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Abstract: 
 

Gold nanoparticles have shown great potential as in-vivo, optically-active, biospecific 

probes with highly controllable and tunable optical properties for simultaneous molecular 

imaging and phototherapy. The strong plasmon resonance has led to the development of a variety 

of nanoparticle-based cancer therapies we term Plasmonic Laser Phototherapy (PLP). Through 

the use of molecular specific bioagents, researchers have shown the potential for the selective 

treatment of cancer cells targeted with a variety of gold nanostructures. PLP has been shown 

through either hyperthermal therapy or localized photodisruption of cellular membranes. Both 

cancer therapy modes have been demonstrated across the visible and near-infrared regimes of the 

electromagnetic spectrum. In this chapter, we provide a review of current PLP methods. Included 

is a discussion of particle heating processes and we organize therapeutic results by laser pulse 

duration, which will affect the damage confinement during therapy. 

 



1. Introduction: 
 
Cancer is a major healthcare concern across the globe. United States figures alone show that 

slightly less than one-half of males and one-third of females will develop cancer during their 

lifetime, which translates to approximately 1.5 million new cases of cancer being diagnosed 

yearly [1]. The National Institutes of Health estimates cancer related expenditures to have cost 

the United States approximately $219.2 billion in 2007, spreading across the health system and 

other industries in part due to lost productivity [1]. These issues are of such great concern that a 

major goal of the National Cancer Institute is to eliminate suffering and death due to cancer by 

2015 [2]. As such, there is a great need for the development of highly sensitive and cost effective 

technologies for the screening, diagnostic, and therapeutic treatment of cancer. The development 

of a multimodal tool that can combine these capabilities would be most ideal. 

Nanoparticles have shown a great potential to be multimodal tools with functionality as 

both a contrat agent for imaging and a therapeutic agent for treatment of cancerous tissue. 

Several molecular imaging modalities, taking advantage of the unique optical properties of 

nanoparticles as contrast agents, are currently under development for cancer imaging [3,4,5,6].  

While early detection can eventually reduce and even eliminate the need for expensive and time-

consuming histological examinations, molecular imaging can improve the precision of cancer 

margin detection and the understanding of disease progression through the monitoring of 

biomarker overexpression. Furthermore, nanoparticles can be utilized for the simultaneous 

removal of cancer. The application of nanoparticle-assisted phototherapeutics includes the 

removal of displasia or large scale and deep tumors, and controlled therapy of cancers with 

minimal impact to healthy, benign tissues. 

Nanomaterials have a number of advantageous characteristics in aiding the development 

of in-vivo, optically-active, biospecific probes that are highly controllable and have tunable 

optical properties. Among nanomaterials, noble-metal nanoparticles have shown great clinical 

potential in the fight against cancer due to their unique optical and chemical properties. Noble-

metal nanoparticles have enhanced scattering and absorption properties in the visible to near-

infrared (NIR) wavelength regimes that arise due to strong resonances upon excitation of 

conduction band electrons along the particle surface known as the plasmon resonance [7]. These 

electrodynamic properties render nanomaterials as bright contrast agents for imaging and highly 

effective tools for therapeutic applications.  Among metal particles, gold nanostructures have 



been shown to be relatively biologically compatible, showing low or negligible cellular toxicity 

making them ideal for in-vivo clinical use [8,9]. Gold nanoparticles can be synthesized relatively 

easily into a variety of geometries, including nanospheres [10,11], nanorods [12], nanoshells 

[13,14], nanocages [15], and their clusters [16,17].  Another promising particle type with strong 

optical properties is carbon nanostructures [18,19,20,21].  

Molecular targeting of metallic nanoparticles to specific cancer biomarkers can easily be 

achieved through active functionalization methods. Active methods employ molecular specific 

bioagents such as antibodies [22] (e.g., anti-EGFR [3] and anti-HER2 [23]), DNA sequences 

[24], and ligands (folate [25,26]) conjugated to the particle surface for highly specific in-vivo 

delivery and binding to a disease biomarker of choice. Functionalization enables selective 

targeting of cells or tissues expressing their cognate receptor with high specificity [4]. For 

therapeutic applications, nanoparticles have also been delivered to solid tumors using passive 

methods that involve capping the nanoparticle with poly (ethylene) glycol (PEG) for increased 

biocompatibility, biostability, and retention within tissues [27,28,29].  

This chapter will primarily focus on recent developments in plasmonic laser phototherapy 

(PLP) techniques using plasmonic gold particles as cancer therapeutic agents. For a 

comprehensive review of nanoparticles as imaging contrast agents for cancer diagnostics, we 

refer the reader to the review papers of Rebecca Richards-Kortum [30,31]. The El-Sayed group 

provides a nice review discussing the use of gold nanoparticles for the enhanced photothermal 

therapy of cancer [32,33].  In our chapter, we provide a comprehensive discussion of various 

PLP Techniques, extending plasmonic phototherapies beyond photothermal therapy to include 

cancer-killing schemes through mechanical, chemical, and plasma-mediated ablatiove effects. 

PLP has been divided into two distinct modes in accordance to the physical interactions between 

laser light and nanoparticles: continuous wave (CW) and pulsed. CW-PLP utilizes nanoparticles 

to initiate cell death via hyperthermic means. Pulsed-PLP localized laser damage to subcellular 

targets through the confinement of photodamage. 

The chapter begins with a review of the plasmonic properties of noble-metal particles.  

The effects of size, geometry, and aggregation on the near- and far-field scattering and 

absorption properties are discussed.  Second, the heating processes in both the particle and 

surrounding medium induced by nanoparticle absorption of laser energy are detailed.  We begin 

with the elementary heating processes induced by femtosecond laser pulses and proceed to detail 



how simultaneous heating and cooling occur with the application of longer pulse durations and 

CW irradiation. Third, the uses of nanoparticles for therapy are detailed. We begin with a 

discussion of single cells and tissue modifications utilizing CW laser irradiation and progress to 

pulsed laser irradiation where a higher precision photodisruption is possible.  Cellular damage 

due to pulsed laser laser irradiation can be achieved through different damage mechanisms: 

hyperthermia, bubble formation, overlapping-bubble formation, nanoparticle fragmentation, and 

nonlinear absorption and plasma induced ablation processes. Finally, we summarize a number of 

issues that still need to be addressed before PLP techniques can fully mature and find application 

in a clinical setting. 

 
2. Theoretical Understanding of Plasmonic Resonance:   
 
Noble-metal nanoparticles have unique optical properties that arise due to the collective 

oscillation of conduction band electrons along the particle surface upon excitation by an 

electromagnetic field, which is known as the plasmon resonance [7]. This strong resonance is 

responsible for the enhanced scattering and absorption of light in the visible to NIR wavelength 

regimes that can be exploited in nanobiophotonics applications. In this section, we discuss the 

physical properties for the rise of the plasmon resonance. Particular insight is provided on the 

effect of particle size, geometry, and aggregation on the electrodynamic properties of noble-

metal nanoparticles in both the far and near-fields.  

 

2.1. Origin of Surface Plasmon Resonance: 

As the size of a metallic material is reduced to the nanoscale, both the electronic properties and 

the optical response of the material are dramatically affected [7,34,35,36,37,38]. Changes in 

material electronic properties occur due to the reduction in the density of states and the spatial 

length scale of the electronic motion. Energy eigenstates need now to be determined by the 

material-substrate boundaries, making surface effects of high importance. Optically, as the size is 

reduced, the electrodynamic properties become size dependent and colors not typically 

associated with the original bulk material can be scattered. This optical phenomenon is 

eloquently demonstrated by observing stained glass windows as sunlight passes through. 

Metallic gold nanocrystals embedded in the glass are responsible for the brilliant reds found due 

to their interaction with the incident light. Simply by adjusting the size of a gold nanoparticle and 



the environment in which it is found, it is possible to scatter light at a variety of colors ranging 

from deep violet to red [39,40,41]. 

When an electromagnetic field is incident an arbitrarily shaped noble-metal nanoparticle, 

the oscillating electric field perturbs surface conduction electrons, as shown in Fig 1a. 

Conduction electrons oscillate coherently with respect to the electric field direction, a 

phenomenon known as surface plasmon oscillation [42]. The ability to induce these coherent 

oscillations allows noble-metal nanoparticles of a certain size range to strongly absorb and 

scatter light [7,34,35,36,37,38].  When resonant conditions are met, the nanoparticle acts as a 

field intensifier and its influence on the incident wave extends beyond its geometrical 

boundaries. As such, the effective cross sectional area of the collected light is significantly larger 

than the particle itself [43]. Figure 1b presents the field lines around the particle when the 

resonant conditions for electron oscillation are met; Fig 1c demonstrates when resonant 

conditions are not met. The nature at which the electrons oscillate is dependent upon the material 

composition, size and geometry, as well as the dielectric constant of the surrounding medium. 

The oscillatory behavior strongly affects particle electrodynamic properties and location and 

width of the plasmon bands, providing highly controllable and tunable properties. 

 
Figure 1.  Description of the plasmon resonance.  (a) Schematic of the coherent oscillations of the surface 
conduction band electrons induced by the oscillating electric field. Reproduced with permission from [42]. (b) and 
(c) Poynting vector field lines (excluding scattering) around a small nanosphere irradiated by laser light at the 
resonance and off resonance, respectively. Reproduced with permission from [7]. 
 

2.2. Description of Absorption and Scattering Properties: 

For spherical, metal particles having a diameter much smaller than the incident 

a c

b



wavelength, the electric field intensity is uniformly distributed across the particle surface and all 

conduction band electrons are equally excited. In this case, electron movement can be well 

approximated by the Drude free-electron model, which assumes that the conduction band 

electrons can be treated independently from the ionic core and can move freely, whereas the ions 

act only as scattering centers [44,45,46]. As such, conduction band electrons have a higher 

polarizability and the incident electric field induces a polarization of the electrons with respect to 

the heavier ionic core. A net charge difference is only felt at the surface of the nanoparticle, 

creating a restoring force that causes the electron cloud to oscillate in phase in a dipolar fashion. 

