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Abstract: Laser interaction with nanoparticles in liquid is the fundamental theoretical basis for
many applications but it is still challenging to observe this nanoscale phenomenon within a few
nanoseconds in liquid by experiment. The successful implementation of the two-temperature method
integrated with molecular dynamics (TTM-MD) in laser interaction with bulk material has shown
great potential in providing a panoramic view of the laser interaction with the nanoparticles. How-
ever, the current TTM-MD model has to divide the system into cubic cells, which leads to mistakes
near the nanoparticle’s surface. We introduce the latest model, which performs the TTM-MD on
each individual cluster instead of the cubic cells, and its high-performance parallel cluster analysis
algorithm to update the cluster size. The cluster-based TTM-MD revealed the nanoparticle formation
mechanism of laser fragmentation in liquid (LFL) and facilitated the study of laser fluence’s effect
on the size distribution. In addition to LFL, this model is promising to be implemented in the laser
thermal therapy of tumors, laser melting in liquid (LML), etc. Although cluster-based TTM-MD has
proven to be a powerful tool for studying laser interaction with nanoparticles, a few challenges and fu-
ture developments for the cluster-based TTM-MD, especially the ionization induced by femtosecond,
are also discussed.

Keywords: nanoparticles; laser interaction; nanobubble; molecular dynamics simulations;
potential application

1. Introduction

Nanoparticles (NPs) refer to particles with a size between 1 and 100 nm (also known
as ultrafine particles), which belong to the category of colloidal particle size. They are
distinguished from macroscopic objects in that their surface area accounts for a large
proportion, and the surface atoms have neither long-order nor short-order amorphous
layers. For example, when the particle diameter is 10 nm, the particle contains 4000 atoms.
The surface atoms account for 40%. When the particle diameter is 1 nm, the particle
contains 30 atoms, and the surface atoms account for 99%. It can be considered that the
atoms’ state on the nanoparticle’s surface is closer to the gaseous state, while the atoms
inside the particle may be in an ordered arrangement [1]. Hence, the fast growth of
nanotechnology and nanoscience and its extensive applications in practically all industrial
domains have occurred during the last decade [2]. In a similar vein, the urgent worldwide
demand for different nanomaterials (NMs) has sped up the development of NPs synthesis
technologies. For example, gold nanoparticles (GNPs) based on imaging, optical, and
electrochemical sensing technologies, are used for diagnosis, treatment, and basic in vitro
and in vivo toxicity of various diseases, especially cancer, Alzheimer’s disease, HIV, and
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other diseases, which widely used in the fields of medicine, chemistry, spectroscopy,
biochemistry, biophysics and nanoscience [3].

Therefore, GNPs have many applications in different areas, from cancer phototherapy
and diagnosis to targeted drug delivery [4–10]. Jazayeri et al. [9] confirmed that bladder
cancer could be detected early by adopting anti-survivin antibody-conjugated GNPs, as
depicted in Figure 1. In terms of COVID-19 antibody detection, Jiangsu CDC (China)
invented a COVID-19 detection box using GNPs with a diameter of 30 nm, and the test
results could be obtained within 15 min [10]. In addition, GNP’s high surface-to-volume
ratio also makes GNP efficient in redox catalyst materials [11–13]. Chen et al. [13] found
that the unhindered ordered mesoporous structure of the mesoporous silica catalyst (with
uniform pores of 5.6 nm) and the small size of gold nanoparticles led to high catalytic
activity. In additive manufacturing, GNP’s low melting point makes it easier to sinter the
product, which increases the product’s strength significantly [14,15]. The GNP’s properties,
such as absorption cross-section, are sensitive to the size of the particles. Baker et al. [16]
combined the bioengineering of 15 mm sericin-encapsulated gold nanoparticles (SrGNPs)
with 16.63 mm levofloxacin and 17 mm barofloxacin to explore the efficiency of Escherichia
coli, as shown in Figure 1A. The experimental results found that after adding GNPs, its
activity increased exponentially with the increase of CI (using the method of Chou-T allay
to calculate the synergistic, antagonistic, or additive effect of the two drugs), as shown
in Figure 1B. The method of combined medication can reduce the dosage, improve the
efficacy, reduce the toxicity, and reduce the occurrence of drug resistance, which is of great
benefit to future treatment. Therefore, manufacturing GNPs with nano size distribution
has attracted intensive attention.
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lutions of chemically pure nanoparticles, is one of the most widely utilized methods to 
fabricate GNPs. However, the particle size distribution produced by LAL is frequently 
wide, necessitating post-production fine-tuning. Laser fragmentation in liquid (LFL), 
which irradiates big nanoparticles in liquids with a laser, provides an ideal way to obtain 
GNPs with narrow size distribution. LFL is also the only approach suited for producing 
nanoparticles with diameters smaller than 5 nm [14]. GNPs are laser fragmented by elec-
tron absorption of laser energy, electron–phonon coupling to transmit energy to the lat-
tice, and evaporation of superheated liquid, which results in bubbles near the GNP sur-
face. Heat transmission between the GNPs and the liquid environment is hindered or pre-
vented by the bubbles. The energy history of GNPs and the ensuing fragmentation and 

Figure 1. Application of SrGNPs in medicine [16]; (A) synergistic effect of levofloxacin, balofloxacin,
and SrGNPs by targeting multi-targets; (B) median effect slope curve of Escherichia coli (MDR sclerotia).
Reprinted with permission from Ref. [16]. Copyright 2020 Elsevier.

Liquid laser ablation in liquid (LAL), an effective method for producing colloidal
solutions of chemically pure nanoparticles, is one of the most widely utilized methods to
fabricate GNPs. However, the particle size distribution produced by LAL is frequently
wide, necessitating post-production fine-tuning. Laser fragmentation in liquid (LFL),
which irradiates big nanoparticles in liquids with a laser, provides an ideal way to obtain
GNPs with narrow size distribution. LFL is also the only approach suited for producing
nanoparticles with diameters smaller than 5 nm [14]. GNPs are laser fragmented by electron
absorption of laser energy, electron–phonon coupling to transmit energy to the lattice, and
evaporation of superheated liquid, which results in bubbles near the GNP surface. Heat
transmission between the GNPs and the liquid environment is hindered or prevented by
the bubbles. The energy history of GNPs and the ensuing fragmentation and nanoparticle
production processes are difficult to be characterized due to dynamic heat transfer and
electron–phonon coupling.
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Thereafter, it is challenging to establish a feasible method to describe laser interaction
with GNPs in liquids, which can achieve efficient and high-quality preparation. In this
work, molecular dynamics (MD) models, especially the cluster-based two-temperature
model-molecular dynamics (TTM-MD) model, will be reviewed and discussed, which can
help to observe the microscopic process GNPs’ interaction with laser light in liquid and
predict the post-fabrication performance.

