formation, the 

power absorbed by the sphere remains constant 

under the application of the laser pulse. The bubble 

causes heat insulation between the sphere and the 

surrounding liquid; thus, a sharp temperature increase 

is observed from 1.3 to 3 ns. After the application   

of the laser pulse, no obvious temperature decrease is 

observed before the bubble collapse.  

Through bubble expansion and collapse, the absorbed 

energy is converted into PA waves, as described   

by the relationship between the PA pressure and the 

bubble-induced displacement [40] 

2

PA 2

u
P

t
 

  


                (7) 

where PPA and u are the PA wave pressure and the 

bubble-wall displacement. Equation (7) can be trans-

formed into PPA = –ρcL∂u/∂t, where cL is the velocity of 

sound in the liquid. We quantified the produced PA 

signal by tracking the bubble-wall displacement, as 

shown in Fig. 3(a). The bubble expansion corresponds 

to the compression wave, i.e., the positive part of the 

PA wave, and the bubble collapse corresponds to the 

stretch wave, i.e., the negative part of the PA wave. 

The quick movement of the bubble–liquid interface  

 

Figure 3 (a) Bubble-wall displacement and PA signal with respect to time. (b) Simulated PA signal amplitudes for a water-immersed 
gold nanosphere as a function of the incident laser energy. 
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(~10 m/s) induces the emission of large PA waves 

with an amplitude of ~25 MPa under 20-mW/μm2 

irradiation. As the energy of the incident laser 

increases, the phase transition-induced bubble grows 

more quickly, and a larger bubble is formed (bottom 

illustration in Fig. 3(b)), yielding the emission of PA 

waves with a substantially larger amplitude. In com-

parison, for a laser energy lower than the cavitation 

threshold, the PA signal is produced according to the 

thermal-expansion mechanism. By determining the 

thermal expansion-induced displacement using FEA 

method, the produced PA signal can be calculated 

according to Eq. (7) (top illustration in Fig. 3(b)). This 

reveals that the nanocavitation produces a substantially 

higher PA signal amplitude than the thermal expansion. 

From a microscopic viewpoint, thermal expansion stems 

from the anharmonicity of the molecular vibration- 

induced displacement [41], where the molecular spacing 

in the heated area hardly changes. However, the phase 

transition due to the bubble formation enlarges the 

molecular spacing by multiple orders of magnitude, 

which enables large macroscopic displacement com-

pared with the case of thermal expansion.  

Before the bubble collapses, the heat exchange 

between the sphere and liquid is insulated, and the 

sphere temperature remains higher than the super-

critical temperature. After thebubble collapses and 

the liquid returns to the sphere surface, the liquid can 

be heated to the supercritical temperature. Therefore, 

an interesting phenomenon occurs, where a phase 

transition and the formation of a secondary bubble 

follow the collapse of the first bubble, leading to 

sequential multi-bubble emission upon irradiation  

by one laser pulse, which lasts until the sphere tem-

perature decreases below the supercritical temperature 

(Fig. 4(a)). Subsequently, the sphere temperature 

deceases because of the fast heat diffusion that occurs 

when the sphere contacts the liquid; here, we hardly 

observe a temperature gradient in the liquid. Finally, 

the thermal energy in the sphere is smoothed through 

the heat diffusion (35.5 ns). The multi-bubble emission 

causes the multistage oscillation of the PA signal, as 

shown in Fig. 4(b), leading to wave emission for dozens 

or even hundreds of nanoseconds under irradiation 

by a nanosecond pulsed laser (Fig. 4(c)). 

We quantify the PA conversion efficiency for both 

 

Figure 4 (a) Sequential multi-bubble emission upon irradiation by one laser pulse. (b) Corresponding bubble-wall displacement and
PA signal with respect to time. (c) Table showing the time scales of the LSPR, lattice heating, water heating, and cavitation. 
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thermal expansion [42] and nanocavitation as  

η = Wbubble/Wlaser               (8)  

where Wbubble is the absorbed laser power, and Wlaser = 

PPA
2S/8ρcL is the PA wave power, with S as the wave- 

emission area.  

The multi-bubble emission acts as an in situ nano- 

ultrasonic transmitter by launching multiple sequential 

pulses. The synergy between the unique bubble 

dynamics and the nanocavitation-induced high PA 

pressure leads to an ultrahigh PA conversion efficiency. 

