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Chapter 1 ®
Laser-Induced Bubble Generation Gzt
on Excitation of Gold Nanoparticles

Shuichi Hashimoto and Takayuki Uwada

Abstract This chapter focuses on pulsed-laser-induced explosive boiling of the
liquid medium adjacent to gold nanoparticles that are suspended in solution. Although
the laser-induced cavitation via multiphoton absorption has been known for a long
time, photothermal generation of steam bubbles on irradiating the nanoparticles is
by far efficient because of surface plasmon excitation. Basic properties of pulsed-
laser-induced photothermal bubbles such as threshold laser fluences, bubble lifetimes
and nanoparticle temperatures have been investigated experimentally. Such exper-
iments inspired much interest from theoretical and computational studies, which
accelerated thorough understanding of the fundamental processes of the temperature-
induced phase transition confined to the local area surrounding the nanoparticles.
Furthermore, it has been demonstrated recently that photothermal bubbles have
found unprecedented applications such as promoting microscale lasing, enormously
enhancing the speed of photophoretic movement for nanoparticles and sensitizing
photoporation through cell membranes. We will discuss the application point of view
also in this task. Finally, we will refer to underlying challenges and future prospects
of the transient vapor nanobubbles.

Keywords Gold nanoparticles - Pulsed-laser excitation + Localized surface
plasmon resonance * Plasmonic nanobubbles - Photothermal effect

1.1 Introduction

Gold nanoparticles (Au NPs) that represent plasmonic nanoparticles are excellent
light absorbers and light scatterers at the resonance wavelengths in the visible region.
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4 S. Hashimoto and T. Uwada

This is because Au NPs greater than 2-3 nm support localized surface plasmon
resonance (LSPR) that is described by a coherent oscillation of conduction-band
electrons interacting with incoming light [1]. The excitation of LSPR affords an
ultrafast series of events [2]. Photoexcitation of AuNPs and subsequent relaxation
processes are given briefly in Fig. 1.1. Figure 1.1a represents LSPRs or simply
plasmons, and this LSPR collects incident light far more efficiently than the physical
cross section of the Au NP (Fig. 1.1a lower column). LSPRs have incredibly short
lifetime and decay both radiatively and nonradiatively (Fig. 1.1b). The former plays
a key role in the plasmonic enhancement of the electric field in the near-field regime,
whereas the latter decay is responsible for generating hot electrons of very high
kinetic energies (Fig. 1.1b lower column). The hot electrons decay through collisions
with electrons and lattice (Fig. 1.1c): relaxation from a non-Fermi to Fermi electron
distribution through electron—electron (e—e) scattering, cooling of hot-electron gas
through electron—phonon (e—ph) scattering and heat dissipation from Au NPs to the
environment (Fig. 1.1d) through phonon—phonon (ph—ph) scattering.

This chapter focuses on interaction of pulsed lasers with plasmonic nanoparti-
cles suspended in solution, resulting in vapor nanobubble generation. As mentioned
above, thermal conduction from photo-irradiated NPs raises the temperature of the
surrounding medium (Fig. 1.1d). When the medium heating exceeded the threshold
of liquid—gas phase transition, bubbles were generated through boiling of the local
liquid next to the NPs, while liquid bath is at room temperature [3, 4]. In this context,
such vapor nanobubbles are photothermally generated nanobubbles because light-to-
heat conversion by Au NP is the fundamental origin. The photothermal nanobubbles

(a) | | (b) | | () | | (d)| |

O O

Heat transfer

E
IR Er Ee
Hmh“

Population Population Population

Light concentration
by LSPR

Fig. 1.1 Sequential events that occur on photoexcitation of AuNPs. a upper: light absorption gener-
ates LSPR that is a coherent oscillation of conduction electrons. Lower: light condensation that is
significantly greater than its physical cross section. b In the first 1-100 fs following Landau damping,
the non-thermal distribution of electron—hole pairs decays either through re-emission of photons or
through carrier multiplication caused by electron—electron interactions. ¢ Hot carriers will redis-
tribute their energy by electron—electron scattering processes on a timescale ranging from 100 fs
to 1 ps. d Heat conduction to the surroundings on a timescale ranging from 100 ps to 10 ns. Er
represents Fermi energy
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1 Laser-Induced Bubble Generation on Excitation ... 5