In this model, retardation effects that lead to plasmon damping are negligible and the optical 

cross-section is dominated by dipole absorption, which can simply be described by [47]:  
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where V0  4 3 a3  is the spherical particle volume,  is the angular frequency of the 

excitation radiation, and m  and    1   i2   donate the bulk dielectric functions of the 

surrounding material and of the particle material, respectively.  The absorption resonance is 

dependent upon the bulk material properties and the position and shape of the resonance are 

governed solely by the dielectric functions.  From Eqn. 1, we can deduce that a strong, yet 

narrow absorption resonance appears at 1   2m  if 2   is small and does not vary much in 

the vicinity of the resonance.   

In its basic expression, the Drude model does not predict that the absorption bandwidth is 

affected by particle size.  Experimentally, colloidal systems having a weak cluster-matrix 

interaction show a well-established inverse correlation with respect to the plasmon bandwidth 

with particle size. To describe the bandwidth dependency on particle size, Hovel et al. [47]  

proposed a classical view of free-electron metals; here the scattering of electrons with other 

electrons, phonons, lattice defects, and impurities leads to damping of the Mie resonance. 

Briefly, in realistic metals, the dielectric function is composed of contributions from both 

interband transitions and the free-electron portion [48]. The free-electron dielectric function can 

be modified by the Drude Model to account for this dependency, giving [47,49,50]  
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where  p  Ne2 0meff is the plasma frequency and the Drude  is the size dependent 

phenomenological damping constant. As the particle size approaches the dimensions of the mean 

free path of electron scattering, the dimensions of the particle physically limit electron 

movement, leading to enhanced electron-surface scattering.  In gold and silver, the electron mean 

free path is on the order of 40-50 nm [51]. Additional collision processes result in a reduced 

electron mean free path and increased damping. Because size effects are a function of the particle 

dielectric function, they are labeled intrinsic size effects [47]. 

As the particle size approaches the incident wavelength, scattering becomes a major 

contributor. Absorption effects are significantly minimized because the gold dielectric function 

reduces with longer wavelengths due to decreased d-level to sp-band electronic transitions.  The 

optical response of the particle is now the superposition of both the absorption and scattering 

modes. Higher-order multipolar electrodynamic effects become more dominant as surface 

plasmons are unevenly distributed around the particle.  As particle size increases, the incident 

electric field can no longer homogeneously polarize the surface conduction electrons and 

retardation effects lead to higher order modes being excited [35].  Figure 2 shows how the 

plasmon response changes (red-shifts and broadens) with respect to particle size. 
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Figure 2.  Size dependency on extinction spectra for spherical gold nanoparticles. With increasing particle size, the 
dipolar plasmon peak red-shifts and broadens. The formation of a quadrapole at the original plasmon peak is found 
for the 150 nm particle size. 
 



2.3. Near-Field Scattering Dynamics 

Many common applications and experimental conditions rely on light scattering measurements 

made in the far field, a distance far away from the particle surface. In recent years, a number of 

groups have been looking to develop biological technologies that rely on near-field effects of 

metallic nanostructures. The scattered wave in the far-field consists solely of the electric field 

components E and E. As the point of interest is moved closer to the particle surface, large local 

electromagnetic fields due to the addition of the radial electric field component ER, are found. 

This can be verified in the known fact that for free-electron metals, the electric field must radiate 

normally to the surface. To describe the strength of the electromagnetic field in the near-field 

regime, Messinger et al. [43] introduced the following term: 
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QNF  represents the square of the spatially averaged electric field of the scattered wave

ES  ER , E , E  as a function R. The scattered field consists of all three components of the 

electric field vector, where the angular components, E and E, are perpendicular to the particle 

surface and the radial component, ER, lies normal to the surface. It provides a measure for the 

ability of the sphere to convert the incident electric field intensity to a near-field intensity. QR  is 

the main contribution of QNF , approximately 67%, which is due to the radial field component 

only and provides a measure of the sphere’s ability to convert the incident electric field into a 

radially directed field.  Because the ER  field component increases proportionally to R-2, QNF  will 

increase fast than Qsca , which is only proportional to R-1.  As R  a , QNF  will approach the 

asymptotic value of Qsca . 

 For the fundamental spherical particle geometry, with increasing particle size, the near-

field scattering band red-shifts while its magnitude decreases and width broadens.  Figure 3a 

summarizes the calculations of QNF  using Eqn. 3a for varying particle diameters in an air 

medium irradiated with 780 nm wavelength laser light.  The red-shift of the near-field scattering 



is apparent, with it peaking for particles of 150–170 nm in diameter. This red-shifting 

phenomenon is similar to that of the absorption band, but the near-field band will red-shift faster 

with increased particle size.   This equates to particles being able to scatter intense fields with 

minimal absorption.  To understand this mathematically, we can observe the ratio of the near-

field scattering to the absorption efficiency,   QNF Qabs .  Figure 3b provides a plot of this ratio 

over a range of particle diameters.  As the particle diameter increases, the degree of near-field 

scattering rapidly increases over the absorption at the 780 nm wavelength.  When the near-field 

magnitude peaks at the 150 nm particle diameter, the scattering efficiency in the particle near-

field is 65 times more than the absorption efficiency. 
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Figure 3.  (a) Estimated near-field scattering efficiency, QNF , of a gold nanosphere in air as a function of particle 

diameter. QNF  is a measurement of the particle’s ability to convert incident electric field intensity into a near-field 
intensity. The efficiency term is estimated for an incident laser wavelength of 780 nm using Equation 13.3(a) 

according to [43]. (b) QNF  as compared to the degree of particle absorption, 
absQ

, for various particle diameters. 

 

2.4. Tunable Optical Properties of Particles: 

The frequency, magnitude, and bandwidth of the plasmonic resonance and near-field properties 

can be tuned through particle aggregation and variation of the particle’s material composition 

and geometry.   

 

2.4.1. Effect of Particle Aggregation: 

The interaction of closely spaced particles, i.e., particle coupling, has a strong effect on 

the location and width of the plasmon resonance. Here we will discuss coupling in two particles 

systems, linear chains, and in randomly oriented clusters. For a simple understanding of particle 



coupling, the dipole-dipole interaction model [52] is used to describe the plasmonic interaction 

of two closely spaced nanospheres [53]. As was previously described, the surface plasmon 

response is confined along the particle surface. When certain conditions are met, the system 

becomes resonant and the particle strongly interacts with the incident light.  Now, a second 

particle is placed within the oscillating field of the first particle. Upon polarization of the 

conduction electrons by the incident field, additional forces act upon both particles. First, let us 

observe a particle pair oriented such that the long axis is orthogonal to the incident electric field. 

In this case, the repulsive force of the surface charges is enhanced, leading to a higher resonance 

frequency and effectively blue shifting the plasmon resonance to lower wavelengths. The 

opposite effect occurs when the electric field is parallel to the long axis of the particle pair. In 

this case, the plasmon band shifts and stronger enhancement will be seen in the near-infrared. As 

a quick note, particle interaction has been seen out to separation lengths of 5 particle diameters 

[54]. 

Linear particle chains are formed with the addition of particles along the axis of interest. 

When unpolarized light is incident a particle chain, the plasmon band is split into two 

components [55]. A maximum, relating to the absorption band of individual particles, is seen at 

lower wavelengths, while another maximum at higher wavelengths corresponds to strong 

electrodynamic coupling effects by particles along the chain axis [56]. A similar effect will be 

discussed with nanorods later, but chains show a much more complex longitudinal resonance. 

Here, the longitudinal resonance depends upon the number of particles along the chain and the 

separation between neighboring particles. With increasing particle number and fixed particle 

separation, the longitudinal band red-shifts. Though, as the particle chain becomes too long, 

there will be saturation in the amplification of the absorption properties. Redshifting of the 

plasmon band and increased absorption properties are also seen when the particle number is 

fixed and the particle separation is reduced. For all chain sizes, as the particles get too closely 

spaced, the primary plasmon band begins to split into several resonances, due to increased 

particle coupling.  

The plasmon band of randomly oriented nanoparticle aggregates follows similar trends as 

that of particle pairs and chains [56]. With increasing aggregate size, broadening and red-shifting 

of the plasmon band is observed. Additionally, the primary plasmon resonance splits into several 

new resonances, which is directly proportional to the number of particles in the aggregate [54].  



The strength of each resonance is now dependent, though, on the size and particle orientation 

within the aggregate. 

The near-field scattering is also greatly affected by particle aggregation [54]. With 

particle aggregation, the near-field enhancement becomes a function of all the individually 

scattered wavelets from particles in the aggregate. Essentially, primary particles in the aggregate 

electromagnetically couple, exhibiting additional extinction features at longer wavelengths , 

where the surface plasmon is strongly decreased in single particle irradiation. At longer 

wavelengths, scattering processes dominate the plasmon band, where absorption still dominates 

in shorter wavelengths, but will again be negligible in the NIR regime. Because the superposition 

of scattered waves is responsible for the near-field enhancement, aggregate size will have a finite 

limit, beyond which the maximal optical enhancement saturates [54,57]. This limit will depend 

upon particle cross-talk and deconstructive interference effects.  

 

2.4.2. Effect of Particle Material Composition: 

Material changes are typically the most trivial adjustment. Localized surface plasmons 

can arise in particles made from all noble-metal types. As such, particles can be composed of any 

of the noble-metals or from composites of two or more noble-metals. Composite systems include 

alloy and heterodyne particles [58,59].  

Silver and gold are most utilized in biological applications due to their low cellular 

toxicity. Both metal types show a strong plasmon resonance in the visible portion of the 

electromagnetic spectrum.  In general, the silver plasmon band is found at lower wavelengths 

and has a strong scattering cross-sectional area than gold. As a simple example, switching the 

material composition of a gold nanosphere of diameter 2a = 44 nm to a silver particle of the same 

dimension affords an increase in scattering by 15 times at the plasmonic resonance [43].  

In recent years, a variety of alloy and heterodyne particles have been developed. 