2. Molecular Dynamics Study on Laser Interaction with Bulk Material
2.1. Two Temperature Method Integrated with Molecular Dynamics

TTM describes electron–phonon coupling during the interaction between laser and
material at the continuum level. It cannot describe the atomic level behaviors during
the laser interaction with the material, such as evaporation and phase transformation.
Molecular dynamics can provide an insightful view of the material, but it cannot reflect
the effects of laser on the material. Ivanov and Zhigilei [17] innovatively integrate the
TTM with the molecular dynamics (TTM-MD) to combine the merits of the above methods,
which is a new and efficient method to describe the laser interaction with bulk material.
The following equations describe a typical TTM-MD model,

Ce(Te)
∂Te

∂t
= ∇[Ke(Te)∇Te]− G(Te − Tl) + S(z, t), TTM (1)

Cl(Tl)
∂Tl
∂t

= ∇[Kl(Tl)∇Tl ] + G(Te − Tl), TTM (2)

mi
d2ri
dt2 = Fi +

1
n ∑n

k=1 GVn(Te − Tl)

∑i mi
(
vT

i
)2 mivT

i , MD (3)

where C is the heat capacity, K is the thermal conductivity, G is the electron–phonon
coupling constant, and S is the heat source from the laser. The first equation of TTM
describes the electron energy evolution, which consists of the increase of the electron
energy Ce(Te)

∂Te
∂t , input energy from laser S(z, t), energy change by the electron heat

transfer ∇[Ke(Te)∇Te] and electron–phonon coupling G(Te − Tl). The second equation
of TTM describes how the energy of the lattice is evolved by coupling. The continuum
Equation (2) is realized by adding the force term in MD during the acceleration calculation
in Equation (3). The system’s total energy consisting of electron energy and lattice energy
will be conserved. Specifically, for a cubic cell with the volume of VN, the energy transferred
from the electron will be averaged within the cell and increase the force of every atom.
Therefore, the whole system needs to be divided into multiple cubic cells to implement the
TTM-MD coupling. However, when the number of atoms inside the cubic cell is low, the
cell is assumed to be vaporized, and the coupling will stop. Since the bulk system can be
easily divided by cubic cells, TTM-MD is an efficient and accurate method to describe the
laser interaction with bulk material.

2.2. TTM-MD on Laser Ablation in Liquid and LIPSS

TTM-MD has succeeded in describing many laser processes, which were almost
impossible to observe in experiments, and many mechanisms are also revealed. TTM-MD
has provided an insightful view of the interaction between material and laser. One of the
most important discoveries is the mechanism of the bimodal distribution of nanoparticles
during laser ablation in liquid (LAL), as illustrated in Figure 2 [18]. From the snapshots,
we observed the two formation channels in LAL: the first one is that the molten layer is
ejected into the liquid environment and forms three large nanoparticles; the second one is
that the vaporized atoms coalescence and nucleate into tiny nanoparticles. The above two
formation mechanisms explain the bimodal size distribution after LAL.
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found the formation of LIPSS of Cr at laser fluences above the ablation threshold and 
helped the manufacturing speed and quality. Ivanov et al. [21] compared the TTM-MD 
simulation results and experiment of the same spatial and temporal scales and revealed 
the periodic nanostructure’s formation mechanism. 

Figure 2. TTM-MD simulation snapshot of laser ablation in liquid [18]. Atoms are colored according
to their potential energy, with blue representing crystalline nanoparticles, green representing molten
silver, and red representing individual silver atoms. The degree of mercury mixing is represented by
the density map, and the black dashed squares in the atomic snapshot and the horizontal dashed line
in the density map indicate the approximate location of the diffusion "boundary" between the dense
water and low-density mixing regions. Reprinted from Ref. [18].

In addition to laser ablation in liquid, TTM-MD has also helped discover the laser-
induced periodic surface structures (LIPSS) mechanism [19], as shown in Figure 3. It was
found that the liquid environment will decelerate the ablation plume and form a hot metal
layer near the surface. Inside the air or vacuum, a sharper surface will be formed. The
simulation reveals the complex dynamics process during the formation of LIPSS and has
practical implications for nanostructure manufacturing. Shugaev Maxim et al. [20] also
found the formation of LIPSS of Cr at laser fluences above the ablation threshold and
helped the manufacturing speed and quality. Ivanov et al. [21] compared the TTM-MD
simulation results and experiment of the same spatial and temporal scales and revealed the
periodic nanostructure’s formation mechanism.
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3. Molecular Dynamics Study on Laser Interaction with Nanoparticles
3.1. Cluster-Based TTM-MD for Nanoparticles

Although TTM-MD proves to be successful in laser interaction with bulk material, it
cannot be applied to the nanoparticles for two reasons. First, as described in Section 2.1,
one of the essential parts of TTM-MD is dividing the MD system into cubic cells to calculate
the average electron and lattice temperature. Suppose this dividing method is implemented
on nanoparticles. In that case, TTM-MD will mistake part of the nanoparticle as vaporized
due to its low density within the cubic cell, as shown in Figure 4a,b. Such a mistake will
lead to the artificial cold shell in Figure 4c, though it is assumed to be homogeneously
heated by the laser in the vacuum [22]. Second, the conventional approach treats the target
as bulk and assumes that the coupling equilibrium time for gold is 1 ps. However, we
cannot neglect the size effect on the electron–phonon coupling when the diameter of GNP
is smaller than 10 nm. The coupling equilibrium time will vary between 500 fs to 500 ps for
clusters with different sizes, which leads to 1000 times coefficient magnitude difference in
the coupling coefficient [23,24].