are transient species and have a typical lifetime of a few nanoseconds when the dura-
tion of laser pulses used for generation is shorter than 10 ns. The bubble formation
occurred in water from a superheated liquid state at approximately 550 K, not at
the boiling temperature of 373 K [5]. This phenomenon may deserve commenting,
and we will come back this point later. The bubble lifetimes were largely depen-
dent on the maximum bubble sizes. Further, the threshold laser fluence, the onset of
nanobubble production, depended on the NP diameter [6—8]. The detailed discussion
of the bubble threshold may shed light on the fundamental process of heat transfer
leading to bubble formation [9, 10]. Here, we highlight the photothermal micro/nano-
bubbles that dynamically grow and collapse on the surface of NPs subject to short
pulsed-laser illumination. Note that the discussion of cavitation bubbles is not within
the scope of our study because the cavitation bubbles have been observed on pulsed-
laser illumination of liquids in the absence of NPs [11]. Cavitation is a phenomenon
in which the static pressure of a liquid reduces to below the liquid’s vapor pressure,
leading to the formation of small vapor-filled cavities in the liquid.

This chapter will not include the description of bubble formation through contin-
uous wave (CW) laser illumination of Au NPs because of a limited space. Due to
long lifetimes up to several seconds, the CW laser-induced bubbles provided rich
physics and chemistry [12]. Readers interested in further information are encour-
aged to refer to the literature [13]. At this moment, we should point out the merit
of transient nanobubbles generated by short pulse excitation over the long-lived
bubbles produced by CW illumination. By outputting a high peak power within a
limited pulse duration, pulsed-laser excitation can provide the means to obtain high
spaciotemporal control for bubbles. Since the heat transfer to the medium completes
within nano- to microseconds, medium heating is insignificant without heat accumu-
lation. As aresult, bubble energy can effectively be applied for mechanical works and
shock/acoustic waves. On the other hand, CW laser excitation results in significant
heat accumulation that can be inadequate for biological systems.

1.2 Bubble Generation on Short Pulsed-Laser Excitation
of Colloidal Au NPs

Historically speaking, photothermal microbubbles have been observed by diffraction-
limited imaging on pulsed-laser irradiation of black microparticles suspended in solu-
tion [14]. Subsequently, the Plech group pursued picosecond time-resolved studies of
nanobubble dynamics on femtosecond laser excitation of colloidal Au NPs, combined
with monitoring by the picosecond puled X-ray scattering form a synchrotron radi-
ation [3, 4]. The X-ray scattering was not very straightforward to visualize bubble
dynamics such as diameter change with time. However, it was powerful to observe the
lattice melting of Au NPs on laser illumination [15]. Thus, Au NPs were found to be
heated possibly at least to a liquid state during the bubble formation. Lapotko, on the
other hand, has focused on the single particle measurement of bubbles using a Au NP
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6 S. Hashimoto and T. Uwada

immobilized on a substrate under the optical microscope [16]. Besides imaging, his
group measured the time growth and decay of the light scattering signals associated
with a bubble from a Au NP at a fixed wavelength on 0.5 ns pulsed-laser excitation.
It was not until the picosecond time-resolved measurement by the Hashimoto group
that optical extinction (absorption and scattering) spectra in the visible region were
characterized for colloidal Au NPs during the bubble formation/collapse [8]. Bubble
dynamics were characterized by the time-dependent spectral changes that provided
the direct information of bubbles distinct from the particle heating and cooling.
The three groups: Plech, Lapotko and Hashimoto have investigated experimentally
the fundamental properties of plasmonic nanobubbles such as bubble nucleation
temperature, threshold fluences and bubble lifetimes by taking advantage of their
own methods. We will discuss below these fundamental issues regarding plasmonic
nanobubbles.

Before getting into the details of nanobubble properties, we describe how we
can follow the nanobubble dynamics using the optical spectroscopy. The transient
extinction spectra of colloidal Au NPs exhibited the ultrafast bleaching of the charac-
teristic LSPR band, followed by the recovery of the bleaching signals. A prototypical
example is given in Fig. 1.2a in which 60-nm-diameter Au NPs were excited by a 15
ps laser at an excitation wavelength of 355 nm [8]. The transient bleaching signals
were instantaneously observed with the laser pulse followed the remarkably fast
recovery. The origin of such bleaching/recovery of the transient signals was ascribed
to heating and cooling of the Au NPs [17]. This transient spectral change can be
reproduced by LSPR spectra dependent on temperature, given in Fig. 1.2b, which
is the spectral simulation based upon Mie theory [1]. With increase in temperature,
LSPR undergoes the significant broadening that causes LSPR spectral bleaching in
the transient spectra on laser illumination, the extent of which strongly depends on the
particle temperature. It was found that the lattice temperature of ~1000 K was reached
at high pump intensities. The time trace of the bleaching/recovery signals completed
after a sufficient time has elapsed because of heat conduction to the surrounding
medium. However, it has been demonstrated that the amplitude of the background
signals increased as the pump laser intensity increased (Fig. 1.2c). The background
signals are an optical signature of bubble formation. The experimental data showed
a threshold laser intensity that produces the particle temperature of 550 + 50 K [5].