Nanocages are a gold and silver alloy nanostructure having a hollow interior and a thin, porous 

but robust wall [15].  By controlling the molar ratio of Ag to chloroauric acid during production, 

the optical response can be tuned over a broad spectral range spanning from the visible to the 

near-infrared.  Figure 4a describes the optical response for a nanocage having a 45 nm edge 

length and 3.5 nm wall thickness, with a 25% residual silver alloyed with gold [60]. 

Additionally, noble metal coatings can be applied to dielectric particles to achieve strong 



plasmonic effects. Nanoshells are a class of optically tunable, spherical nanoparticles consisting 

of a dielectric core surrounded by an ultrathin metal shell [14]. Through the ability to control the 

ratio of the shell thickness and core radius dimensions, particles can be engineered to either 

absorb or scatter light over a broad spectral range spanning from the visible to the near-infrared.  

Figure 4b shows that as the core-to-shell ratio is increased, the plasmon resonance red-shifts 

[61]. To adjust the core-to-shall ratio, gold shells of varying thickness were reduced onto a silica 

core of 60 nm radius. 

 

2.4.3. Effect of Particle Geometrical Changes 

Through the introduction of particle anisotropy, the plasmon band can be engineered into 

the NIR regime without the limitations associated with particle aggregation.  Gold can be 

fashioned into a variety of particle geometries such as rods [62], triangles [63], and nanorice 

[64].  Since the rod shape has proved most important to biomedical applications, it will be the 

focus of the geometry discussion. 
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tunable absorption properties in both the visible and near-infrared wavelength regimes by 

changing the nanorod aspect ratio.  For a nanorod with aspect ratio 3.3, a small absorption peak 

located around 520 nm wavelength corresponds to transverse plasmon mode and the larger peak 

at 750 corresponds to the longitudinal plasmon mode [65].  As the aspect ratio increases, the 

energy separation between the two bands of the plasmon resonance increases.  Figure 4c, 

provides experimental evidence for the plasmon shift with increasing nanorod aspect ratio.  

Furthermore, the plasmon band in the near-infrared regime has a much tighter full width half 

maximum than is achievable with spherically shaped nanoparticles. 

 

2.4.1. Near-Field Tunability 

The near-field enhancement is also strongly affected by geometrical changes, sharp edges 

[66] and surface irregularities along the particle surface [67] which can dramatically increase the 

overall scattering.  Especially large local enhancements are found at sharp edges. Through the 

understanding of near-field physics, it is feasible to generate large near-field scattering 

enhancements at wavelengths far from the absorption resonance. Nonfundamental particle 

geometries can enhance the near-field scattering. For example, Krug II et al. [68] showed that 

right trigonal pyramids composed of gold and having a 45 cone angle and 675 nm long conical 

tip illuminated by a 825 nm wavelength plane wave can theoretically generate intensity 

enhancements of order 7400. As particle development continues to advance, such 

nonfundamental shapes will be essential to nanoparticle-based techniques. 

 

2.5. Plasmonic Summary 

In summary, we have discussed the dynamics of the plasmon resonance and how it 

affects the electrodynamic properties of the gold nanoparticles.  Nanoparticle geometry, size, and 

composition can be engineered to obtain a wide range of absorption and scattering resonances 

ranging from the visible to NIR.  For spherical particles, we find that absorption dominates the 

dipolar resonance for smaller particle sizes, while scattering gains greater importance with 

increasing particle size.  With increasing particle size, we find that both the absorption and 

scattering components of the plasmon band red-shift.  However, the absorption peak stops red-

shifting when it reaches the wavelength of approximately 600 nm, beyond which it drops off to 

negligible amounts. For scattering-based applications, this drop-off effect in the absorption is 



desirable. In contrast, absorption-based applications using spherical particles require 

wavelengths centered in the visible wavelength range. Other particle shapes (e.g., rods) have 

been engineered to red-shift the absorption band into the NIR, which will have great implications 

in biological applications due to greater light penetration. When observing the near-field 

scattering of spheres, we find that there is a continued red-shifting in the scattering plasmon band 

deep into the NIR. Using this information, it is possible to engineer particles very specific to a 

desired application. 

 

3. Understanding Nanoparticle Heating Properties: 
 
The degree of metal nanoparticle heating during laser irradiation depends on their optical 

properties and the intensity of the incident laser pulse. In this section, we briefly describe the 

fundamentals of laser heating and cooling (through heat diffusion) of metal nanoparticles and 

then present theoretical models for the accurate description of these processes. Understanding the 

role of laser parameters in the rate of nanoparticle heating and the extent of heat diffusion to the 

surrounding tissue is important to fully optimize therapeutic applications of plasmonic 

nanoparticles. 

 

3.1. Fundamentals of Laser Heating of Nanoparticles and their Surrounding Medium 

In nanoparticle-based therapeutic applications, the degree of heat confinement within the 

surrounding medium is directly related to the laser pulse duration. If the pulse duration is shorter 

than the characteristic time scales for heat dissipation from the particle (i.e., femto- and 

picosecond laser pulses) heat deposition is mostly confined within the particle during the pulse 

duration.  Due to minimal heat loss to the surrounding water, ultrafast pulses provide the most 

efficient method for particle heating. Conversely, during nanoparticle heating, substantial heat 

loss to its surrounding occurs with the application of longer pulse durations and CW irradiation.  

The efficiency of particle heating reduces with heat loss and a larger volume surrounding the 

particle is affected as a result of the larger energies required to reach the desired temperatures.  

We will begin our discussion with the most elementary particle heating process initiated 

by ultrafast (femto- and picosecond) laser pulses. During the exposure to an ultrashort laser 

pulse, electrons absorb the photon energy. These highly energetic electrons initially form a 

nonequilibrium energy distribution which is relaxed through electron-electron scattering on the 
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overview of the developed heating/cooling models and cite a number of experimental studies 

supported by these theoretical models. 

 

3.2.1. Thermodynamic Model: 

To calculate the maximum particle temperature without temporal information, a simple 

thermodynamic model can be used: 
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Here m is the mass of the particle, cp is the specific heat, and the integration limits Ti and Tf are 

the initial and final temperatures of the particle, respectively. The laser pulse energy absorbed by 

the particle Eabs is directly correlated to the incident laser fluence and the effective cross-

sectional area of the nanoparticle. This model is only valid when the time-scale for the heat 

dissipation from the particle is much larger than the heating time-scale (i.e., using ultrafast laser 

pulses). This simple approach assumes that all the absorbed energy is confined within the 

particle during the relevant time-scales of the problem. As such, the thermodynamic model gives 

an accurate representation of the peak particle temperature with the application of femtosecond 

laser pulses. For example, the Hartland group [69,70] studied symmetric breathing modes in 

spherical gold particles exposed to femtosecond laser pulses. They calculated breathing periods 

using the thermodynamic model to estimate particle temperature after irradiation. Reasonable 

agreement between the measured and calculated periods below the melting point was found. 

 

3.2.2. Heat Transfer Model: 

A more complete approach, valid for heating with both pulsed and CW lasers, utilizes the heat 

transfer equation to describe the temporal distribution of the particle temperature and its 

surroundings. In the absence of phase transformations, the general form of the heat transfer 

equation in cylindrical coordinates is: 
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where all variables are defined locally as a function of the radial coordinate r to distinguish the 

particle and its surroundings. T(r,t) is the local temperature and ),( trEabs
  is the rate of the 

absorbed energy per unit particle volume which is zero for the coordinates outside of the particle. 

The material density , specific heat cp, and the thermal conductivity k are also defined locally to 

separate the particle from its surroundings. This general form of the heat transfer equation, 

however, needs to be modified to accommodate for the small size and short time scales involved 

in pulsed laser heating of nanoparticles, including the following three issues. 

When heat flows across an interface between two different materials (such as gold and 

water), there exists a temperature jump at the interface that can be estimated through the 

knowledge of the thermal interface conductance, G. The standard assumption of equal 

temperatures at the boundary fails to hold in the time-scales of short-laser heating of particles 

due to relatively long phonon-phonon coupling times. For example, the need for thermal 

interface conductance during femtosecond laser heating of particles could be seen in the pump-

probe spectroscopy study by Hu and Hartland [71]. In this study, a heat transfer model without 

the thermal interface conductance was implemented to examine the rate of energy dissipation 

from spherical gold nanoparticles to their surroundings. They measured the thermal relaxation 

time between the particle and it’s surrounding and found that it is proportional to the square of 

the particle radius and is not a function of the initial particle temperature. However, the 

theoretical relaxation times as solved with simple heat transfer equations were found to be 

consistently faster than the experimentally measured ones. This discrepancy between the 

experimental and calculated results was attributed to the temperature boundary condition used in 

the heat transfer model that assumed equal temperatures at the interface. 

The values of thermal interface conductance, G, were estimated through the measurement 

of the temperature decay at the interface. Wilson et al. [72] and Ge et al. [73] measured the laser-

heated particle temperature decay through time-resolved changes in optical absorption. The 

experimental data are used to estimate the thermal interface conductance values of Au, Pt, and 

AuPd nanoparticles by solving the heat transfer equations in which the thermal conductance is a 

fitting parameter in the solution. In another study Plech et al. [74] investigated the lattice 

dynamics of spherical gold nanoparticles in a water medium by x-ray scattering. They estimated 

that the thermal interface conductance of G = 105±15 MW/m2K matched well their experimental 

results.  



Second, the initial thermal non-equilibrium between electrons and phonons during 

ultrafast laser heating of nanoparticles requires special attention.  A two-temperature model [75] 

in describing the particle can be used to account for the electron-phonon relaxation time of the 

particle. Here the electrons and the lattice of the particle are treated separately and the coupling, 

i.e., the heat transfer from electrons to the lattice, is realized through the electron-lattice coupling 

factor g. 

Finally, a uniform temperature profile across the particle can be assumed considering the 

characteristic length scales and the heat transfer mechanisms. In support of this assumption, a 

typical Biot number, gold/G kLBi c , for a nanosized particle can be estimated to be on the 

order of 10-3, which means the temperature variation within the particle is negligible. The 

characteristic length cL  is defined as the volume of the particle divided by the surface area of the 

particle, kgold is the thermal conductivity of bulk gold, and G is the thermal interface 

conductance. Typically less than 5% error is introduced by assuming a uniform temperature 

profile for Biot numbers less than 0.1.  