To calculate the TTM-MD individually for every nanoparticle and cluster, Hao Huang
and Leonid Zhigilei proposed a new model characterized by its unique ability to consider
the size effect on the electron–phonon coupling [25]. Interaction between Au is governed by
the Embedded Atom Method (EAM) potential [26], which provides a realistic description of
Au’s physical properties. The coarse-grained water model is implemented to describe the
liquid environment [27,28], and the contact angle determines the Lennard–Johnes potential
parameters between Au and water. Since the computation cost is proportional to the cubic
of the radius, an advanced pressure wave transmitting spherical boundary conditions to
simulate the semi-infinite liquid environment around the system was developed. TTM-MD
coupling is performed within each nanoparticle/cluster instead of fixed cubic cells. The
cluster size and its effect on coupling coefficient G are updated every step, but the current
cluster analysis is serial, which is computationally costly and limited by the memory.
Therefore, a high-performance on-the-fly parallel cluster analysis algorithm is developed
to calculate the cluster size to achieve the live update for cluster size during large-scale
simulation. The algorithm mainly has two stages: every processor will perform serial
cluster analysis of the atoms within their domain in the first stage. Every local cluster in
the domestic processor will communicate with the clusters in the neighbor processors to
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establish the link between the parts of one cluster in various processors. In the second
stage, the cluster analysis will be performed again globally to determine the cluster size and
broadcast to the whole system. In addition to the real-time cluster size update, the temporal
size distribution of nanoparticles is also available, which provides a global perspective
on the formation channels. More details of algorithms are illustrated in our previous
paper [25].
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Figure 4. Schematic representation of the conventional approach of TTM-MD and its results. The TTM-
MD calculations will be performed in cells colored blue (a) The initial configuration of the nanoparticle;
(b) the atomistic distribution after fragmentation; (c) “cold” shell formed from homogeneously heated
nanoparticle in a vacuum [22]. Reprinted with permission from Ref. [22]. Copyright 2015 American
Chemical Society.

3.2. Atomistic Study of Laser Fragmentation in Liquid

The cluster-based TTM-MD is firstly implemented in the study of LFL, which provides
a realistic and insightful view at the atomic scale. Figure 5 shows the process of the laser
interaction with nanoparticles inside the liquid from a few different perspectives, including
the temperature and size evolution, bubble oscillation, and spatial distributions. Benefitting
from the high performance of the cluster analysis parallel algorithm, the cluster-based TTM-
MD can update the cluster size at every timestep and provides the size evolution, as shown
in the bottom row of the snapshots in Figure 5. The simulation also reveals that nearly all
the gold atoms have been quenched and coalesced outside the bubble. The collapse of the
bubble facilitates the nucleation of the nanoparticles in the end. The simulation result agrees
well with the LFL experiment results [29]. The fruitful results provided by the cluster-based
TTM-MD help reveal the mechanism of the nanoparticle size distribution. They provide
practical advice to narrow the size distribution by changing the laser fluence [30].
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4. Application

This section will briefly introduce a few promising areas where the cluster-based
TTM-MD can be applied, including a further and wider exploration of LFL under various
conditions, nanobubble oscillation, and cancer thermal treatment by laser.

4.1. Laser Fragmentation in Liquid

Figure 6 demonstrates the simulation and experiments of LFL. It is a high-nonequilibrium
phenomenon taking place in a nanoscale time and dimension, which involves vaporization,
and nucleation in both liquid and vapor environments, as depicted in Figure 6E. Huang
and Zhigilei [25] combined the classical MD method and TTM to simulate LFL processes
for GNPs. As depicted in Figure 6A, the total mass of nanoparticles with various diameters
by a simulation of LFL was analyzed for 20 nm gold nanoparticle, irradiated by a 10 ps laser
pulse at an absorbed energy density of 2.7 eV/atom. The modeling results revealed that at
200 ps, vapor and atomic clusters smaller than 1 nm contributed to 23% of the total mass
of the fragmentation product. After that moment, most metal vapors and atomic clusters
were quickly injected into an aqueous environment, where they grew into nanoparticles
with sizes ranging from 1 to 3 nanometers. Then, these nanoparticles contributed to 35%
of the total mass of the fragmented product at 9.2 ns. Through experimental research,
Werner et al. [31] found that in the LFL process, the Coulomb explosion was triggered due
to possible photothermal evaporation under nanosecond laser irradiation, which led to
further fragmentation of nanoparticles, as shown in Figure 6D.

Through simulation experiments, Zhigilei and Garrison [32] found that the laser energy
significantly affected the fracture process of nanoparticles in their liquids, as shown in
Figure 6B. For shorter laser pulses, substantial damage to the irradiated nanoparticles was
observed at lower laser fluences, and the damage was characterized by distinct mechanical
damage. For longer laser pulses, significantly higher laser flux was required to cause visible
damage to the nanoparticles. Similarly, our results also showed that with the decrease of
the laser energy, the nanoparticle would undergo a transition from a “strong” phase to a
“mild” phase [25]. At lower laser radiation energies, all products of the explosive phase
decomposition of the nanoparticles were rapidly injected into the water surrounding the
nanobubbles formed around the nanoparticles, which resulted in the formation of a large
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central nanoparticle surrounded by smaller satellite fragments. In addition, Jiang et al. [33]
used classical molecular dynamics and a two-temperature model to study the cavity
formation process of silver nanoparticles under ultrafast laser irradiation. As shown in
Figure 6C, upon laser irradiation, a small hole initially appeared in the center of the silver
NPs, followed by a tiny void in them. Subsequently, a growing number of voids appeared
in the silver NPs, and these small voids swelled violently, coalesced into larger voids, and
hollowed out the NPs.
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Figure 6. Simulation and experiments of laser fragmentation in liquid. (A) The total mass of nanopar-
ticles with various diameters by a simulation of LFL of a 20 nm gold nanoparticle irradiated by a
10 ps laser pulse at a deposited energy density of 2.7 eV/atom [25]. Reprinted with permission from
Ref. [25]. Copyright 2021 American Chemical Society. (B) Snapshots of LFL from MD simulations of
laser irradiation of individual particles (~100 nm) versus deposited laser energy [32]. Reprinted with
permission from Ref. [32]. Copyright 1998 Elsevier. (C) Simulation of the creation of hollow silver
NPs using MD (20 nm silver nanoparticle after heating for 50ps) [33]. Reprinted with permission
from Ref. [33]. Copyright 2021 Elsevier. (D) TEM images and corresponding size distributions of
60 nm GNPs before (a,c) and after (b,d) of laser irradiation (at 1 kHz and an excitation wavelength of
400 nm) [31]. Reprinted with permission from Ref. [31]. Copyright 2011, copyright American Chemical
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Society. (E) Fragmentation pathway of GNPs in LFL (under femtosecond laser) [34]. Reprinted with
permission from Ref. [34]. Copyright 2021 Royal Society of Chemistry.