The bubble signals are basically caused by Rayleigh light scattering that largely
depends on the bubble diameter (r®-dependence) [8]. A greater scattering signal
is generated as the bubble diameter increases. From Fig. 1.2c, we note that the
scattering from bubble is superimposed on the LSPR bleaching of Au NPs. The
spectral simulation using a concentric core—shell structure of the bubble/Au NP
is in Fig. 1.2d. The graph reveals that such simulated spectra well-reproduce the
experimental ones and that more positive extinction signals occur for bubbles with
greater diameters. Note, however, that negative extinction is predicted to occur for
bubbles with small diameters in which the bubbles act to reduce the absorption of
Au NP because of the reduced refractive index of the medium surrounding the Au
NP, rather giving an enhanced light scattering that increases total extinction.
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Fig. 1.2 Pump-probe measurements of transient extinction (absorption and scattering) spectra of
60-nm-diameter aqueous colloidal Au NPs excited by a 15 ps laser at the excitation wavelength of
355 nm: a transient extinction spectra in the absence of bubbles at 60 MPa hydrostatic pressure;
b simulated temperature-dependent extinction spectra of 60-nm-diameter aqueous Au NP, which
interpret the observation in (a); ¢ experimental bubble spectra at various excitation intensities at a
time delay of 2 ns (at 0.1 MPa); d simulated bubble spectra of various diameters (concentric Au
NP core-bubble shell structures are assumed). Adapted with permission from Katayama et al. [8]
(Copyright 2014 American Chemical Society)

We have stated already the concentric core—shell bubble model that may form
because of an effective heat transfer from the metal surface. Besides the core—shell
structure that was captured by optical microscopy for microbubbles, two other types
have been proposed [18, 19]. Figure 1.3 summarizes the bubble models (upper) and
the scanning electron microscopy (SEM) images (lower) in which bubbles were
trapped using tetraethoxysilane as a trapping agent. In the SEM experiment, the
bubbles were generated by irradiating nanosecond pulsed lasers with a wavelength
of 355 nm in aqueous colloidal Au NPs.

In the transient X-ray scattering and extinction spectral measurements quoted
above [3, 6], such a core—shell model has been successfully employed for estimating
bubble diameters from time-resolved spectroscopic measurements [6, 8]. The confetti
(b) can be found in the earliest stage of bubble nucleation, and this structure has been
observed by the transmission electron microscopy (TEM) coupled with femtosecond
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100 nm "~ 50nm - 50n0m

Fig. 1.3 Bubble structure models; a core—shell, b confetti and ¢ Janus. SEM images are unpublished
results from Hashimoto laboratory

laser excitation [18]. The Janus structure (c) has been proposed initially without
experimental proof [19]. The bubble trapping experiment suggested indirectly the
existence of all three structures at the nanoscale.

Now, we discuss three important properties of bubbles, bubble generation temper-
ature (~550 K), threshold laser fluence and bubble lifetimes. First, we interpret
how the pulsed-laser-induced plasmonic bubbles have been rationalized to occur
from superheated solvent next to the NPs using the phase diagrams of water [20].
Figure 1.4a upper column compares line shapes of P(V) at different temperatures for
Van der Waals fluid. Notably, the boiling temperature T}, and critical temperature T,
are of relevance to the phase transitions. At temperatures above T, the isotherms are
monotonic, implying that only one state can exist at a given pressure. At tempera-
tures below T, phase coexistence of liquid (L) and gas (G) can occur. Liquid-to-gas
transition occurs along the line L to G. A red line shows the coexistence curve, and
the light blue area represents the region of coexistence. Further, the yellow zone
separated by a spinodal curve (red dashed line) predicts unusual behavior. In the
latter area of the diagram, we can see that pressure increase causes volume expan-
sion (0 P/dV); > 0, meaning that the system is not stable. Another important point
is that during the volume change from L to G on the isotherm curves molecules expe-
rience an energy barrier because of the concave shape of Helmholtz free energy, F, as
shown in the lower column. The energy barrier we can see for the curve at Ty, is the
origin of superheating. Thus, fluid can remain liquid even if the boiling temperature
is exceeded. However, the height of the energy barrier gradually decreases on going
from Ty to T.. As a result, boiling is more likely to occur for superheated water at
temperatures T > Ty,.