By incorporating the concepts stated above, a new set of equations can be written to 

describe the transient temperature profiles for the particle: 
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Here Vp is the volume of the particle, Te and Tl are the electron and lattice temperatures of the 

particle, respectively, g is the heat transfer rate from electrons to the lattice, and Ce and Cl are the 

heat capacities for electrons and the lattice of bulk gold, respectively. 

The rate of heat loss from the particle to its surroundings, Eqn. 6b, is calculated by taking 

into account the interface conductance given by: 

 
)-(G ,swlsurfacew TTAQ  ,                [7] 

 
where Tl is the particle temperature (lattice temperature), Tw,s is the water temperature at the 

particle surface, and G is the thermal conductance at the particle/fluid interface. 
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nanospheres [76] with the experimental results of Plech and co-workers.  Plech and co-workers 

investigated the lattice dynamics of spherical gold nanospheres in a water medium by x-ray 

scattering and measured their lattice expansion [77]. Figure 7 shows the calculated values of the 

lattice expansion measurements of 52 nm and 94 nm gold particles at 100 ps and 1 ns after 

irradiation by a femtosecond laser pulse along with data provided by Plech and co-wrokers as a 

function of laser fluence. The model predictions are found to be in very good agreement with 

experimental results especially at low fluences. Beyond a certain laser fluence, the data deviates 

from the linear line. As also discussed in detail by Plech and co-workers, we believe that the 

discrepancy between predicted and measured values occurs as a result of high water 

temperatures at the particle surface. When the water temperature rises near the critical 

temperature, bubbles can form and the presented heat transfer model is no longer valid.  
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Figure 7.  Validation of heat transfer model76 with experimental data up to the fluence at which 90% critical 

temperature of water is reached. Lines are calculated lattice expansion of spherical gold nanospheres of 52 nm and 

94 nm diameters as a function of peak laser fluence symbols are experimental data by Plech and co-workers [77]. 

 

3.3. Laser Induced Phase Changes: 



As previously mentioned, the models presented above are valid in the absence of phase changes 

(of the particle or the surrounding medium). It is important to define the critical temperature 

limits to identify when the phase changes in the particle and surrounding medium occur. First, 

the surrounding aqueous medium has two temperature limits depending on the rate of heat 

transfer: a normal boiling temperature of water (T=373 K) and a critical temperature of water 

(Tcr=647 K), beyond which the water becomes thermodynamically unstable and water vapor 

forms. The upper temperature limit for the nanoparticle is the melting temperature (Tm=1337 K, 

the bulk melting value for gold). 

 We will first discuss the phase change of the surrounding liquid as a result of the heat 

transfer from laser-heated particle. A phase change induces a vapor layer around the particle 

which reduces the heat transfer at the surface drastically. Figure 8 presents the P-T diagram 

including the binodal (equilibrium vaporization, normal boiling) and spinodal (superheating 

limit) lines to illustrate the liquid-vapor phase change of water. The phase change can occur at 

any point between the binodal and spinodal lines depending on the rate of heating. The rate at 

which the laser pulse deposits energy, dictates whether the liquid temperature will heat faster 

than the heterogeneous nuclei will grow. Under slow heating conditions, such as is with CW or 

pulsed-lasers having long durations, the phase change occurs along the binodal line (for example, 

at T=373 K at atmospheric pressure).  Slow heating will not allow extensive superheating past 

the binodal since excess energy will result in the growth of heterogeneous nuclei rather than 

further heating of the liquid [78]. On the other hand, in the case where high rates of energy (109 

K/s) are deposited into the particle, such as is seen in short laser pulse irradiation, the surface 

vapor pressure built up in the surrounding fluid takes place slower compared to the temperature 

rise [79]. In this case, heterogeneous nuclei will not have enough time to grow and superheating 

can be observed [78,80,81,82]. The spinodal line forms an upper limit for the superheated liquid. 

When it is reached, the water becomes thermodynamically unstable and explosive phase change 

(homogeneous boiling) occurs. A significant amount of vapor nuclei can be found when the 

temperature of the liquid reaches 90% of the critical temperature at atmospheric pressure 

[77,80,83,84]. 
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Figure 8.  P-T diagram illustrating the liquid-vapor phase change of water. 

 

 Laser induced melting of the particle will affect the heat transfer properties of the 

nanoparticles as well as the laser/particle interactions during the subsequent laser irradiations. 

The governing equation describing the energy processes needs to incorporate changes in phase 

and subsequent thermophysical properties. The optical properties of particles will change due to 

melting and also due to the subsequent shape transformation of non-spherical particles to the 

thermodynamically more stable spherical particles. In addition, it has been experimentally 

inferred that a surface melting phenomenon can occur at temperatures much less than the bulk 

melting value and liquid shell nanoparticles with solid cores can be generated [69]. 

The shape transformation of gold nanostructures in aqueous solution from ellipsoids to 

spheres was investigated by Inasawa et al. [85]. After exposure to a 30 ps single laser pulse, the 

required energy for shape transformation was found to be approximately 40 fJ. This value was 

smaller than the calculated energy for complete melting, 67 fJ, a difference which was attributed 

to the surface melting phenomenon. El-Sayed and co-workers experimentally studied the melting 

threshold of a 44 x 11 nm nanorod by spectroscopy [86] and transmission electron microscopy 

(TEM) imaging [87]. A threshold energy of 65 fJ for complete nanorod melting (having 30% 

associated error) was found to be independent of incident wavelength [86]. In another study by 

the same group, Link et al. [87] determined a complete nanorod melting threshold fluence of 



about 10 mJ/cm2 by using femtosecond laser pulses. They also showed that laser pulse fluences 

lower than the threshold fluence cause partial melting of the nanorods, whereas fragmentation of 

the nanorods are observed at high laser fluences (~1 J/cm2). Ekici et al. [76] theoretically 

investigated the melting fluences of nanorods 48 x 14 nm in size with respect to particle 

orientation to the laser polarization.  We found that particles melt with 3 orders magnitude less 

fluence when aligned parallel to the laser polarization than perpendicular. 

 

3.4. Summary of Heating Dynamics: 

In conclusion, laser pulse duration needs strong consideration when studying particle 

heating dynamics. The shorter the pulse duration is, the greater the confinement of heat 

dissipation into the surrounding water. When the pulse duration is shorter than the electron-

phonon and phonon-phonon relaxation times, as in the case of femtosecond laser pulses, it is 

possible to calculate the maximum particle temperature using a thermodynamic model. This 

approximation works quite well since heat loss from the particle is almost negligible within the 

duration of the pulse and the subsequent electron-phonon coupling time. Conversely, when the 

pulse duration is comparable to the phonon-phonon coupling times, it is no longer valid to 

neglect heat dissipation from the particle. In other words, the temperature estimation for 

relatively long pulses requires a heat transfer model for both the particle and its surroundings in 

order to include a descriptive picture of energy processes occurring in the system. Another 

difference is observed at the particle/surroundings interface where the temperature jump at the 

boundary becomes relatively significant as the time scale of interest gets shorter. Finally, 

modeling of the system with laser pulse durations longer than electron-phonon coupling times 

requires special attention because of the changing optical properties of the nanoparticle and its 

surroundings during the pulse.  

In addition to pulse duration, laser induced phase changes need to be considered carefully 

in the studies/models of particle heating dynamics. First, the particle melting and the subsequent 

shape transformation could be observed at high temperatures. Second, a phase change in the 

surrounding medium of the particle could be observed. Either of these phase transformation 

changes the heat transfer properties drastically and requires more complicated models (i.e., a 

solution for the full set of compressible equations) to represent the effects of pressure and bubble 

formation around the particle. 



 

4. Plasmonic Laser Phototherapy (PLP):   
 
 The strong plasmon resonance of noble-metal nanoparticles has led to the development of 

numerous nanoparticle-based laser therapeutic treatments, which we term Plasmonic Laser 

Phototherapy (PLP). Through the use of molecular specific bioagents such as antibodies and 

ligands, researchers have shown the potential for the selective treatment of cancer cells targeted 

with a variety of gold nanostructures. Nanoparticle-based cancer treatment has been shown 

through either hyperthermal therapy or localized photodisruption of cellular membranes. Both 

modes of cancer therapy have been demonstrated across the visible to NIR wavelengths of 

electromagnetic spectrum. Extended beyond cancer treatment, photoactivated nanoparticles have 

been used to inactivate proteins [88,89] and perturb DNA [90], and chromatin [91] through direct 

coupling of the nanoparticle to the desired structure. Additional therapeutic prospects exist in 

gene transfection [92], proteomics, angiogenesis, atherosclerosis, virology [93], and bacteriology 

[94]. 

As previously mentioned, two distinct modes for the selective killing of cancer cells are 

currently being investigated. The first PLP mode involves the generation of thermal damage 

through hyperthermia induced by the CW-laser heating of nanoparticles. Hyperthermia is defined 

as the heating of tissue to a temperature of 41-47 C for tens of minutes [95]. Tumors have a 

reduced heat tolerance due to their inability to easily dissipate heat, which is caused by the 

disorganized and compact vasculature structure [32]. A fundamental aspect of photothermal 

therapy is that the incident light is tuned to the frequency of the nanoparticle absorption 

resonance, providing maximal energy absorption by the particle.  Due to the strong absorption 

dynamics of metallic nanoparticles, large temperature rises in tissue structures can be achieved to 

selectively kill cancer cells with limited damage to healthy surrounding tissue [32]. Plasmonic 

photothermal therapy causes irreparable tissue damage through protein denaturation, 

coagulation, and cell membrane disorganization.  

