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BEHAVIOUR OF PLASMONIC NANOPARTICLE-GENERATED 
CAVITATION BUBBLES 

EMIL-ALEXANDRU BRUJAN* 

Abstract. The transient dynamics of cavitation nanobubbles generated through the 
irradiation of gold nanoparticles, via the particle's plasmonic resonance, very close to 
the threshold laser fluence for bubble formation, is investigated numerically. Both for 
short and long laser pulses, the maximum bubble radius is in the nanometer range. 
The maximum bubble radius is almost proportional to the square root of the laser 
fluence. For long laser pulses, and very close to the threshold fluence for bubble 
formation, the energy dependence of the bubble size is stronger. The oscillation time 
of cavitation nanobubbles is smaller than that predicted by the Rayleigh formula. 
Excellent agreement was found between previous experimental results and the present 
calculations. The results indicate that the mechanical effects associated with bubble 
formation are compatible with intracellular nanosurgery and are also of interest for a 
gentle transfection of genes into biological cells. 
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1. INTRODUCTION 

It was recently demonstrated that the mechanical properties of cavitation 
bubbles, generated through the irradiation of plasmonic gold nanoparticles, can be 
used to produce a surgical device. A cavitation bubble is induced when a plasmonic 
gold nanoparticle is overheated with a laser pulse. As a result, the nanoparticle 
evaporates a very thin volume of the surrounding medium, thus generating a 
cavitation bubble that grows and then collapses within a very short period of time. 
The fast expansion of the bubble generates a localized mechanical impact on the 
environment with only minor thermal contributions [1]. It was also showed that 
plasmonic nanoparticle-generated bubbles can be efficiently used at the cellular 
and tissue level in vitro and in vivo as therapeutic, delivery and theranostic agents 
[2,  3]. Cavitation bubbles can also aid diagnostics, for instance during imaging, as 
they may act as scattering centers for the probe. 
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Although the thermalization of nanoparticles has been extensively studied 
[4], the dynamics of plasmonic nanoparticle-generated bubbles are less explored. 
Several theoretical studies have been conducted to investigate the initial phase of 
bubble formation around laser-irradiated nanoparticles and microparticles [5,6]. A 
recent publication [7] describes the formation of a cavitation bubble around a 
plasmonic nanoparticle in which an expression for the acoustic wave pressure as a 
function of laser pulse energy is given. 

In any applications of plasmonic nanoparticles it is important to understand 
and control the spatial and temporal behaviour of cavitation bubbles in the liquid 
around nanoparticles. In a previous study [8] we have described the dynamics of 
cavitation bubbles at values of the laser fluence much larger than the threshold value 
for bubble formation. The present study describes numerical investigations of the 
dynamics of cavitation bubbles generated around gold nanoparticles irradiated with 
laser pulses at fluence values very close to the threshold value for bubble formation. 
We used a spherical model of bubble dynamics valid to first-order in the bubble 
wall Mach number. The effects of nanoparticle radius, laser fluence, and pulse duration 
on the maximum radius and oscillation time of the nanobubbles are discussed. 
Model predictions are then compared with the available experimental results. 

2. MATHEMATICAL FORMULATION 

Consider a spherical gold nanoparticle of radius Rnp suspended in a liquid of 
infinite extent and irradiated by a laser pulse with duration τL. When a certain laser 
fluence threshold is reached, the temperature of the nanoparticle exceeds the 
boiling point of the host liquid, and a vapour layer is formed on the surface of the 
nanoparticle. The large pressure in the vapour layer surrounding the bubble leads to 
a very rapid expansion of the layer with subsequent formation of a cavitation 
bubble. A spherical model of bubble dynamics is used to calculate the temporal 
development of the bubble radius [9]. The model considers the compressibility of 
the liquid, surface tension and the liquid viscosity. The bubble dynamics is 
described by the equation 
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where R is the time-dependent bubble radius, dots denote a time derivative, c∞  is 
the undisturbed speed of sound in the medium and H is the enthalpy change 
between bubble wall and infinity, 
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The constants B and n relate to the Tait equation of state for water that was used to 
derive Eq. (2). The pressure P at the bubble interface is 
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Here R0 denotes the initial radius of the bubble, κ the ratio of the specific heat at 
constant pressure and volume, p0 the initial pressure inside the bubble, σ the 
surface tension and η the medium viscosity. 