4.2. Nanobubbles

Nanobubbles (NBs) are defined as a volume of gas or vapor surrounded by a liquid
with a size similar to that of nanoparticles (<1000 nm) [35]. Figure 7 demonstrates the
simulation and experiments of nanobubble in LFL. As depicted in Figure 7A, the plasma
cools by colliding and recombining with water molecules, causing a fast rise in water tem-
perature and pressure, resulting in water vapor NBs surrounding the irradiated NPs [36].
Meunier et al. [37,38] were the first to use plasmon-mediated NBs, irradiating 100 nm gold
nanospheres with a femtosecond pulsed laser (45 fs) and finding that the threshold for
plasmonic-mediated NBs creation was similar to heat-induced NBs. Using MD simulations,
Maheshwari et al. [39] investigated the formation of NBs around a heated NP in a bulk
liquid. Figure 7B (a) and (b) depicted typical profiles of vapor NBs surrounding heated NPs
in liquids with or without dissolved gases based on simulation findings. They calculated
the average density field (as a function of time) of radial liquid particles around the NPs
to explore the production of NBs. The simulation results demonstrated that, due to the
system’s finite size, the radius of the NB stabilized after the initial explosive growth, as
illustrated in Figure 7B (c). In addition, they compared the stable radius of NBs to the MD
results (in Figure 7B (d)) by theory and found that the average prediction error was less
than 10%.

Because NBs are ideal for biological applications, such as those that can be triggered
by ultrasound, they have attracted a lot of interest. For example, NBs can be used as
drug carriers for intravenous injection since these tiny bubbles diffuse faster from blood
vessels to surrounding tissues. At the same time, antibody functionalization on the bubbles’
surface will promote NBs’ binding to cellular targets, allowing for easier accumulation
into the organization. NBs generated higher contrast in xenograft tumors compared to
microbubbles (MBs) over a longer length of time [40], while having the identical mean
signal intensity to MBs in vitro due to their significant capacity to enter tumor tissue. NBs
and SonoVue, a commercial MB, have similar image-enhancing characteristics, according
to in vitro research. The most effective approach for cancer diagnosis is to develop specific
ultrasound contrast agents (UCAs) that directly target cancer. Nanobubbles enable UCAs to
penetrate the endothelial space of tumor blood vessels and circulate into tumor tissue. As
shown in Figure 7C, the echo of FA-NBs-IR780 was analyzed by in vitro contrast-enhanced
ultrasound imaging. As expected, the echo of FA-NBs-IR780 and SonoVue MBS showed
bright enhanced imaging [41]. However, some in vivo investigations have demonstrated
that NBs have more tumor strength than MBs. In addition, the light-indirect responsive
properties of NBs can be exploited to improve the permeability of antibiotics through
biofilms [42], thereby more effectively eliminating biofilms and reducing antibiotic resis-
tance. As shown in Figure 7D, bacterial biofilms were formed in vitro on glass surfaces (top
left) for 24 h, and GNPs penetrated the biofilms (top right). After the intense nanosecond
laser pulse was absorbed, NBs emerged around the AuNPs (bottom left), and the mechani-
cal force of the NBs created more space between the cells, allowing better penetration of
subsequently applied antimicrobial agents (bottom right) [43].
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Figure 7. Simulation and experiments of nanobubble in LFL. (A) Generation of water vapor NBs
around the irradiated NPs under pulsed laser irradiation [36]. Reprinted with permission from
Ref. [36]. Copyright 2021 Royal Society of Chemistry. (B) Simulations results of NBs from MD of
laser irradiation; a typical image of vapor NBs forming around heated nanoparticles in a liquid
(a) and dissolved gas in the liquid (b); the radius of a NB as a function of time for various gas
concentrations; (c), and the steady-state radius of a NB as a function of gas mole fraction in liquid
molecules [39]. Reprinted with permission from Ref. [39]. Copyright 2018 American Chemical Society.
(C) Ultrasound contrast-enhanced images of a gastric cancer xenograft with SonoVue MBs and NBs at
10, 30, 60, 180, 300, and 900 s after injection, illustrated by (a–f) and (g–l), respectively [41]. Reprinted
with permission from Ref. [41]. Copyright 2019, Elsevier. (D) In vitro formation of bacterial biofilms
on glass surfaces for 24 h through NBs [43]. Reprinted with permission from Ref. [43]. Copyright
2018 Springer Nature.

4.3. Cancer Therapy

Gold is a multifunctional substance due to its bacteriostatic, antiseptic, and antioxi-
dant qualities. Even more sophisticated applications have been developed to use gold’s
nanoscale fabrication and functionalization capabilities for targeted medication delivery
to cancer locations [44]. Photothermal therapy (PTT) and photodynamic therapy (PDT)
are potential cancer therapies that exogenously administer heating of nanoparticles and
activation of photosensitizer (PS) medicines in response to certain wavelengths of light [32].
In terms of the PS medicines, cytotoxic photothermal heating can promote apoptotic and
necrotic cancer cell death by external photoactivated light via the surface plasmon reso-
nance (SPR) phenomenon and reactive oxygen species (ROS) [33,34,45] (in Figure 8). The
SPR effect and their ease of functionalizing desired molecules using sulfur chemistry im-
prove their ability to load PS drugs. Therefore, GNPs are the most promising photothermal
and photosensitizer carriers because of their high photothermal conversion efficiency.
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In the medical field, the quality and manufacturing of GNP can be improved with
the help of simulation, reducing manufacturing costs. Furthermore, precision treatment
will be possible to reduce or avoid the damage during PTT. Currently, the price of GNPs
is relatively high, costing 1040 USD per 2.5 mg. The price is even higher when lower size
dispersion is required [46]. However, by establishing a simulation model, the fabricating
process, such as laser interaction with nanoparticles in liquids, can be simulated more
accurately, the yield rate can be improved, and the manufacturing cost can be reduced. In
addition, the model can provide precise guidance for infrared therapy, strictly control the
dose of the drug, the location of injection, and evaluate the efficacy of the drug. For example,
due to the reduction of manufacturing costs, GNPs can also be added to improve nucleic
acid’s detection range and sensitivity [47]. For the treatment of tumor cells, moreover, the
detection process of the cancer marker carcinoembryonic antigen (CEA) using GNPs is
simulated in the environment of human serum, and the weak changes in the conductance
process are detected to improve the detection accuracy [48].