The second PLP mode involves the application of pulsed lasers to induce localized 

photodamage to cellular membranes in the vicinity of the nanoparticle. Depending upon laser 

pulse duration and fluence, a variety of photoactivated processes (i.e., photothermal and 

photomechanical effects/damage) including hyperthermia, bubble formation as a result of boiling 

or explosive boiling, and particle fragmentation can be utilized to locally disrupt a biological 



membrane. It is important to remember that with decreasing laser pulse duration to the nano and 

sub-nanoscale, photothermal and photomechanical effects/damages in the tissue can be confined 

to the particle near-field as a result of greater efficiency in the heating and scattering processes. 

This confinement provides the possibility for membrane- and molecular-specific phototherapy 

with high specificity. 

Nanoparticles have highly tunable plasmon resonances that allow for therapy over the 

entire visible to NIR wavelengths. The fundamental, spherical particle shape typically has a 

resonance from 400-600 nm [7].  Through the engineering of anisotropic (nanorods, nanocubes) 

and heterodyne (nanoshells) particles, the resonance is red-shifted into the NIR wavelengths. 

This tunability is important when accessing the size of the region of interest. For surface lesions 

or ex-vivo cell treatments, where light does not need to penetrate deep within tissue, visible 

wavelengths could be appropriate.  Deep lesions require laser wavelengths not highly absorbed 

by water in cells and tissues. NIR wavelengths should be used for large-scale lesions and those 

lesions deeply embedded within a tissue structure. 

In this section, we review the various approaches of nanoparticle-based laser therapeutic 

treatments. We commence with a discussion of CW plasmonic photothermal therapies. Single 

cell and large tumor manipulation are presented. We then proceed to continue with a discussion 

of micro- and nanoscale manipulation of subcellular materials using pulsed lasers. To introduce 

the concept of confinement we begin with localized photothermal therapy for the manipulation 

of protein expression and then discuss how laser confinement has been used in a variety of 

cancer treatment methods. It is our hope that after reading this section, the reader will begin to 

understand how particle shape and size and laser pulse duration and wavelength can be 

engineered to fulfill the parameters for a large set of cancer phototherapies.  

 

4.1. Continuous Wave Laser Plasmonic Phototherapy 

The first class of nanoparticle-based phototherapy applications utilizes CW-lasers.  Here, 

the goal is to deliver a lethal dosage of heat into large-scale tumor structures in which a high 

density of nanoparticles are embedded while causing as little damage to intervening and 

surrounding normal tissue as possible.  Specifically, for photothermal therapy (hyperthermia), 

tissue temperatures are moderately raised to 41-47C for several minutes, which is high enough 

to cause cellular membrane disorganization and protein denaturation.  Table 1 summarizes recent 



demonstrations of plasmonic photothermal therapy of cancer cells in-vitro across the visible and 

NIR wavelength regimes utilizing gold nanospheres, nanorods, and nanoshells. We commence 

with a number of in-vitro cells studies and work towards a discussion of in-vivo studies where 

two techniques for effective delivery of particles to tumor regions are presented. 

 

4.1.1. In-vitro cell studies: 

Nanoshells, originally developed by the Halas group [14], are a class of optically tunable 

nanoparticles consisting of a dielectric core surrounded by a thin gold shell, have shown great 

promise for photothermal therapy applications. Through the ability to control the ratio of the 

shell thickness and core radius dimensions, the resonant wavelength can be tuned from 500 nm 

to 2 microns [61]. Specifically, gold shells of 10 nm encasing a silica core of 110 nm having a 

peak resonance centered at 820 nm were found to be most effective in therapy due to their high 

particle absorption in comparison to the tissue. 

Researchers at Rice University have primarily been responsible for much of the 

experimental evidence for the efficacy of photothermal therapy with nanoshells. In proof-of-

principle experiments they demonstrated in-vitro photothermal destruction of HER2-positive 

SKBr3 breast adenocarcinoma cells [23,96,97]. Here, cells bound with the anti-HER2 conjugated 

nanoshells were irradiated for 7 min with CW laser light operating at 820 nm wavelength with a 

total intensity of 35 W/cm2. As shown in Fig. 9, it was determined that all labeled, malignant 

cells within the laser spot were photothermally damaged, while unlabeled cells remained intact97. 

Stern et al. [98] at The University of Texas Medical Center experimentally determined that cells 

need to be labeled with approximately 5000 nanoshells for the most effective photothermal 

treatment. 
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wavelength regime, which allows for photothermal therapy with maximal penetration of light 

through tissue. This is a regime in which single gold nanospheres have shown low levels of 

absorption. Since their size is considerably smaller than other engineered particle types such as 

nanoshells, they have the potential to penetrate deeper into tissue structures through passive 

means. Albeit, there is a strong dependence on laser absorption with nanorod orientation to the 

incident electric field, which is currently uncontrollable with current targeting methods.  

The El-Sayed group has shown evidence for the nanorod-assisted photothermal ablation 

of the human oral squamous cell carcinoma types HOC 313 clone 8 and HSC 3. Through the 

capping of nanorods with poly(styrenesulfonate) (PSS), it is possible to functionalize the 

nanorod surface.  PSS-capped nanorods have a strong binding ability to molecular 

macromolecules. Cells labeled in-vitro with gold nanorods conjugated to anti-EGFR antibodies 

were found to be irreversibly damaged after a 4 minute exposure to CW Ti:sapphire laser light at 

800 nm. The threshold intensity to kill cancer cells was found to be 10 W/cm2, which is lower 

than that found for nanospheres and nanoshells, resulting from a higher particle absorption cross-

section [5]. The Wei and Cheng group have shown extensive membrane damage using folate 

ligand functionalized nanorods [26].  In-vitro labeled KB cells, a malignant cell line derived 

from oral epithelium, were irradiated with 81.4 seconds of CW, 765 nm laser light. Severe 

blebbing, associated with Ca2+ influx into the cell, was found at a threshold intensity of 389 

W/cm2. When the nanorods were internalized into the cells, cell death required approximately 10 

times more laser intensity. 

 



Table 1:  Summary of nanoparticle-based CW-laser phototherapies performed on cells in vitro. 

Nanoparticle Characteristics Laser Parameters: 
Wavelength 

Exposure Parameters: 
Exposure time 
Irradiation values 
Total energy per area 

Results Ref 

Sphere     
 35 nm, gold 

520 nm plasmon resonance 
functionalized with EGFR 

514 nm 
 
 

4 min 
19 W/cm2 

4.56 kJ/cm2 

Four times greater energy 
required to kill unlabeled 
normal cells compared to 
labeled malignant cells. 

2006 [94] 

Shell     
 10 nm gold shell 

110 nm silica core 
820 nm plasmon resonance 
functionalized with HER2 

820 nm 7 min 
35 W/cm2 

14.7 kJ/cm2 

Cell death was confined to 
the laser/nanoshell treatment 
area. Exposure to NIR along 
did not kill cells. 

2003 [97] 

Rod     
 3.9 Aspect ratio, gold 

800 nm plasmon resonance 
functionalized with EGFR 

800 nm 4 min 
10 W/cm2 
2.4 kJ/cm2 

Half laser energy required to 
kill labeled malignant cells 
compared to normal cells. 

2006 [5] 

 

4.1.2. In-vivo animal studies: 

In animal studies, Gobin et al. [101] studied the efficacy of both the direct injection of 

nanoshells into the tumor and passive accumulation of nanoshells into tumors via enhanced 

blood vessel permeability and retention. Female nonobese diabetic CB17-Prkd c SCID/J mice 

were inoculated in the right and left hind leg with canine TVT cells. PEG-passivated NIR-

absorbing gold-silica nanoshells were injected interstitially 5 mm into the tumor volume. The 

nanoshell-ladened tissue was exposed for 6 minutes to a total intensity of 4 W/cm2, 30 minutes 

after injection. Utilizing magnetic resonance thermal imaging, the temperature profile was 

monitored during nanoshell exposure to NIR light. It was shown that the average maximum 

temperature sustained in the tissue increased by 37.4  6.6C, causing irreversible tumor damage 

[97]. 

Direct injection of nanoshells to the place of interest is not possible in every case, as 

tumors or lesions can be embedded deep within a tissue structure.  Researchers at Rice 

University investigated the uptake of nanoshells via passive accumulation from the blood stream.  

Rapid angiogenesis during tumor formation causes many of the newly formed vasculature to be 

leaky, allowing macromolecules to preferentially extravasate into tumor tissue. It is from this 

vasculature that nanoparticles can enter into the tumor via standard blood flow. Nanoshells of 

60-400 nm size have been shown to extravasate and accumulate in many tumor types. After 

photothermal therapy, complete tumor regression was seen in the murine model within 10 days 



following heat treatment. More promising is the fact that no tumor regrowth was seen after 60 

days. When compared to control studies (no treatment and laser treatment alone), survival times 

for mice inoculated with nanoshells were significantly improved; 83% of mice survived 7 weeks 

post nanoshell phototherapy compared to under 20% for the control groups. 

 

4.2. Pulsed Laser Plasmonic Phototherapy 

Pulsed laser irradiation provides a platform for the confinement of photoactivated 

processes.  In this section, we describe the various approaches taken by researchers to localize 

laser damage to subcellular targets. Table 2 presents a listing of pulsed PLP results found in the 

literature. To introduce the concept of confinement, we begin our discussion with a presentation 

of heat confinement to disrupt molecular macromolecules (e.g., proteins). We then proceed to 

describe cancer treatments mediated by photoinduced hyperthermia. Next we describe higher 

energy nanoparticle irradiation where bubble formation is induced in both single and multiple 

particle systems. Cellular disruption through explosive particle fragmentation and nonlinear 

absorption mechanism is next described. Lastly we discuss the near-field ablation of cellular 

membranes. 

 

4.2.1. Localized thermal damage (hyperthermia): 

Localized thermal damage of absorbing molecules by pulsed laser irradiation was first 

proposed by Anderson and Parrish [102].  They showed that laser-induced thermal damage is 

confined to the endogenous absorbing structure when the pulse duration is shorter than the 

thermal relaxation time of the structure.  In their original work, they utilized the interaction 

between subcellular pigment microparticles with short pulse laser radiation to induce cell 

lethality.  This simple concept has led to an explosion of technologies in hair and port wine stain 

removal and acne reduction, for example.  The manipulation of subcellular material requires 

irradiation by lasers with pulse durations of nanoseconds and less.   