Figure 1.4b represents a diagram that expresses pressure as a function of temper-
ature for water. If a Au NP in water is heated by laser illumination from 293 K at a
constant pressure of 1 atm, the water temperature next to the NP increases along the
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Fig. 1.4 a Upper: Series of P-V diagrams of isotherms of increasing temperatures from boiling
temperature (T}) to critical point (T, ); Lower: corresponding Helmholtz free energy versus V curves.
b Phase diagram that represents pressure as a function of temperature for water. All the possible
states, gas, liquid and solid, are shown

horizontal line, reaching first a boiling temperature of 373 K. If the NP is suspended in
clean water contained in a chamber with smooth surfaces, it is likely that superheating
occurs until the spinodal temperature of 550 K is reached. The spinodal represents
the intrinsic stability limit of the liquid ((BT/Z)S)P =0;(0P/V) = O). At the
spinodal, the superheated liquid phase is no longer stable with respect to the random
density fluctuations [21]. As a result, an explosive boiling occurs, generating a steam
bubble. This is a situation that is predicted for isolated Au NPs.

Although the heating of isolated Au NPs results in bubble generation at a particle
temperature T ~ 550 K, the CW laser heating of Au NP aggregates formed in water
induced formation of micrometric bubbles at a temperature that coincides with the
boiling point of water under atmospheric pressure [22]. This result was interpreted
by the collective heating effect [13]. If many NPs closely located are heated, water
molecules undergo heating from many NPs simultaneously. As a result, the heating
of the solvent is no longer limited to a nanoscale local space around a Au NP, but a
certain volume of water can be heated, resulting in a situation similar to bulk heating.
Further, if the CW laser is used instead of the pulse, heat accumulation takes place
with time. These are the explanations for the working principle of collective heating.

Second, we look into the threshold laser fluence versus Au NP radius/diameter
for bubble formation.

Figure 1.5 gives both experimental and computational curves from different
laboratories.

Siems et al. observed monotonous decrease with increasing diameter (filled red
squares in Fig. 1.5a) [6], whereas Katayama et al. observed a bathtub shape with
a minimum at 60-nm-diameter (Fig. 1.5b) [8]. The monotonous decrease has also
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Fig. 1.5 Bubble formation threshold as a function of Au NP radius/diameter. a Comparison between
the simulation for nanosecond pulses (Lombard et al. [10]) and the experiments by Siems et al. [6]
(red squares; nanosecond pulses at the wavelength of 355 nm) and Lukianovaetal. 7] (blue triangles;
0.5 ns pulses at the wavelength of 532 nm). b Transient extinction spectroscopy measurement with
15 ps laser excitation at a wavelength [8]. ¢ Computational results by Baffou et al. [9] both for fs-
and ns-pulses at the wavelengths of 355 nm (dashed line) and 532 nm (solid line). d Comparison
between the simulation by Lombard et al. [10] and the experiments by Siems et al. [6] (red squares)
and Katayama et al. [8] (blue triangles). a and d Adapted with permission from Lombard et al. [10].
(Copyright 2017 American Chemical Society). b Adapted with permission from Katayama et al.
[8] (Copyright 2014 American Chemical Society). ¢ Adapted with permission from Metwally et al.
[9]. (Copyright 2015 American Chemical Society)

been observed by Lukianova et al. by using a single particle light scattering measure-
ment [7]. Note, however, that their threshold values (filled blue triangles in Fig. 1.5a)
were much higher than the values obtained by Siems et al. The monotonous decrease
observed is intuitively understandable because the particle cooling depends on the
surface-to-volume ratio and cooling is faster for smaller diameters [23]. Indeed, with
the rigorous computational method using a hydrodynamic model and thermal model,
the Marebia group obtained a monotonous decrease curve [10]. Their hydrodynamic
model used in-depth treatment of bubble generation in terms of density change of
water. The previous thermal model calculated spaciotemporal distribution of temper-
atures in the medium surrounding a Au NP [24]. By contrast to the result of Merabia,
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1 Laser-Induced Bubble Generation on Excitation ... 11

numerical calculations using the thermal model by Baffou shown in Fig. 1.5c have
displayed that the dependence of the fluence threshold with respect to the nanopar-
ticle diameter features a bathtub profile [18], with a minimum fluence threshold at
around 60 nm in diameter, in good agreement with the experimental observation by
the Hashimoto group given in Fig. 1.5b. The points of discussion by Baffou are as
in the following.

(1)  The threshold fluence increase for small NPs is due to fast energy release to
the surroundings.

(i)  The threshold fluence increase for large NPs arises from the nonlinear absorp-
tion cross section with respect to the NP volume. For small diameters below
60 nm, the absorption cross section is proportional to the NP volume but
saturates.