5. Future and Challenges
5.1. Laser Interaction with Noble and Alloy Nanoparticles

Gold nanoparticles are among the most studied material because of their wide appli-
cation and stability. In addition to gold nanoparticles, other noble nanoparticles, such as
Pt, Ag, are also essential agents in therapy, drug delivery, and imaging [49]. LFL can also
yield noble nanoparticles, and they are stable inside water. Cluster-based TTM-MD can
help describe and reveal the mechanisms of LFL to other noble nanoparticles. The LFL
of alloy nanoparticles, such as AuFe and AgNi, can also benefit from the cluster-based
TTM-MD. The study on element preference before and after the laser interaction will be
fascinating [50].

As well as fragmentation, the nanoparticle structure can be modified by the laser in
liquid. For example, FeNi with the L10 phase demonstrates permanent magnetic property.
Alloy nanoparticles with specific structures such as core-shell can also be yielded with the
help of the laser [51]. In addition to the structure, the composition of the alloy nanoparticles
can also be tuned [13]. The above study on laser interaction with alloy nanoparticles can be
facilitated with the help of cluster-based TTM-MD.

5.2. Laser Melting in Liquid of Multiple Nanoparticles

In addition to LFL, laser melting in liquid is another method to regulate the size
distribution of nanoparticles. By melting nanoparticles instead of vaporizing them, larger
nanoparticles will be formed. Alloy nanoparticles can also be formed by mixing colloid
solutions of different elements [52], as shown in Figure 9. No numerical study has been
done on LML yet. Cluster-based TTM-MD is promising to reveal the mechanisms of LML,
but it will encounter the challenge of boundary conditions.
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In the current TTM-MD for nanoparticles, the whole system is bordered by the non-
reflecting spherical boundary condition, through which the shock wave generated from the
nanoparticle will travel. Since there is only one nanoparticle, the pressure wave is assumed
to be identical in every direction. However, in the case of LML, it will involve at least two
nanoparticles, and the system is not spherical symmetry anymore. The pressure waves will
propagate from every nanoparticle and interfere with each other. Pressure wave in a few
directions is more robust and faster than others, and the spherical boundary condition will
reflect them. Setting a proper boundary condition for an exotic system will be a challenge
for LML in the future.

5.3. Ionization by Femtosecond Laser

Electron–phonon coupling and Coulomb explosion are the main mechanisms during
the laser interaction with nanoparticles [53], which mainly depend on pulse duration
and energy absorption. TTM-MD can only describe the electron–phonon coupling, the
primary mechanism for a laser with a longer pulse. The electron–phonon coupling will
heat the nanoparticle, and the mechanical shock wave is the main reason to fragment the
nanoparticle. Coulomb explosion is much more violent than the pressure wave. Therefore,
it plays a more critical role in femtosecond laser fragmentation. Although the ionization
and the following Coulomb explosion are critical in LFL, it is challenging to observe the
generation of the ions and track the violent Coulomb explosion. Cluster-based TTM-
MD is a promising method to solve the problems, but in the liquid environment, the
electron will form a space charge which affects the following electron emission process [54].
How to numerically describe the ionization process of nanoparticles under femtosecond
laser is a challenge to implementing the cluster-based TTM-MD in the femtosecond laser
fragmentation in liquid.

6. Conclusions

Laser interaction with nanoparticles in liquid is the fundamental theory for many
applications, from cancer phototherapy and diagnosis to targeted drug delivery. However,
it is a high-nonequilibrium phenomenon taking place in a nanoscale time and dimen-
sion, which involves vaporization and nucleation in both liquid and vapor environments,
and only the collective behavior of colloid solution can be observed in the experiment.
Hence, the mechanism of the laser interaction with the nanoparticle, especially the solo
nanoparticle, is still not fully revealed. Fortunately, the continuum level TTM integrated
with atomistic level MD provides a possible solution to describe the above phenomena.
However, the classical TTM-MD cannot be applied in the study of nanoparticles due to its
dividing method.
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The cluster-based TTM-MD performs the electron–phonon coupling in each nanopar-
ticle rather than within a fixed cubic cell and considers the size effect on coupling. A
high-performance parallel cluster analysis algorithm is developed to update the cluster size
and its effect on the coupling coefficient. Furthermore, the simulation results agree with the
LFL experimental results. This suggests that the fruitful results provided by cluster-based
TTM-MD help reveal the mechanism of nanoparticle size distribution and provide some
practical suggestions for narrowing the size distribution.

In addition, the potential application of molecular dynamics for laser interaction with
nanoparticles in liquids is given in this study, such as investigating the mechanism of LFL
and NBs, and biological applications. Moreover, perspectives and challenges on TTM-
MD for laser interaction with NPs are proposed, such as laser interaction with noble and
alloy nanoparticles, laser melting in liquid of multiple nanoparticles, and ionization by a
femtosecond laser, which provides a viable avenue for future research.

Author Contributions: G.L. and W.M. outlined the structure of the paper, H.H. and Y.X. wrote the
paper, G.L., W.M. and Z.X. revised the paper. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the Local Innovative and Research Teams Project of Guang-
dong Pearl River Talents Program (2017BT01G167) and by the Science and Technology Research
Project of Henan Province (222102220011). In addition, this research was supported by the Natural
Science Foundation of Guangdong Province (2020A1515011393).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Acknowledgments: The authors acknowledge the financial support provided by the Local Innovative
and Research Teams Project of Guangdong Pearl River Talents Program (2017BT01G167) and by the
Science and Technology Research Project of Henan Province (222102220011). In addition, the authors
acknowledge the financial support provided by the Natural Science Foundation of Guangdong
Province (2020A1515011393).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Lee, J.; Mahendra, S.; Alvarez, P.J.J. Nanomaterials in the construction industry: A review of their applications and environmental

health and safety considerations. ACS Nano 2010, 4, 3580–3590. [CrossRef] [PubMed]
2. Daniel, M.C.; Astruc, D. Gold nanoparticles: Assembly, supramolecular chemistry, quantum-size-related properties, and

applications toward biology, catalysis, and nanotechnology. Chem. Rev. 2004, 104, 293–346. [CrossRef]
3. Boisselier, E.; Didier, A. Gold nanoparticles in nanomedicine: Preparations, imaging, diagnostics, therapies and toxicity. Chem.