The concept of localized thermal damage was next extended to the use of exogenous 

micro- and nanoabsorbers for controlled subcellular and cellular membrane manipulations by Lin 

et al. [103] and Huttman et al. [88]. They demonstrated thermal effects with spatial confinements 

of less than 50 nm utilizing highly absorbing polystyrene latex microspheres loaded with iron 



oxide and immunogold nanospheres irradiated with nanosecond and picosecond laser pulse 

durations.  

At their plasmonic frequency, gold nanoparticles have strong absorption properties, 

allowing for large surface temperature generation with excitation fluences as low as 1 mJ/cm2.  

As a quick example, we can calculate (using the heat transfer model with interface conductance) 

that a gold nanosphere of 30 nm diameter irradiated by a single, 35 ps laser pulse at 527 nm 

wavelength and fluence 1 mJ/cm2 will absorb approximately 10 fJ of energy, giving a maximum 

particle temperature of approximately 540 K (Fig. 10(a)). Figure 10(b) theoretically 

demonstrates that the particle will heat the surrounding medium with a spatial confinement of 

approximately 5 nm.  
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Figure 10.   Thermal heating properties of a 30 nm spherical gold particle irradiated with 35 ps laser light at a 527 
nm wavelength and fluence of 1 mJ/cm2.  (a) Temperature profile of the particle and water at 50, 200, and 500 ps 
after the application of the laser pulse. (b) Penetration depth of high temperatures (down to the 1/e value of the water 
temperature rise, 330 K) into the surrounding water. 
 

The concept of spatial confinement using picosecond laser heated nanoparticles was 

studied via protein denaturation and subsequent inactivation. In their initial study, Huttman et al. 

[88] characterized the extent of the spatial confinement by changing the distance between the 

target and the particle surface. Initially, 15 nm gold nanospheres were directly coupled with the 

protein alkaline phosphatase (aP). The aP protein denatured when 104 pulses of 35 ps, 527 nm 

wavelength laser light of fluence 50 mJ/cm2 per pulse were applied. On the other hand, when the 

aP protein was indirectly coupled to the nanoparticle via an antibody linker (~ 5-10 nm long), 

irradiation of the particle system with the same parameters did not inactivate the protein. 



Questions arose on whether the linker was inactivated instead of the protein of interest, resulting 

in aP dissociation from the linker. However, they came to a conclusion that the aP protein would 

not diffuse away from the particle by any appreciable distance during the nanosecond long 

heating cycle (see Fig. 10(b)) and that localized heating induced by the nanoparticle was most 

likely responsible for aP inactivation. Photochemical generation of reactive species and surface 

enhanced two photon absorption were also cited as possible damage mechanisms.   

To elucidate the temperature at which protein unfolding and inactivation occurs, Huttman 

et al. [104] performed a set of protein inactivation studies by laser-induced temperature jumps.  

Additionally, they modeled particle heating dynamics to determine whether the particle can 

reach temperatures high enough to cause protein inactivation.  Here, free chymotrypsin in water 

was heated via irradiation from 2.1 m laser light of varying pulse durations, to temperatures 

between 370–470 K. Chemotrypsin inactivation occurred within 300 s at a temperature of 380 

K. The unfolding of chemotrypsin with respect to the generated heat followed the Arrhenius 

equation down to pulse durations of 330 s. From theoretical temperature calculations of 

nanospheres after laser irradiation (using model developed by Goldenberg and Tranter [105]), 

they determined that temperatures generated by the particle after irradiation with pico- and 

nanosecond laser pulses of fluences ranging from tens to a few hundreds mJ/cm2 would indeed 

be enough to induce protein inactivation. One concern that arises from using the Goldenberg and 

Tranter model is that it does not take into account the interface conductance. Due to the phonon-

phonon mismatch, there will be a temperature drop at the boundary.  As such, higher fluences 

than reported might be necessary to generate water temperature sufficiently high enough to 

induce protein inactivation. 

To verify the hypothesis that thermal processes are indeed the mechanism of protein 

inactivation, we need to refer to the studies discussing the mechanisms of explosive boiling.  

Using nanosecond time-resolved microscopy, Lin et al. [103] determined that surface tension 

permits high temperatures to exist at the nanoparticle surface without vaporizing the surrounding 

water. The extreme particle temperature rise occurs as a result of the high rate of energy 

deposition. As was explained earlier, the rapid deposition can cause superheating in a thin layer 

of surrounding water instead of the expected phase change at the normal boiling temperature. If 

the vapor pressure overcomes the surface tension, the superheated liquid undergoes an explosive 

phase change. Explosive boiling typically occurs when the temperature of the liquid reaches 90% 



of its critical temperature (647 K) [77,80,83,84]. Since chymotrypsin can be denatured within 

300 s at temperatures below 380 K, which is well below the critical temperature for explosive 

boiling, one can conclude that in the above examples protein inactivation cannot be as a result of 

explosive boiling and is most likely due to hyperthermic processes.  Additionally they argued 

that if mechanical damage by explosive boiling were the cause, aP proteins indirectly coupled to 

the nanoparticle would also be damaged during irradiation.   

Pulsed photothermal therapy for target tumor therapy has also been demonstrated in the 

NIR wavelength regime using functionalized nanocages and nanorods. Chen et al. [60] 

experimentally demonstrated the photothermal destruction of SK-BR-3 cells labeled with 

nanocages after the application of 20 ps, 810 nm laser light (82 MHz repetition rate) for 5 

minutes.  An average threshold intensity of 1.5 W/cm2, which corresponds to a fluence of 18 

nJ/cm2, was determined for irreversible membrane damage. Takahashi et al. [106] reported HeLa 

cell death in the presence of phosphatidylcholine-passivated gold nanorods when exposed to 2 

minutes of 6-9 ns laser pulse of 1064 nm wavelength with a pulse fluence of approximately 280 

mJ/cm2.  Albeit, with pulsed lasers, particle reshaping to the more thermodynamically stable 

spherical shape can be induced. Link et al. [87] experimentally studied nanorod reshaping for 

both nanosecond and femtosecond lasers.  They found that the energy threshold required for 

complete melting of the nanorods is two orders of magnitude less when using femtosecond laser 

pulses compared to the required energy with nanosecond laser pulses. This difference is 

attributed to the decreasing absorption efficiency and increased heat dissipation from the particle 

to the surroundings during the pulse duration in the case of nanosecond laser pulses. Takahashi et 

al. [107] proposed a method of using nanorod reshaping to mediate the finality of phototherapy. 

They found that after the application of 890 mJ/cm2 fluence pulses for 2 minutes, the nanorod 

transforms from a rod to spherical shape.  It was concluded that nanorod reshaping during 

therapy will prevent continued cell death to surrounding normal tissue due to significantly 

reduced absorption effects in the NIR while killing the intended target. 

 

4.2.2. Bubble formation: 

 A vapor bubble will rapidly expand around the particle if the amount of energy absorbed 

by the nanoparticle is high enough for the initial high vapor pressure to overcome the surface 

tension of the liquid, which is inversely proportional to particle size [104]. Due to low heat 



transfer across the vapor, the bulk of surrounding material remains at ambient temperature. A 

shock wave and traveling high-pressure waves will be generated as a result of the expansion and 

the collapse of bubbles, which is proposed to be the cause of cellular membrane disruption [108].  

When cavitation bubbles form, thermal denaturation most likely plays a minor role in cellular 

death [89].  It is found that damage due to cavitation is highly localized and only cells that have 

internalized particles or membrane-bound particles are killed upon laser exposure. 

Pitsillides et al. [89] were the first group to experimentally demonstrate the use of bubble 

formation around nanoparticles as a method of selectively introducing exogenous 

macromolecules into the cellular cytoplasm through the plasma membrane. They investigated 

transient pore formation in the plasma membrane by the irradiation of 30 nm gold nanospheres 

with 100 pulses of 20 ns, 565 nm wavelength laser light at a laser fluence of 500 mJ/cm2.  

Membrane permeability was measured through the increase in the cellular uptake of the 

permeability probe 10 kDa FITC-Dextran.  It was found that 500 gold particles conjugated to 

plasma membrane were most effective in killing 95% of cells under the aforementioned laser 

irradiation conditions. This reported particle loading is approximately 10 times less than what is 

necessary with CW techniques.  When compared to the other photoactivated therapies such as 

Photodynamic Therapy, approximately 2000 times less cellular loading of immunotargeted 

particles is necessary for a similar level of performance [109].   

The ability of pulsed laser irradiated nanospheres to induce localized damage through 

nano-scale bubble formation was further studied by Yao at al. [92]. Their goal was to inflict 

temporary permeability in the plasma membrane without causing cell death as a way to assist in 

gene transfection and gene therapy. To prove the concept, 30 nm particles conjugated to 

membrane specific antibodies were delivered to the plasma membrane of the cancer lines L428 

(Hodgkin’s disease) and 299 (Karpas Lymphoma).  They demonstrated the efficient transfer of 

relatively small exogeneous molecules in the cytoplasm using 6 ns laser pulses at 532 nm 

wavelength. Permealization and resealing were studied through variations in laser parameters, 

gold concentration, and membrane proteins.  A transfection efficiency of 68% was achieved with 

only 27% cell death after exposure to 5 laser pulses of 120 mJ/cm2 fluence, when the cell was 

labeled with 1.1 x 105 nanoparticles. 