Assuming that the excess light energy absorbed by the particle during the 
laser pulse is spent in boiling at the critical point of water, the initial radius of the 
bubble can be estimated as [7] 
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In the above equation, clE  is the internal energy of the liquid at the critical 
point, clρ  is the critical density of the liquid, absσ represents the absorption cross 
section, F is the laser fluence, and Fc is the critical laser fluence required to heat the 
nanoparticle to the boiling temperature Tboil , which in the case of short laser pulses 
( 2

l L npRχ τ << , where lχ  is the thermal diffusivity of the liquid) is given by [7] 

 /c np np np boil absF V c T= ρ σ . (5) 

For long laser pulses ( 2
l L npRχ τ >> ), the expression for the critical laser fluence 

becomes [7] 

 4 /c np l l l L boil absF R c T= π ρ χ τ σ . (6) 

In the numerical calculations we take B = 3049.13 bar and n = 7.15 in the 
equation of state of the liquid. Other pertinent numerical values are κ = 1.4, 
Ecl = 2 000 kJ/kg, p0 = 101 325 Pa, ρl = 998 kg/m3, ρcl = 322 kg/m3, and σ=0.07 
N/m, npc = 0.13 kJ/(kg⋅K), lc = 4.18 kJ/(kg⋅K), npρ = 19 300 kg/m3, and χl =1.4⋅10-7 
m2/s. The temperature and the pressure inside the initial bubble are those at the 
critical point of water (Tcl = 647.1 K,  pcl = 22.06 MPa). 

3. RESULTS AND DISCUSSION 

Figure 1 illustrates the temporal variation of the radius of cavitation bubbles 
generated from a spherical gold nanoparticle with a radius of 20 nm. The most 
prominent feature of the transient cavitation bubbles is their small size and short  
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Fig. 1 – Variation with time of the radius of cavitation bubbles generated after laser irradiation of a 

spherical gold nanoparticle with radius Rnp = 20 nm, for various values of the ratio F/ Fc : a) bubbles 
generated from short laser pulses; b) bubbles generated from a long laser pulse with duration τL =10 

ns.  Solid line: F/ Fc =1; dotted line: F/ Fc =4; dashed line with one point: F/ Fc =7; dashed line with 
two points: F/ Fc =10. The inset shows the bubble radius as a function of time for F/ Fc =1.1. 

lifetime. For example, the maximum radius, Rmax , of the bubble generated from a 
nanoparticle irradiated with a laser pulse of 10 ns at F/ Fc =10 amounts to only 
395 nm in water, and will be even smaller in a viscoelastic medium such as the 
cytoplasm. Such small bubbles are similar to those generated by focusing 
femtosecond laser pulses in the bulk of a liquid [10]. They are, however, three 
order of magnitude smaller than the bubbles generated by nanosecond optical 
breakdown in water (Rmax > 0.5 mm for Lτ = 6 ns) [11]. For the smallest value of 
the laser fluence used in the present calculations ( F/ Fc =1.1) the oscillation 
becomes strongly damped. For example, in the case of long laser pulses, the 
maximum bubble radius is 38.4 nm and only two oscillation cycles can be seen. 
For short laser pulses, the maximum bubble radius is smaller with a factor of 5 for 
F/ Fc =10 (Rmax = 85 nm), and with a factor of 2 for F/ Fc =1.1 (Rmax = 21.5 nm). 
This makes a dissection mechanism associated with bubble formation compatible 
with intracellular nanosurgery because such small bubbles are essential to dissect 
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or knock out subcellular structures with nanometer precision. They are also of great 
interest for a gentle transfection of genes and transfer of other substances into 
specific cell types [12]. On the other hand, the small size of these bubbles is 
consistent with the fact that the collective action of a large number of nanoparticles 
is required to produce cell lysis. 

 

Fig. 2 – Maximum bubble radius as a function of the ratio, F/ Fc , for various values of the 
nanoparticle radius, Rnp : a) bubbles generated from short laser pulses; b) bubbles generated from a 

long laser pulse with duration τL = 10 ns.  Dashed line: Rnp = 10 nm; dashed line with one point: 
Rnp = 20 nm; dashed line with two points: Rnp = 40 nm. 