Soc. Rev. 2009, 38, 1759–1782. [CrossRef] [PubMed]
4. Kang, J.H.; Asami, Y.; Murata, M.; Kitazaki, H.; Sadanaga, N.; Tokunaga, E.; Shiotani, S.; Okada, S.; Maehara, Y.; Niidome, T.; et al.

Gold nanoparticle-based colorimetric assay for cancer diagnosis. Biosens. Bioelectron. 2010, 25, 1869–1874. [CrossRef] [PubMed]
5. Mesbahi, A. A review on gold nanoparticles radiosensitization effect in radiation therapy of cancer. Radiother. Oncol. 2010, 15,

176–180. [CrossRef]
6. Hossen, S.; Hossain, M.K.; Basher, M.K.; Mia, M.N.H.; Rahman, M.T.; Uddin, M.J. Smart nanocarrier-based drug delivery systems

for cancer therapy and toxicity studies: A review. J. Adv. Res. 2019, 15, 1–18. [CrossRef]
7. Sztandera, K.; Gorzkiewicz, M.; Klajnert-Maculewicz, B. Gold nanoparticles in cancer treatment. Mol. Pharm. 2018, 16, 1–23.

[CrossRef]
8. Hleb, E.Y.; Hafner, J.H.; Myers, J.N.; Hanna, E.Y.; Rostro, B.C.; Zhdanok, S.A.; Lapotko, D.O. LANTCET: Elimination of solid

tumor cells with photothermal bubbles generated around clusters of gold nanoparticles. Nanomedicine 2008, 3, 647–667. [CrossRef]
9. Jazayeri, M.H.; Aghaie, T.; Nedaeinia, R.; Manian, M.; Nickho, H. Rapid noninvasive detection of bladder cancer using surviving

antibody-conjugated gold nanoparticles (GNPs) based on localized surface plasmon resonance (LSPR). Cancer Immunol. Immun.
2020, 69, 1833–1840. [CrossRef]

10. Huang, C.; Wen, T.; Shi, F.; Zeng, X.; Jiao, Y. Rapid detection of IgM antibodies against the SARS-CoV-2 virus via colloidal
goldnanoparticle-based lateral-flow assay. ACS Omega 2020, 5, 12550–12556. [CrossRef]

http://doi.org/10.1021/nn100866w
http://www.ncbi.nlm.nih.gov/pubmed/20695513
http://doi.org/10.1021/cr030698+
http://doi.org/10.1039/b806051g
http://www.ncbi.nlm.nih.gov/pubmed/19587967
http://doi.org/10.1016/j.bios.2009.12.022
http://www.ncbi.nlm.nih.gov/pubmed/20153162
http://doi.org/10.1016/j.rpor.2010.09.001
http://doi.org/10.1016/j.jare.2018.06.005
http://doi.org/10.1021/acs.molpharmaceut.8b00810
http://doi.org/10.2217/17435889.3.5.647
http://doi.org/10.1007/s00262-020-02559-y
http://doi.org/10.1021/acsomega.0c01554


Nanomaterials 2022, 12, 1524 14 of 15

11. Ishida, T.; Murayama, T.; Taketoshi, A.; Haruta, M. Importance of size and contact structure of gold nanoparticles for the genesis
of unique catalytic processes. Chem. Rev. 2019, 120, 464–525. [CrossRef]

12. Panayotov, D.A.; Morris, J.R. Surface chemistry of Au/TiO2: Thermally and photolytically activated reactions. Surf. Sci. Rep.
2016, 71, 77–271. [CrossRef]

13. Chen, L.; Hu, J.; Qi, Z.; Fang, Y.; Richards, R. Gold nanoparticles intercalated into the walls of mesoporous silica as a versatile
redox catalyst. Ind. Eng. Chem. Res. 2011, 50, 13642–13649. [CrossRef]

14. Asahi, T.; Mafune, F.; Rehbock, C.; Barcikowski, S. Strategies to harvest the unique properties of laser-generated nanomaterials in
biomedical and energy applications. Appl. Sur. Sci. 2015, 348, 1–3. [CrossRef]

15. Inasawa, S.; Sugiyama, M.; Yamaguchi, Y. Laser-induced shape transformation of gold nanoparticles below the melting point:
The effect of surface melting. J. Phys. Chem. B 2005, 109, 3104–3111. [CrossRef]

16. Baker, A.; Syed, A.; Alyousef, A.A.; Arshad, M.; Alqasim, A.; Khalid, M.; SajidKhan, M. Sericin-functionalized GNPs potentiate
the synergistic effect of levofloxacin and balofloxacin against MDR bacteria. Microb. Pathog. 2020, 148, 104467. [CrossRef]

17. Ivanov, D.S.; Zhigilei, L.V. Combined atomistic-continuum modeling of short-pulse laser melting and disintegration of metal
films. Phys. Rev. B 2003, 68, 064114. [CrossRef]

18. Shih, C.; Streubel, R.; Heberle, J.; Letzel, A.; Shugaev, M.V.; Wu, C.; Schmidt, M.; Gokce, B.; Barcikowski, S.; Zhigilei, L.V. Two
mechanisms of nanoparticle generation in picosecond laser ablation in liquids: The origin of the bimodal size distribution.
Nanoscale 2018, 10, 6900–6910. [CrossRef]

19. Shih, C.; Gnilitskyi, I.; Shugaev, M.V.; Skoulas, E.; Stratakis, E.; Zhigilei, L.V. Effect of a liquid environment on single-pulse
generation of laser induced periodic surface structures and nanoparticles. Nanoscale 2020, 12, 7674–7687. [CrossRef]

20. Shugaev, M.V.; Gnilitskyi, I.; Bulgakova, N.M.; Zhigilei, L.V. Mechanism of single-pulse ablative generation of laser-induced
periodic surface structures. Phys. Rev. B 2017, 96, 205429. [CrossRef]

21. Ivanov, D.S.; Blumenstein, A.; Ihlemann, J.; Simon, P.; Garcia, M.E.; Rethfeld, B. Molecular dynamics modeling of periodic
nanostructuring of metals with a short UV laser pulse under spatial confinement by a water layer. Appl. Phys. A. 2017, 123, 744.
[CrossRef]

22. Delfour, L.; Itina, T.E. Mechanisms of ultrashort laser-induced fagmentation of metal nanoparticles in liquids: Numerical insights.
J. Phys. Chem. C 2015, 119, 13893–13900. [CrossRef]