With decreasing pulse duration, the energy necessary to heat the surrounding water to 

90% of its critical temperature is reduced and thus greater is the heat damage confinement. As a 



quick comparison, we can estimate the energies required to create bubbles around a 30 nm gold 

nanosphere irradiated by picosecond and nanosecond laser pulses using the heat diffusion model 

described in the previous section. Figure 11 presents a theoretical comparison between two 

cases: (1) heating with a single, 35 ps laser pulse at 527 nm wavelength (conditions similar to 

experiments of Huttman et al. [88]) and (2) heating with a single, 20 ns laser pulse at 565 nm 

wavelength (conditions similar to experiments of Pitsillides et al. [89]). Both cases were 

modeled using the heat transfer model with interface conductance. As can be seen in Fig. 11, the 

application of picosecond laser pulses requires 72 times less energy for the particle to reach the 

90% of the critical temperature of water than is required by nanosecond laser pulses.  While the 

heat confinement is approximately 5 nm for ps-laser heated particle, it reaches 17 nm for ns-laser 

heated particle.  
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Figure 11.  Comparison of laser fluences necessary to bring water to 90% of its critical temperature at 580 K around 

a 30 nm spherical gold particle exposed to picosecond (35 ps, λ = 527 nm) and nanosecond (20 ns, λ = 565 nm) laser 

pulses with a Gaussian temporal profile: (a) Temperature profile of the particle and water at 22 ns and 125 ps for the 

picosecond and nanosecond pulses, respectively, when the peak water temperature occurred. (b) Heat penetration 

depth as defined by the 1/e location of water temperature rise (~ 400 K). 

 
Finally, cell membrane disruption by cavitation bubbles can additionally be mediated by 

nanorods, due to their increased efficiency in NIR absorption and photothermal energy 

conversion. Tong et al. [26] demonstrated photothermolysis of KB cells through the laser 

interaction of nanorods functionalized with folic acid to the plasma membrane.  After the 

application of 765 nm, 200 fs laser light at a 77 MHz repetition rate with an energy deposition 



rate of 9.7 pJ/pulse (for a 1.2 NA objective lens we calculate a fluence of 3 mJ/cm2 per pulse) 

deposited during 10 seconds, the labeled KB cells produced clearly visible membrane blebbling.  

KB cells loaded with internalized nanorods required 6 times more laser fluence to induce cellular 

damage.  The large increase in necessary fluence for cell death between membrane-labeled and 

internalized nanorods demonstrates the high localization of induced photodamage. 

 

4.2.3. Overlapping bubble formation: 

Bubbles can be overlapped for enhanced photodisruption of cancer cells. Overlapping 

bubbles can be created by gold nanosphere aggregates. A variety of aggregation methods have 

been proposed, including: (1) clustering secondary monoclonal antibody labeled nanospheres on 

a targeted single nanosphere [16,17], (2) targeting naturally clustered cancer biomarkers[3,110], 

and (3) concentrating nanoparticles with viruses and vesicles [93.  

Enhanced bubble formation occurs due to overlapping bubbles from individual particles 

within an aggregate, generating one large bubble around the aggregate [17,111].  Lapotko et al. 

[17] experimentally presented evidence for selectively induced microbubbles in leukemia cells 

labeled with large aggregates and not those labeled with individual particles and small 

aggregates.  A bubble formation threshold of 600 mJ/cm2 was found for large nanoparticle 

aggregates under single pulse, 532 nm, 10 ns laser irradiation conditions.   

Nanoparticle aggregates also red-shift the plasmon resonance into the near-infrared 

wavelengths, leading to enhanced optical and thermal amplification.  Zharov et al. [112] and 

Larson et al. [113] provided experimental evidence for enhanced bubble formation in the vicinity 

of large nanosphere aggregates when irradiated by NIR laser light.  Both groups showed a 

reduction in the bubble formation threshold from 600 mJ/cm2 down to 400 – 500 mJ/cm2 with 

the application of a single nanosecond laser pulse in the NIR.  The role of multiple nanosecond 

laser pulses was also studied by Zharov et al. [112]. They irradiated nanosphere labeled cells 

with 500 pulses further reducing the bubble formation threshold to 80 mJ/cm2. 

  

4.2.4. Fragmentation of nanoparticles: 

Fragmentation and thermal explosion of nanoparticles is an additional mechanism that 

can induce localized damage (either desired or unwanted) to cellular material in the vicinity of 

the particles. Desired thermal explosion of particles may accompany plasma or bubble formation, 



further decreasing the threshold for cell death. However, unwanted damage to surrounding 

healthy cells because of the uncontrolled nature of the extent of damage after the particle 

fragmentation or explosion can occur. In addition, once the particle is reshaped due to 

fragmentation, the efficiency of PLP is greatly reduced. Shape transformations shift the peak of 

the plasmon resonance, significantly reducing the designed laser absorption efficiency of 

particles and thus the efficacy of PLP.  

With the application of short duration laser pulses, fragmentation and thermal explosion 

of nanoparticles may occur. A large degree of the absorbed energy will initially remain in the 

particle, heating it to very high temperatures, since the heat diffusion to the surrounding tissue is 

minimized during rapid heating with short duration laser pulses. The mechanism of 

fragmentation, however, may be different for different pulse durations. Link et al. [87] discuss 

the differences in fragmentation mechanisms of nanorods irradiated by femtosecond and 

nanosecond pulses. Their TEM images show that the fragmented particles are mostly irregularly 

shaped in the case of femtosecond pulses while nearly spherical shapes are observed in the case 

of nanosecond pulses. It is suggested that the fragmentation of particles exposed to nanosecond 

pulses occurs as a result of thermal heating and melting processes. On the other hand, when 

exposed to femtosecond pulses, a rapid particle explosion can occur as a result of multiphoton 

ionization where the lattice is still cold and this would explain the irregularly shaped fragmented 

particles. Letfullin et al. [108] theoretically calculated the threshold fluence for thermal 

explosions of both gold nanospheres and nanorods when irradiated with nanosecond pulses at the 

plasmon resonance. They found a threshold fluence of approximately 40 mJ/cm2 for gold 

nanospheres, which can be reduced to fluences down to 11 mJ/cm2 for relatively large gold 

nanorods.  

 
4.2.5. Nonlinear absorption induced PLP: 

Particles can exhibit enhanced heating properties due to nonlinear absorption effects such 

as two photon absorption and second harmonic generation. The principle has been exploited by a 

variety of groups to achieve intracellular molecular manipulation and to locally disrupt cellular 

membranes. Csaki et al. [24] utilized two-photon absorption by silver-gold heterodyne spherical 

particles conjugated to ssDNA strands to photodisrupt targeted chromosomal molecular material 

with 800 nm laser light with laser fluences of tens of mJ/cm2.  With this technique, large-scale 



parallelization of gene-specific molecular surgery utilizing metal nanoabsorbers can be achieved. 

Envisioned applications include DNA analytics as well as single cell manipulation.  Mazumder 

et al. [91] targeted spherical 5 nm gold particles to chromatin to investigate the mechanical 

coupling of chromatin to the nuclear architecture.  Perturbation of the chromatin assembly was 

performed with 835 nm, pulsed laser light at 56 mW focused at the nucleus for 3 seconds 

(corresponding fluence is 15 mJ/cm2 per pulse).  Using the high spatial localization of 

nanoparticle generated heat; their findings showed the direct differential coupling of 

heterochromatin to specific cytoskeletal network elements. Huang et al. [100] found that with 

large particle loading on the plasma membrane of HSC oral cancer cells, the formation of large 

particle aggregates led to enhanced, nonlinear absorption processes and reduced the threshold 

fluence to cause a 20-fold increase in the number of cells killed. 

 

4.2.6. Plasmonic laser nanosurgery (PLN): 

Femtosecond laser pulses can initiate plasma-mediated ablation with only a few tens of 

nano-Joules of energy due to their high peak intensities [114,115,116,117]. Ablation with very-

low pulse energies becomes especially important when dealing with live cells and organisms 

having minimal tolerance to temperature increases. The intense near-field scattering effect of 

gold nanoparticles in the NIR wavelength regime can be utilized to induce plasma formation in 

the vicinity of the particle for high precision cellular membrane disruption.  

Figure 12 presents the first experimental evidence of the concept of plasmonic laser 

nanoablation (PLN) where the enhanced plasmonic scattering in the near-field of gold 

nanoparticles can be used to vaporize both solid materials and biological structures with 

nanoscale resolution. Eversole et al. [118] experimentally demonstrated nanocrater formation on 

silicon by the enhanced ultrafast laser scattering in the near-field of 150 nm gold nanospheres. 

As previously shown in Fig. 3(a), the chosen particle size maximizes near-field scattering at the 

780 nm laser wavelength, while minimizing absorption effects (the ratio of near-field scattering 

to linear absorption is approximately 60 as shown in Fig 3(b)). Figures 12(b) and (c) provide 

experimental evidence of material removal after plasmonic laser ablation of silicon. The 

generated crater follows the theoretical scattering pattern, confirming crater generation is indeed 

by near-field scattering effects. 
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Figure 13.   Plasmonics laser nanoablation of cancer cells (MDA-MB-468) labeled with 80 nm gold nanoparticles 
functionalized with anti-EGFR antibodies. (a) Nanoparticles in red, imaged at 850 nm wavelength through 
multiphoton luminescence, and cell membrane impermeable dye (10 kDa FITC-Dextran) in green, imaged at 760 
nm wavelength. (b) Fluorescence images show reduced membrane integrity, as seen with the intake of FITC-Dex, 
after the application of 80 MHz laser pulses of 18 mJ/cm2 for 10 sec. 
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Table 2:  Summary of pulsed Plasmonic Laser Phototherapies (PLP). 