Figure 5(a) quantitatively compares the PA signal 

amplitude and the PA conversion efficiency for thermal 

expansion and nanocavitation under 6 and 20 mW/μm2 

irradiation, respectively. The cavitation-induced PA 

conversion efficiency is up to ~2%, which is ~50 times 

higher than that for thermal expansion. For the PNP- 

mediated nanocavitation, most of the absorbed energy 

is finally deposited in the system as thermal energy, 

and this energy may be useful for photothermal 

therapy. The plasmon-mediated sequential multi- 

bubble emission due to irradiation by one laser pulse 

induces the multistage oscillation of the PA signal, 

which has unique frequency characteristics. Figure 5(b) 

shows the frequency spectra for the nanocavitation- 

and thermal expansion-induced PA signals, which were 

obtained using the Fourier transform. Compared with 

the thermal expansion, the nanocavitation shows a 

narrow frequency band with side peaks. Thus, PNPs 

that induce nanocavitation can be selectively tracked 

through frequency analysis of their PA signals. This 

method can be developed into a new approach for in 

vivo nanoparticle tracking.  

As the PNPs target disease-specific cells, they may 

suffer target- and endocytosis-induced aggregation [43], 

which can induce nanocavitation under a relatively 

low laser energy. Under laser irradiation, the LSPR 

coupling between the adjacent PNPs leads to a 

significant electromagnetic-field enhancement compared 

with the case of single nanoparticles, resulting in a 

large absorption enhancement [44]. Here, we consider 

the two-sphere coupling model with a sphere radius 

of 30 nm and a spacing of 6 nm. As shown in Fig. 6(b), 

we simulated the absorbed power per sphere, where 

the absorbed power exhibited an increase by a factor 

of ~4 compared with that without LSPR coupling. 

The redshift of the absorption spectrum arises from 

the LSPR coupling of the two nanospheres. Therefore, 

nanocavitation occurs even under low-dose laser 

irradiation (6 mW/μm2), as shown in Fig. 6(c). However, 

the nanospheres are overheated at a temperature higher 

than their melting temperature (~1,300 K) [45, 46]. 

Owing to their small size, gold nanoparticles have a 

lower melting temperature than bulk gold (1,337 K). 

The melting of the nanomaterials should be avoided to 

ensure their stability in bio-applications. Our discussion 

provides a theoretical basis for nanocavitation-induced 

sensitive PA imaging and therapy under low-energy 

laser irradiation.  

We investigated the PA conversion process caused 

by plasmon-mediated nanocavitation for a water- 

immersed gold nanosphere under nanosecond laser 

 

Figure 5 (a) Quantitative comparison of the PA signal amplitude and the PA conversion efficiency for a water-immersed gold nanosphere 
under the thermal expansion (6 mW/μm2) and nanocavitation (20 mW/μm2). (b) Normalized frequency spectra of the PA signal produced 
by the thermal expansion and nanocavitation. 
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irradiation. In contrast to our mechanism, Meunier  

et al. [47] reported that plasmon-mediated cavitation 

can also occur under ultrafast laser irradiation. They 

used a near-infrared femtosecond laser pulse to induce 

an enhanced field around the nanoparticles, which 

directly ionized and heated nanoplasma in the 

surrounding water, forming a bubble. Because this 

mechanism strongly depends on the nonlinear energy 

absorption in water rather than the absorption of the 

nanoparticles, a substantially higher laser fluence is 

needed to induce the plasmon-mediated cavitation, 

which restricts the bio-applications of the method. 

The plasmon-mediated nanocavitation is a com-

plicated multiphysics process involving optical-thermal- 

fluid coupling. Compared with models that simply 

focus on the spherical bubble dynamics without con-

sidering the heat transfer [48], our computational 

method is more suitable for providing intuitive 

thermal and bubble-dynamic details, especially for 

nanoparticles with various shapes.  

By simulating the laser absorption, the temperature 

field, and the nanobubble dynamics using both FEA 

and CFD, we quantified the cavitation-induced PA 

conversion efficiency of a water-immersed gold 

nanosphere and compared it with the thermal 

expansion-induced PA conversion efficiency. The 

synergy between the sequential multi-bubble emission 

under irradiation by a single laser pulse and the large 

PA signal amplitude yield a PA conversion efficiency  

~50 times higher than that for thermal expansion. 

Additionally, the cavitation-induced PA signal has 

unique frequency characteristics that can be exploited 

to develop a new approach for in vivo nanoparticle 

tracking. The PNP aggregation-induced LSPR coupling 

that leads to nanocavitation under low-dose laser 

irradiation was also examined. Our simulation offers 

theoretical guidance for cavitation-mediated accurate 

diagnosis and therapy using the PA technique. 
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