23. Voisin, C.; Christofilos, D.; Del Fatti, N.; Vallee, F.; Prevel, B.; Cottancin, E.; Lerme, J.; Pellarin, M.; Broyer, M. Size-dependent
electron-electron interactions in metal nanoparticles. Phys. Rev. Lett. 2000, 85, 2200–2203. [CrossRef]

24. Arbouet, A.; Voisin, C.; Christofilos, D.; Langot, P.; Del Fatti, N.; Vallee, F.; Lerme, J.; Celep, G.; Cottancin, E.; Gaudry, M.; et al.
Electron-phonon scattering in metal clusters. Phys. Rev. Lett. 2003, 90, 177401. [CrossRef] [PubMed]

25. Huang, H.; Zhigilei, L.V. Atomistic view of laser fragmentation of gold nanoparticles in a liquid environment. J. Phys. Chem. C
2021, 125, 13413–13432. [CrossRef]

26. Zhakhovskii, V.; Inogamov, N.; Petrov, Y.V.; Ashitkov, S.I.; Nishihara, K. Molecular dynamics simulation of femtosecond ablation
and spallation with different interatomic potentials. Appl. Surf. Sci. 2009, 255, 9592–9596. [CrossRef]

27. Tabetah, M.; Matei, A.; Constantinescu, C.; Mortensen, N.P.; Dinescu, M.; Schou, J.; Zhigilei, L.V. The Minimum Amount
of “Matrix” Needed for Matrix-Assisted Pulsed Laser Deposition of Biomolecules. J. Phys. Chem. B 2014, 118, 13290–13299.
[CrossRef]

28. Zou, J.; Wu, C.; Robertson, W.; Zhigilei, L.; Miller, R. Molecular dynamics investigation of desorption and ion separation following
picosecond infrared laser (PIRL) ablation of an ionic aqueous protein solution. J. Chem. Phys. 2016, 145, 204202. [CrossRef]

29. Ziefuss, A.R.; Reich, S.; Reichenberger, S.; Levantino, M.; Plech, A. In situ structural kinetics of picosecond laser-induced heating
and fragmentation of colloidal gold spheres. Phys. Chem. Chem. Phys. 2020, 22, 4993–5001. [CrossRef]

30. Huang, H.; Zhigilei, L.V. Computational study of laser fragmentation in liquid: Phase explosion, Inverse Leidenfrost effect at the
nanoscale, and evaporation in a nanobubble. Sci. China Phys. Mech. 2022, in press.

31. Werner, D.; Furube, A.; Okamoto, T.; Hashimoto, S. Femtosecond laser-induced size reduction of aqueous gold nanoparticles: In
situ and pump−probe spectroscopy investigations revealing coulomb explosion. J. Phys. Chem. C 2011, 115, 8503–8512. [CrossRef]

32. Zhigilei, L.V.; Garrison, B.J. Computer simulation study of damage and ablation of submicron particles from short-pulse laser
irradiation. Appl. Surf. Sci. 1998, 127, 142–150. [CrossRef]

33. Jiang, C.; Mo, Y.; Wang, H.; Li, R.; Huang, M.; Jiang, S. Molecular dynamics simulation of the production of hollow silver
nanoparticles under ultrafast laser irradiation. Comput. Mater. Sci. 2021, 196, 110545. [CrossRef]

34. Bongiovanni, G.; Olshin, P.K.; Yan, C.; Voss, J.M.; Drabbels, M.; Lorenz, U.J. The fragmentation mechanism of gold nanoparticles
in water under femtosecond laser irradiation. Nanoscale Adv. 2021, 3, 5277–5283. [CrossRef]

35. Tsuge, H. Micro- and Nanobubbles: Fundamentals and Applications; CRC Press: Boca Raton, FL, USA, 2014; pp. 1–355.
36. Xiong, R.; Xu, R.; Huang, C.; De Smedt, S.; Braeckmans, K. Stimuli-responsive nanobubbles for biomedical applications. Chem.

Soc. Rev. 2021, 50, 5746–5776. [CrossRef]
37. Boulais, E.; Lachaine, R.; Meunier, M. Plasma mediated off-resonance plasmonic enhanced ultrafast laser-induced nanocavittion.

Nano Lett. 2012, 12, 4763–4769. [CrossRef]
38. Lachaine, R.; Boulais, E.; Meunier, M. From Thermo- to plasma-mediated ultrafast laser-induced plasmonic nanobubbles. ACS

Photonics 2014, 1, 331–336. [CrossRef]

http://doi.org/10.1021/acs.chemrev.9b00551
http://doi.org/10.1016/j.surfrep.2016.01.002
http://doi.org/10.1021/ie200606t
http://doi.org/10.1016/j.apsusc.2015.04.104
http://doi.org/10.1021/jp045167j
http://doi.org/10.1016/j.micpath.2020.104467
http://doi.org/10.1103/PhysRevB.68.064114
http://doi.org/10.1039/C7NR08614H
http://doi.org/10.1039/D0NR00269K
http://doi.org/10.1103/PhysRevB.96.205429
http://doi.org/10.1007/s00339-017-1372-9
http://doi.org/10.1021/acs.jpcc.5b02084
http://doi.org/10.1103/PhysRevLett.85.2200
http://doi.org/10.1103/PhysRevLett.90.177401
http://www.ncbi.nlm.nih.gov/pubmed/12786103
http://doi.org/10.1021/acs.jpcc.1c03146
http://doi.org/10.1016/j.apsusc.2009.04.082
http://doi.org/10.1021/jp508284n
http://doi.org/10.1063/1.4967164
http://doi.org/10.1039/C9CP05202J
http://doi.org/10.1021/jp112262u
http://doi.org/10.1016/S0169-4332(97)00624-7
http://doi.org/10.1016/j.commatsci.2021.110545
http://doi.org/10.1039/D1NA00406A
http://doi.org/10.1039/C9CS00839J
http://doi.org/10.1021/nl302200w
http://doi.org/10.1021/ph400018s


Nanomaterials 2022, 12, 1524 15 of 15

39. Maheshwari, S.; Van der Hoef, M.; Prosperetti, A.; Lohse, D. Dynamics of formation of a vapor nanobubble around a heated
nanoparticle. J. Phys. Chem. C 2018, 122, 20571–20580. [CrossRef]