(iii)  Under fs-pulsed illumination, and under the assumption of no interface thermal
resistivity, the maximum temperature increase dTnp can simply be calcu-
lated using 8Ty p = 0ups F/ Vi (0 aps: absorption cross section of the NP, F:
fluence of the pulse, V: NP volume and c,,: volumetric heat capacity of gold),
without conducting numerical simulations, except for NP diameters smaller
than 40 nm.

(iv) A NP interface thermal resistivity has no effect under ns-pulsed illumination,
except for large NPs and large values of the interface thermal resistivity.

(v) A NP interface thermal resistivity has a strong effect in the fs-pulsed regime,
irrespective of the nanoparticle diameter.

With respect the curve shape, computational curve by the Merabia group and that by
the Baffou group is somewhat contradictory. Although the Merabia group was aware
of the previous result by Baffou et al., the former did not comment on this point. The
Merabia’s group were much concerned about the difference of their computational
result from the experimental threshold values. They argued that the threshold values
by hydrodynamic calculation may have remarkable improvement if they consider the
melting Au NPs during the bubble formation (Fig. 1.5d). With bubble generation,
melting and evaporation of Au NPs have been postulated previously since the particle
temperatures can go somewhat uncontrollably high inside the bubble [24].

At this point, we highlight the issue that the single particle study gave at least an
order of magnitude greater threshold fluences of colloidal experiment (Fig. 1.5a). To
account for their greater values, the Lapotko group ascribed to the Laplace pressure,
the effect of surface tension, on the threshold of a bubble generation by optical
heating. The Laplace pressure is given by Ppapiace = 2¥ / Ryubpie (v: surface tension,
Rpubble: bubble radius) and acts to collapse a bubble to a greater extent as the radius
is smaller. However, the calculation by the Merabia group revealed that the effect
of the Laplace pressure is minor [10]. From the experimental point of view, we can
point out that measuring an accurate fluence is challenging because of uncertainties
in measuring beam diameters and intensities under the microscope.

Finally, we describe bubble lifetimes on pulsed-laser excitation. Ensemble studies
on 100 fs excitation of bubble dynamics using time-resolved X-ray measurements
revealed that the lifetime of a bubble surrounding a 9-nm-diameter Au NP was
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400 ps (max. bubble diameter: 20 nm) at 40 mJ cm~2, and the lifetime of a bubble
surrounding a 36-nm-diameter Au NP was 1.7 ns (max. bubble diameter: 75 nm)
at 13.8 mJ cm2 that is a threshold fluence [3, 4]. The bubble dynamics were well
modeled using the Rayleigh—Plesset equation [25]. The Hashimoto group observed
the bubble lifetime of 10 ns for 60-nm-diameter colloidal Au NPs irradiated with 15
ps lasers at a wavelength of 355 nm and a fluence f 5.2 mJ cm~2 (threshold fluence),
using a transient extinction spectroscopy [8]. The maximum diameter observed was
260 £ 40 nm. In this case, the bubble decay time was much longer than the rise
time, which is inconsistent with the Rayleigh—Plesset equation. The Lapotko group
measured the bubble lifetime by observing the optical scattering response of a single
Au NP that was excited by a 532 nm laser with a pulse width of 0.5 ns. They obtained
bubble lifetimes of 18 &£ 3.5 ns for a 30-nm-diameter Au NP and 9 = 1 ns for single 90
and 250-nm-diameter Au NPs [7, 12]. They found that the lifetime of NP-generated
bubbles increased with increasing incident fluence and that the vapor bubble lifetime
was proportional to the maximum bubble diameter. Although the proportionality
of bubble lifetime and maximum diameter is a rule of sum that well-describes the
plasmonic nanobubbles, systematic studies are still lacking to describe precisely the
pulse width-, fluence- and particle size-dependent lifetimes.

1.3 Recent Applications

The vapor nanobubbles photothermally generated using Au NPs have been demon-
strated for potential applications in cancer therapy using bubble-induced shock waves
[26], photoacoustic imaging using photoacoustic signals from bubbles [27] or solar
energy conversion exploiting photothermal boiling of water [28]. These areas are still
in progress to produce meaningful outcomes. Of particular interest is the solar bubble
generation that has a potential application to sterilizing water in developing coun-
tries [29]. Recently, we have seen unprecedented applications of pulsed-laser-induced
plasmonic bubbles in various fields. Here overview a few examples.