Figure 2 presents the maximal bubble radius as a function of the ratio F/ Fc. 
At equal laser fluence, the maximum radius of the cavitation bubble decreases with 
decreasing nanoparticle radius and pulse duration. For example, for short laser 
pulses and F/ Fc = 4, the maximum radius of the bubble generated from a 
nanoparticle with Rnp = 10 nm (Rmax = 20.3 nm) is with a factor of 6 smaller than for 
Rnp = 40 nm (Rmax = 121.2 nm). The corresponding values for a long laser pulse 
( Lτ = 10 ns) are Rmax = 162 nm, for Rnp = 10 nm, and Rmax = 274.5 nm, for 
Rnp = 40 nm, respectively. For F/ Fc >2, the Rmax (F/ Fc) dependence is generally 
not very strong, and even for the largest nanoparticle (Rnp = 40 nm) irradiated at the 
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largest laser fluence ( 10 cF F= ), Rmax is much smaller than the size of a biological 
cell. For example, the largest value of the maximal bubble radius is 514 nm and 
was obtained for Rnp = 40 nm and long laser pulses. Bubbles will be even smaller in 
cells where they are confined by the cytoskeleton [13]. The scaling law for the 
bubble size is the same for both short and long laser pulses and all values of Rnp , 
namely, the maximum bubble radius is proportional to the square root of the laser 
fluence. This is in contrast to the case of large bubbles (Rmax > 1 mm), generated by 
nanosecond optical breakdown in water, where the maximum bubble radius is 
proportional to the cube root of the laser pulse energy [11]. For long laser pulses 
( Lτ = 10 ns), this scaling law applies, however, only for F/ Fc >2. Closer to the 
threshold, the energy dependence of the bubble size is stronger. A similar trend 
was experimentally observed by Siems et al. [14] for 60 nm gold nanoparticles 
irradiated with nanosecond laser pulses. 

 
Fig. 3 – Oscillation time of a bubble as a function of F/ Fc , for various values of Rnp : 

a) bubbles generated from short laser pulses; b) bubbles generated from a long laser pulse with 
duration τL = 10 ns.  Dashed line: Rnp = 10 nm; dashed line with one point: Rnp = 20 nm; dashed line 

with two points: Rnp = 40 nm. 
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It is also interesting to note that the oscillation time of cavitation nanobubbles 
is smaller than that predicted by the Rayleigh formula [15] 
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Figure 3 illustrates the collapse time of the nanobubbles in comparison to the 
Rayleigh collapse time, both for the case of short (Fig. 3a) and long (Fig. 3b) lasers 
pulses. For a nanoparticle radius Rnp = 20 nm irradiated with a laser pulse with 
duration τL = 10 ns at a fluence F/ Fc = 4, the oscillation time of the resulting 
nanobubble is 12.6 ns, which is less than half the value predicted by the Rayleigh 
formula (31.3 ns). The corresponding value obtained in the case of short laser 
pulses is 1.34 ns, with a factor of 6 smaller than the value predicted by the 
Rayleigh formula (7.4 ns). The differences become larger with decreasinglaser 
fluence and nanoparticle size. For large bubbles, as those generated by nanosecond 
or picosecond laser pulses in the bulk of a liquid, the expansion and collapse of 
cavitation bubbles are highly symmetrical and Rmax can be calculated from Tosc 
using Eq. (7) [11]. However, for bubbles with maximum radii smaller than a few 
micrometers the Rayleigh equation is not exact because it neglects surface tension 
and the viscosity of the medium surrounding the bubble. Both factors produce a 
pressure scaling with 1/R which adds to the hydrostatic pressure. This finding 
leads to the conclusion that, in the case of nanobubbles, the use of the Rayleigh 
oscillation time to determine the bubble size, as done in previous studies [16], leads 
to an underestimation of the maximum bubble size. 
 