40. Fan, X.; Wang, L.; Guo, Y.; Tong, H.; Li, L.; Ding, J.; Huang, H. Experimental investigation of the penetration of ultrasound
nanobubles in a gastric cancer xenograft. Nanotechnology 2013, 24, 325102. [CrossRef]

41. Shen, Y.; Lv, W.; Yang, H.; Cai, W.; Zhao, P.; Zhang, L.; Zhang, J.; Yuan, L.; Duan, Y. FA-NBs-IR780: Novel multifunctional
nanobubbles as molecule-targeted ultrasound contrast agents for accurate diagnosis and photothermal therapy of cancer. Cancer
Lett. 2019, 455, 14–25. [CrossRef]

42. Zhang, Z.; Zhang, Y.; Liu, D.; Zhang, Y.; Zhao, J.; Zhang, G. Bubble behavior and its effect on surface integrity in laser induced
plasma micro-machining silicon wafer. J. Manuf. Sci. Eng. 2022, accepted. [CrossRef]

43. Teirlinck, E.; Xiong, R.; Brans, T.; Forier, K.; Fraire, J.; Van Acker, H.; Matthijs, N.; De Rycke, R.; De Smedt, S.C.; Coenye, T.; et al.
Laser-induced vapour nanobubbles improve drug diffusion and efficiency in bacterial biofilms. Nat. Commun. 2018, 9, 4518.
[CrossRef] [PubMed]

44. Abdelhamid, S.; Saleh, H.; Abdelhamid, M.; Gohar, A.; Youssef, T. Laser-induced modifications of gold nanoparticles and their
cytotoxic effect. J. Biomed. Opt. 2012, 17, 068001. [CrossRef] [PubMed]

45. Kim, H.S.; Lee, D. Near-infrared-responsive cancer photothermal and photodynamic therapy using gold nanoparticles. Polymers
2018, 10, 961. [CrossRef]

46. Fortis Life Sciences Company, BioPure Gold Nanospheres—Bare (Citrate). Available online: https://nanocomposix.com/
collections/material-gold/products/biopure-gold-nanospheres-bare-citrate?variant=15907111272537 (accessed on 23 April 2022).

47. Jyoti, A.; Pandey, P.; Singh, S.P.; Jain, S.K.; Shanker, R. Colorimetric Detection of Nucleic Acid Signature of Shiga Toxin Producing
Escherichia coli Using Gold Nanoparticles. J. Nanosci. Nanotechnol. 2010, 10, 4514–4518. [CrossRef]

48. Zhao, K.; Chen, X.; Chang, Q.; Zhang, B.; Liu, J. Synthesis of DNA-GNPsnetwork structure and its preliminary application in the
detection of carcinoembryonic antigen. J. Biol. 2009, 26, 1008–9632.

49. Conde, J.; Doria, G.; Baptista, P. Noble metal nanoparticles applications in cancer. J. Drug Deli. 2012, 2012, 751075. [CrossRef]
50. Amans, D.; Cai, W.; Barcikowski, S. Status and demand of research to bring laser generation of nanoparticles in liquids to maturity.

Appl. Surf. Sci. 2019, 488, 445–454. [CrossRef]
51. Wagener, P.; Jakobi, J.; Rehbock, C.; Chakravadhanula, V.S.K.; Thede, C.; Wiedwald, U.; Bartsch, M.; Kienle, L.; Barcikowski,

S. Solvent-surface interactions control the phase structure in laser-generated iron-gold core-shell nanoparticles. Sci. Rep. 2016,
6, 23352. [CrossRef]

52. Messina, G.C.; Sinatra, M.G.; Bonanni, V.; Brescia, R.; Alabastri, A.; Pineider, F.; Campo, G.; Sangregorio, C.; Li-Destri, G.;
Sfuncia, G.; et al. Tuning the composition of alloy nanoparticles through laser mixing: The role of surface plasmon resonance. J.
Phys. Chem. C 2016, 120, 12810–12818. [CrossRef]

53. Zhang, D.; Gokce, B.; Barcikowski, S. Laser synthesis and processing of colloids: Fundamentals and applications. Chem. Rev. 2017,
117, 3990–4103. [CrossRef] [PubMed]

54. Wendelen, W.; Autrique, D.; Bogaerts, A. Space charge limited electron emission from a Cu surface under ultrashort pulsed laser
irradiation. Appl. Phys. Lett. 2010, 96, 051121. [CrossRef]

http://doi.org/10.1021/acs.jpcc.8b04017
http://doi.org/10.1088/0957-4484/24/32/325102
http://doi.org/10.1016/j.canlet.2019.04.023
http://doi.org/10.1115/1.4054416
http://doi.org/10.1038/s41467-018-06884-w
http://www.ncbi.nlm.nih.gov/pubmed/30375378
http://doi.org/10.1117/1.JBO.17.6.068001
http://www.ncbi.nlm.nih.gov/pubmed/22734787
http://doi.org/10.3390/polym10090961
https://nanocomposix.com/collections/material-gold/products/biopure-gold-nanospheres-bare-citrate?variant=15907111272537
https://nanocomposix.com/collections/material-gold/products/biopure-gold-nanospheres-bare-citrate?variant=15907111272537
http://doi.org/10.1166/jnn.2010.2649
http://doi.org/10.1155/2012/751075
http://doi.org/10.1016/j.apsusc.2019.05.117
http://doi.org/10.1038/srep23352
http://doi.org/10.1021/acs.jpcc.6b01465
http://doi.org/10.1021/acs.chemrev.6b00468
http://www.ncbi.nlm.nih.gov/pubmed/28191931
http://doi.org/10.1063/1.3292581

	Introduction 
	Molecular Dynamics Study on Laser Interaction with Bulk Material 
	Two Temperature Method Integrated with Molecular Dynamics 
	TTM-MD on Laser Ablation in Liquid and LIPSS 

	Molecular Dynamics Study on Laser Interaction with Nanoparticles 
	Cluster-Based TTM-MD for Nanoparticles 
	Atomistic Study of Laser Fragmentation in Liquid 

	Application 
	Laser Fragmentation in Liquid 
	Nanobubbles 
	Cancer Therapy 

	Future and Challenges 
	Laser Interaction with Noble and Alloy Nanoparticles 
	Laser Melting in Liquid of Multiple Nanoparticles 
	Ionization by Femtosecond Laser 

	Conclusions 
	References