1.3.1 High-Speed Movement of Au NPs Encapsulated
in a Nanoscale Bubble

Light can move objects through optical forces, enabling optical delivery of micropar-
ticles and NPs [30]. The optical manipulation is applicable to optical sorting, i.e.,
separation of particles exploiting particle size and material properties such as a refrac-
tive index. Previously, it was not feasible to give control over the velocities of moving
particles. The achieved moving speed was 10-100 um s~ so far [31, 32]. Here,
we show an example of bubble-induced high-speed motions realized by irradiating
femtosecond laser pulses at a high repetition rate.
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In this case, directed motions of silica-core Au-shell NPs (100-nm-diameter silica-
core 10-nm-thick Au shell) suspended in water were activated by irradiating a 800 nm
(center wavelength) laser beam with a repetition rate of 80.7 MHz (the pulsed duration
is 94 fs, and the time interval between pulses is 12.4 ns) [33]. The fs laser was focused
by passing through a 20 x objective lens (numerical aperture: 0.4). The power of
690 mW exceeded the bubble formation threshold, and the bubble encapsulated
the NPs. As a result, some NPs were found to move along the beam propagation
direction (positive motion), and some in the opposite direction (negative motion).
Au NPs moved with unprecedented speeds both for the positive (maximum speed:
336,000 wm s~!) and for the negative (maximum speed: 245,000 jum s~ ') directions.
The forward and backward movements were produced by not only optical pushing
but also pulling forces from a single Gaussian beam. Optical forces that may act on the
NP can depend on the location relative to the laser focus as illustrated in Fig. 1.6. The
two major forces are gradient force (G) and scattering force (S). The gradient force,
G heads to the laser focus where the magnitude of G is zero because it depends on the
intensity gradient. On the contrary, S is always in the direction of beam propagation,
and its magnitude is proportional to the laser intensity. It is reasonable to assume that
the optical force at the initial position determines the particle movement.

The enormously high speeds observed were interpreted as the following: While
the laser-excited NP encapsulated in a bubble moves forward, it keeps evaporating
water, maintaining a vapor cushion in front of it, and extends the bubble boundary
forward.

Although not described in the study above, we suspect a potential effect of laser-
induced evaporation that can accelerate the Au NPs. Without a continuous boosting
mechanism, it seems difficult to maintain such a high speed that was originally real-
ized by initial optical forces. As already mentioned, Au NPs can melt and evaporate
inside the bubble [24] because of high-intensity laser heating. It has been demon-
strated that ~40 pm-sized spherical stainless particles were accelerated in air caused
by an evaporative propulsion force in the direction of laser beam propagation when
irradiated with a 1070 nm CW laser with an output of 1-2 MW cm~2 [34]. In this
case, an approximate speed of 12,500,000 pm s~! was achieved. Additionally, it

Fig. 1.6 a Optical forces (a)
acting on Au NPs along the
laser beam propagation
direction. S represents the
scattering force, while G
represents the gradient force.
The direction and the
magnitude of the forces are
dependent on the location
relative to the laser focus. b
Bubble-induced propulsion.
¢ Acceleration due to
heating-induced emission of
small particles
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has been demonstrated that micrometer-sized platinum and other metal particles
migrated inside melt borosilicate glass at a speed of 10,000 wm s~ in the counter
direction of the laser beam when illuminated by 514 nm CW laser at a power of
1 MW cm™2 [35]. These results suggest that evaporative propulsion can significantly
accelerate the movement of particle under laser heating.

1.3.2 Micro- and Nano-Lasers Encapsulated in Bubble

Plasmonic bubbles have been applied to optical enhancer for laser oscillation at
small scales. In one approach, photoexcitation of a single plasmonic NP in solution
enabled a whispering-gallery-mode (WGM) droplet resonator associated with small
micro/nanobubbles, formed by laser-induced heating [36]. Droplets containing dye-
generated lasing modes with wavelengths depend on the size of the droplet, refractive
index of the medium and surrounding environment. It was demonstrated that colloidal
suspension of 20-nm-diameter Au NPs gave cavity diameters of 4.8 wm with a free
spectral range (FSR) of 12 nm when excited with a 130 fs pulse with a central
wavelength of 400 nm and at a repetition rate of 1 kHz (Fig. 1.7a). The droplets
containing Coumarin 500 and plasmonic NPs showed sharp emission peaks in the
wavelength range of 475-515 nm. WGM resonators are usually fabricated from
solid-state materials. Soft cavities created with liquids or gels permit direct sensing
where an optical cavity is both the sensing unit and the sample under analysis. In
addition, soft cavities enable strong interactions of a plasmonic NP with the WGMs
because of its location inside the cavity mode.