 
Fig. 4 – Comparison between simulated (dashed line) and experimental (filled symbols) results for the 

case of spherical gold nanoparticles with radius of 39 nm, irradiated with a short laser pulse 
τL = 100 fs, in water, at a delay of maximum bubble radius of 650 ps. 
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A comparison between simulated and experimental results obtained by 
Kotaidis et al. [17], for the case of spherical gold nanoparticles with radius of 39 
nm, irradiated with a short laser pulse ( 100Lτ =  fs), in water, is shown in Fig. 4. 
Very good agreement was found between experimental and numerical results. This 
implies, of course, that the neglected factors have little influence on the bubble 
dynamics or at least that some of the effects neutralize each other. It is interesting 
to note here that this model assumes that all the excess energy beyond heating the 
nanoparticle to the critical point is spent on boiling and used for forming the initial 
bubble. In the case of nanoparticles irradiated not under thermal confinement 
conditions, a large volume around the particle might be heated. Since the thermal 
gradient is very smooth, a significant heated volume might not reach the critical 
point. This heat cannot be used for forming the initial bubble and is lost. We also 
note that far above the threshold irradiation, Fc , the bubble can also nucleate during 
the laser pulse, which might lead to thermal insulation between the particle and the 
fluid by the vapour inside the bubble during the laser pulse as well as to optical 
scattering of the incident light. In this case, again, not all the applied laser pulse 
energy can be used to vaporize the liquid surrounding the nanoparticle. Therefore, 
the present model can only be used as an upper estimation limit for the bubble size. 
On the other hand, the surface tension of water is decreasing strongly with 
temperature until it vanishes at the critical point (see, for example, IAPWS Release 
on Surface Tension of Ordinary Water Substance, available at www.iapws.org), 
which can lead to larger bubbles than assumed in the model. Despite the desirable 
theoretical refinements that would be necessary to provide a complete description 
of bubble motion, the present formulation still gives a reasonable quantitative 
picture of bubble dynamics, and thus provides an essential practical connection 
between theory and experiment. 

Recent years have seen a continuous rise of interest in nanosurgery on a 
cellular and sub-cellular level. One important application is the separation of 
individual cells or other small amounts of biomaterial from heterogeneous tissue 
samples for subsequent genomic or proteomic analysis. According to the present 
results, when suitable laser parameters are used, the resulting cavitation bubble is 
in the nanometer range, and surgery can be performed at any desired location 
within a cell or a very small organism. It is worth noting here that time-resolved 
investigations of the behaviour of laser-induced nanobubbles around gold 
nanoparticles within cells are not yet available. However, Dayton et al. [19] 
investigated the oscillations of bubbles with a radius of 1.5 μm that were 
phagocytosed by leukocytes. By means of steak photography and high-speed 
photography with 100 million frames/s they observed that phagocytosed bubbles 
expanded about 20 – 40% less than free. The difference is due to the viscoelastic 
properties of the cytoplasm and cytoskeleton. This however remains a potentially 
important point that will form the object of a separate investigation. 
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4. CONCLUSION 

The dynamics of cavitation nanobubbles, generated after irradiation of spherical gold 
nanoparticles with laser pulses close to the threshold value for bubble formation, was 
investigated by numerical calculations. The significant parameters of this study are the 
nanoparticle radius, Rnp , the laser fluence normalized by the threshold value for bubble 
formation, F/ Fc , and the laser pulse duration. The maximum bubble radius increases with 
increasing nanoparticle radius, pulse duration and laser fluence. For F/ Fc < 10, both for 
short and long laser pulses, the maximum bubble radius is in the nanometer range. For the 
smallest value of the laser fluence used in the present calculations (F/ Fc = 1.1) the 
oscillation becomes strongly damped. This makes a dissection mechanism associated with 
bubble formation compatible with intracellular nanosurgery and is also of great interest for 
a gentle transfection of genes and into specific cell types. For laser fluences larger than the 
threshold value for bubble formation, the maximum bubble radius scales with the square 
root of laser fluence. This is in contrast to the case of large bubbles (Rmax > 1 mm) 
generated by nanosecond optical breakdown in water where the maximum bubble radius is 
proportional to the cube root of the laser pulse energy. For long laser pulses and closer to 
the threshold, the energy dependence of the bubble size is stronger. The oscillation time of 
cavitation nanobubbles is smaller than that predicted by the Rayleigh formula. Thus, in the 
case of nanobubbles, the use of the Rayleigh oscillation time leads to an underestimation of 
the maximum bubble size. The Rayleigh equation cannot describe the oscillation time of 
bubbles smaller than a few micrometers because it neglects surface tension and viscosity 
that produce a pressure scaling with 1/R which adds to the hydrostatic pressure. The 
experimental data agree very well with the present numerical results.  
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