Another example is a solid-type laser named spaser (surface plasmon
amplification by stimulated emission of radiation). The spaser consists of a plas-
monic NP surrounded by a nanoshell of the gain medium (Fig. 1.7b, left). The
spaser can generate a single mode emission that is a spectrally tunable bright light

(a) Ai’Np (b) Pump laser

WGM cavity
Bubble

5%

Stimulated emission

Enhanced
stimulated emission

Fig. 1.7 Schematic of bubble-enhanced surface plasmon lasers; a single plasmonic NP in
solution realizing a whispering-gallery-mode (WGM) droplet resonator associated with small
micro/nanobubbles, b left: so-called spaser consisting of a Au NP core and a silica-shell embedded
with laser dye molecules; right: a spaser encapsulated in a photothermal nanobubble
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without saturation. The properties originate from stimulated emission amplifica-
tion effects. Specifically, the plasmonic nanolaser was constructed by a core—shell
structure consisting of a Au NP surrounded by a silica-shell doped with a uranine
(disodium fluorescein) dye [37]. In this example, the excitation was provided by an
OPO laser at a wavelength of 488 nm with 5-7 ns pulses. Using a 22 nm spaser
with a 10 & 1.9-nm-diameter Au NP core and a 6 = 2.2 nm-thick shell, the lasing
threshold was observed at a laser energy fluence of 26 & 6.3 mJ cm~2. For a lager
60 nm spaser, the threshold was reduced to 1.9 4+ 0.6 mJ cm~2. Above the threshold,
the light output—pump in dependence demonstrated a straight line with emission
spectral narrowing from 30—40 nm to 8—10 nm. Further increase in pump fluence
led to the formation of vapor nanobubbles around spasers due to laser heating of the
spaser particle leading to evaporation of the liquid medium surrounding the particle
(Fig. 1.7b right). The appearance of bubbles is accompanied by nonlinear enhance-
ment of stimulated emission intensity and further width narrowing. The maximum
ratio of the stimulated emission intensity to the spontaneous emission background
was 740 £ 95. The narrowest emission peak observed was 0.8 = 0.2 nm. Both
parameter levels were significant improvements over the previous results.

The origin of enhancement of spasing due to nanobubble formation has been
ascribed to strong refractive, scattering and thermal lens effects in highly localized
heated areas, especially in the associated bubbles that can be responsible for the
light concentrating and redirecting. The original (without a nanobubble) spaser is a
nanoshell with a Au core covered with dielectric shell containing dye molecules to
produce the gain, embedded in water (the uniform medium). When a nanobubble
is formed, another nanoshell appears between the gain shell and the embedding
medium that contains water vapor. According to the authors, the main effect of the
formation of a vapor nanobubble around the spaser is that dielectric screening of
the surface plasmon-induced charge is reduced. This leads to an increase in the
surface plasmon frequency, w,. In fact, the spaser frequency increases from the
initial value of w, = 2.5 eV in the absence of the nanobubble to w, = 2.6 eV for
a 30 nm radius nanobubble. If the gain medium working frequency, w,, exceeds
the plasmon frequency, then the nanobubble formation brings the spaser closer to
a perfect resonant condition. Consequently, the stimulated radiation of the surface
plasmons becomes more efficient, which has been shown by this article. Presumably,
the nanobubbles can provide dynamic optical feedback from its “wall” boundary, as
well as refraction effects that can also lead directional emission.

1.3.3 Plasmonic Nanobubble Can Disrupt Cell Membrane
and Biofilm

There is a great interest in delivering macromolecular agents into living cells for
therapeutic purpose. Physical methods including electroporation using electric pulses
and sonoporation using ultrasounds have been developed but they still suffer from
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Fig. 1.8 Schematic overview of laser-induced photoporation on cell membrane, followed by the
introduction of polymers into cells. a Direct laser-induced photoporation, b Au NP-assisted photopo-
ration due to heating of the cell membrane at relatively small laser intensities, and ¢ Au NP-assisted
photoporation assisted by heating-induced bubble formation around the Au NPs

limited success in throughput and cell viability. Most importantly, translocation of the
therapeutic macromolecules from the endosomes after endocytosis into the cytoplasm
remains a major bottleneck. To overcome the difficulty, plasmonic nanobubble was
used as a promising candidate for a physical approach to permeate the cell membrane
[38].

First, Au NPs were adsorbed onto Hela cells’ surface from solution. Subse-
quently, positively charged Au NPs (70 nm) were used to facilitate interaction with
the negatively charged cell membrane. Following the incubation of cells, Au NPs
were adsorbed. A pulsed-laser irradiation was performed (pulse duration: 7 ns; wave-
length: 561 nm from OPO laser). A low energy led to the heating of the cell membrane,
while vapor nanobubbles were formed at high laser intensities above the threshold,
1.02 T cm~2. The threshold observed is much higher than those observed previously
in aqueous solution. Confocal microscopy images were acquired to test the viability
of the cells labeled with calcein red-orange AM and the intracellular delivery of fluo-
rescein isothiocyanate (FITC)-dextran (10 kDa). There was no noticeable decrease
in cell viability up to 2.04 J cm~2. Further increasing the laser fluence to 4.08 J cm 2
reduced the number of positive cells, likely due to the onset of cytotoxic effect
of vapor nanobubbles that can damage cells when they grow large. FITC-dextran
loading was much more efficient when mediated by plasmonic nanobubbles than by
direct heating of the plasma membrane. For instance, the loading efficiency of 10 kDa
FITC-dextran increased 2.5 fold by heating at 0.38 J cm~2 from the control, whereas
it increased 12.5 fold of control by irradiation at nanobubble-forming 4.08 J cm™2.
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The conceptual scheme of photoporation on cell membrane to introduce poly-
mers into cells is shown in Fig. 1.8. In this scheme, direct laser-induced photopo-
ration without Au NPs (a), Au NP-assisted photoporation due to heating of the cell
membrane (b) and Au NP-assisted photoporation assisted by laser-induced bubble
formation around the Au NPs (c) is compared. The direct photoporation (a) can cause
damages or kill the cells because of focused laser illumination, whereas the focused
illumination can be avoided in the presence of Au NPs (b, c) because of efficient heat
generation local to the membranes even with low intensities. There is little damage
to the cells because of unfocused illumination. In (b), the resultant pores are small
in sizes, and the number of pores is small because of weak intensities. By contrast,
in (c), both the sizes of pore diameters and the numbers of pores will be increased
compared with (b). As a result, more polymers can be incorporated into the cells.
Still, the cell viability is maintained up to at a certain laser intensity.

The other application is to destroy biofilms exploiting plasmonic nanobubbles
[39]. Biofilm forms when bacteria adhere to surfaces in moist environments by
excreting a slimy, glue-like substance. Sites for biofilm formation include all kinds of
surfaces. The biofilms serve to the decreased sensitivity of bacteria toward antibiotics.
Thus, it is important to disturb biofilm integrity to improve antibiotics diffusion. The
experimental result has shown that bacteria were loaded with cationic 70 nm Au NPs
and that subsequent laser illumination of 7 ns pulses at 561 nm (fluence: 1.69 J cm~2)
resulted in plasmonic bubble formation inside the biofilms. Such nanobubble forma-
tion has led to substantial biofilm disruption, increasing antibiotic tobramycin effi-
cacy up to 1-3 orders of magnitude. Enhancing antibiotic penetration through biofilm
via laser-induced plasmonic nanobubble is a promising rout to solve the problem of
biofilm-related infections.

1.4 Summary and Future Outlook

This chapter overviewed pulsed-laser-induced explosive bubble formation from
solvent next to plasmonic Au NPs. The mechanism is regarded as purely photothermal
boiling and not ascribable to cavitation, when the excitation wavelengths corre-
sponding to the LSPR of Au NPs are employed. Although fundamental physics
behind the transient plasmonic bubbles has been revealed in every detail using
rigorous simulations [9, 10], still both experimental and computational efforts are
needed to precisely characterize threshold fluences and state of materials inside the
bubbles. For instance, experimental improvement such as single particle/single shot
measurement is needed to avoid ensemble averaging effect. The dynamics governing
particle melting/evaporation during bubble formation has not been fully character-
ized theoretically. We should point out that bubble generation using pulsed lasers
has its own merit over CW laser-induced bubble generation. Since pulsed lasers
have the advantage of outputting a high peak power within a limited pulse duration,
they can provide means to obtain high spaciotemporal control for bubbles [39]. On
the contrary, CW laser excitation results in severe medium heating for long period
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of time, which results in collective medium heating [13]. Such a heating can be
harmful to biological systems. As future prospects, the transient plasmonic nanobub-
bles can contribute to chemistry as photothermal nanoreactors for promising use. In
the past, we saw the enhanced photothermal evaporation and size reduction of Au NPs
inside the bubbles [24]. We expect that catalytic reactions of molecules concentrated
on the outer surface of Au NPs can proceed triggered by bubble generation. Most
importantly, the chemical reactions can be confined only at Au surfaces in a steam
environment, while outer liquid space is kept at room temperature. Thus, we may
see an impressive development of various nanochemisry in such an unconventional
environment in the years to come.
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