Nanoparticle Characteristic Laser Parameters: 
Pulse duration 
Wavelength 
Repetition Rate 

Exposure Parameters 
Number of pulses 
Irradiation values 

Results Ref 

 
Nanosecond Pulses 

 

Sphere     
 30 nm, gold 20 ns pulse duration 

565 nm wavelength 
100 pulses 
500 mJ/cm2 per pulse 

500 particles/cell  
95% cell death 

2003 [89] 

      
 30 nm, gold 6 ns pulse duration 

532 nm wavelength 
5 pulses 
15 mJ/cm2 per pulse 

68% transfection efficiency 
27% cell death 
1.1 x 105 particle/cell labeling 

2005 [92] 

Sphere Aggregates     
 30 nm, gold 

>200 nm cluster 
10 ns pulse duration 
532 nm wavelength 

1 pulse 
600 mJ/cm2 per pulse 

Cell death only found when 
large clusters present 
Bubble formation detected 

2006 [17] 

      
 40 nm, gold 

>300 nm cluster 
12 ns pulse duration 
1064 nm wavelength 

500 pulses 
80 mJ/cm2 per pulse  

Cell death only found when 
large clusters present 

2005 
[112] 

     
Shell Aggregates     
 45 nm, -Fe2O3/Au 

540 nm plasmon 
resonance 

7 ns pulse duration 
700 nm wavelength 

1 pulse 
400 mJ/cm2 per pulse 

Observed reduced calcein AM 
fluorescence 

2007 
[113] 

      
Rod     
 5.9 Aspect ratio, gold 

900 nm plasmon 
resonance 

6-9 ns pulse duration 
1064 nm wavelength 
10 Hz repetition rate 

1,200 pulses 
280 mJ/cm2 per pulse 

Studied trypin blue uptake 2006 
[106] 

 
Picosecond Pulses 

 

Sphere     
 15 nm, gold 35 ps pulse duration 

527 nm wavelength 
1 kHz repetition rate 

104 pulses 
50 mJ/cm2 per pulse 

aP protein inactivation 2002 [88] 

      
Cages     
 45 nm edge length 

3.5 nm wall thickness 
3:1 gold/silver ratio 
810 nm plasmon 
resonance 

20 ps pulse duration 
810 nm wavelength 
82 MHz repetition rate 

5 min exposure time 
18 nJ/cm2 per pulse  
 

Studied calcein AM and 
EthD-1 uptake 

2007 [60] 

 
Femtosecond Pulses 

 

Sphere     
 5 nm, gold 80 MHz 

835 nm wavelength 
3 sec exposure time 
15 mJ/ cm2 per pulse 
(cited 56 mW and 2.5  
m spot size) 

Chromatin assembly 
disrupted in-vivo 

2007 [91] 

      
 80 nm, gold 

600 nm plasmon 
resonance 

80 MHz 
760 nm wavelength 

10 sec exposure timea 
18 mJ/cm2 per pulse 
(20 mW with 0.95 NA 

Studied 10 kDa FITC-dextran 
uptake 

2008 
presented 
here 



lens) 
      

Sphere Aggregates     
 30 nm, gold 

540 plasmon resonance 
after cellular attachment 

1 kHz 
800 nm wavelength 

2 min exposure time 
140 J/cm2 per pulse 
(cited 1.1 mW and 1mm 
spot size) 

Quadratic dependence of 
photothermal efficiency on 
laser power indicates 
multiphoton process 

2006 [17] 

     
Silver Shell     
 40 nm silver shell 

20 nm gold core 
400 nm plasmon 
resonance 

800 nm wavelength 
80 MHz repetition rate 

Line scan  
7-30 mJ/cm2 
 

Cut chromosomes 2007 [90] 

      
Rod     
 765 nm plasmon 

resonance 
200 fs pulse duration 
765 nm wavelength 
77 MHz repetition rate 

10 sec exposure timea 
3 mJ/cm2 per pulse   
(cited 9.7 pJ/pulse with 
1.2 NA lens) 
 

Nanorods localized on 
membrane 
Studied Ca2+ intake 

2007 [26] 

a Laser beam is scanned 

4.3. Summary of Plasmonic Laser Phototherapy 

In conclusion, we have summarized plasmonic phototherapy of biological materials and 

how it can be utilized for a highly selective treatment of cancer.  For the most part, plasmonic 

phototherapy has centered on the use of the strong absorption properties of gold nanostructures 

to kill cancer via hyperthermia, bubble formation, particle and fragmentation. Some more recent 

technology has begun to exploit the intense near-field scattering properties of gold nanoparticles 

for plasma-mediated ablation. By changing particle geometry and composition, applications 

across the visible and near-infrared wavelength regimes have been developed.  Additionally, 

depending upon the pulse duration, the region of photodamage can be controlled.  CW irradiation 

allows for large-scale tissue destruction, while short pulses can be yielded to manipulate finer 

structures in tissues and cells.  With further refinements in cell labeling and laser delivery to 

tissues, various nanoparticle-based laser phototherapies, including photothermal, 

photomechanical (bubble formation or particle fragmentation), and photoablation (plasma-

mediated) techniques, have a strong prospect to become gold standard in various cancer 

treatments. 

 

5. Summary 

Noble-metal particles have highly tunable optical properties and as such have shown great 

promise as a highly sensitive and cost effect multimodal tool for the screening, diagnosis, and 



therapy of cancer. In this chapter we primarily discussed the role of Plasmonic Laser 

Phototherapy (PLP) as a novel nanoparticle-based laser cancer treatment. Researchers have 

shown that by conjugating molecular specific bioagents (e.g. antibodies and ligands) to the 

particle surface, a variety of potential cancer targets exist. Using nanoparticles of different sizes, 

geometries, and compositions, therapy can be tuned to a variety of laser wavelengths ranging 

from the visible to NIR regions of the electromagnetic spectrum. The fundamental spherical 

particle strongly absorbs laser light in the visible wavelength range. To shift the plasmon 

resonance to NIR wavelevengths, where light penetration in tissue is maximized, heterodyne and 

asymmetric particles have been developed.  Treatment of surface lesions would most benefit 

from lower wavelength laser light, while large-scale tumors require NIR laser light (light 

penetration on the order of several centimeters depending upon tissue type). Additionally, 

varying laser pulse durations have permitted researchers to define the degree of heat confinement 

around the particle during treatment. CW lasers are typically utilized to treat bulk tissue 

structures, while pulsed lasers can be utilized to confine thermal and subsequent thermo-

mechanical effects/damages to the cellular level.  Through variation of each of the parameters 

discussed, it is possible develop a large range of cancer therapies in a variety of tissues. 

 With CW lasers, in-vivo, large-scale tumor reduction was verified using nanoshell 

phototherapy. Here, complete tumor regression was found 10 days after treatment with no 

regrowth after 60 days.  Utilizing active binding methods of nanoparticles to cancer cells, 

thresholds for photodestruction were determined to be 35 W/cm2 for nanoshells, 19 W/cm2 for 

nanospheres, and 10 W/cm2 for nanorods. With pulsed lasers, the manipulation of proteins, 

organelle membranes, and DNA has been achieved.  Large amounts of energy are absorbed by 

the particle within a short time duration, significantly reducing the required fluence to generate 

large temperature increases. Femtosecond laser pulses require fluences an order of magnitude 

smaller compared to that needed with nanosecond pulses. As such, heat is confined to the 

particle near-field, providing a platform for true in-vivo nanoscale manipulation of biological 

substances. PLP has shown great promise for the selective treatment of cancer as well as other 

diseases with both CW irradiation and pulsed laser techniques. We anticipate that the technique 

will be successfully applied to the clinical setting as a number of parameters are optimized. 

 

 



6. Future Perspectives: 

PLP is a novel nanoparticle-based laser technology for the therapy of cancer cells, viruses and 

bacteria and genetic manipulation that has been maturing over the past few years.  Albeit, a 

number of parameters still need optimization (as shown in Table 3) for the technique to find 

application in a clinical setting. Both particle and optical parameters are functions of the clinical 

application and need to be optimized accordingly. In this section, we will briefly define possible 

parameter optimizations that will complement ongoing in-vitro and in-vivo experiments to fully 

mature PLP.  

 

Table 3: Parameters important to understand for the application of PLP in a clinical setting  

1. Particle Dynamics 

 a. Stability: ability to circumvent physiological system without removal from body 

 b. Biocompatibility: no adverse chemical reactions with physiological environment 

 c. Optical: ability of particle to optimally absorb and scatter incident laser light 

 d. Clearance after therapy: particle removal through lymphatic system 

2. Particle Functionalization 

 a. Stability: dissociation of molecular specific bioagents from particle 

 b. Delivery: transport of particles to desired location through topical delivery or intravenous injection  

 c. Biomarker targeting: desired location of particle in tissue/cell and distance from choice target 

 d. Spatial localization: functional method for bringing the particle to desired distance to the target 

3. Laser Irradiation 

 a. Optical spatial localization: laser parameters defining the optical localization for a given geometry 

 b. Delivery: ability to bring laser light to desired location 

 c. Light Penetration: light penetration in tissue to desired depth with minimal scattering and absorption 

4. Multifunctionalization 

 a. Therapeutic: use in combination with conventional photodynamic therapies 

 b. Imaging: development of “smart particle” for both in-vivo imaging and therapy 

 
PLP has a number of distinct advantages that make it compatible for the treatment of disease:  
 
1) Nanoparticles spatially confine thermal and mechanical effects, providing; 

a) Highly precise photodisruption of cells or subcellular targets 

b) Low fluence irradiation with minimal disruption to surrounding, normal tissue 

2) Their optical properties are tunable to NIR wavelengths, allowing;  



a) Deep tissue penetration 

b) Possible use of non-linear effects to improve selectivity 

c) Freedom to choose between absorption and near-field scattering dynamics  

3) Easy nanoparticle functionalization methods provide: 

a) Enhanced targeting to cancer biomarkers with high selectivity 

b) High throughput phototherapeutic process   

4) Allows for combined imaging and therapy: 

a) Through scattering and bright multiphoton luminescence, nanoparticles can additionally 

double as image contrast agents 

b) Image guided therapy  

 

Through confinement of thermal and mechanical effects to the target tissue or cell, it is 

possible to treat a particular region of interest with high specificity, which is extremely important 

in cancer therapy.  Furthermore particles can be functionalized to target cancer biomarkers with 

high specificity. Together these two properties provide the highest level of therapeutic selectivity 

of cancer cells. Additionally particles can act as strong contrast agents for differentiation of 

normal versus cancer cells, further allowing for image guided therapy. As a quick example, for 

the treatment of a cancer mass in the brain (e.g. medulloblastoma) it is of utmost importance to 

kill the tumor, while leaving normal, healthy brain tissue intact, such that the therapeutic process 

does not disrupt important brain functions (e.g. visual and motor controls). Such highly precise 

phototherapy can be achieved only through image guided therapy with the aid of plasmonic gold 

nanoparticles. Additionally, through variation in laser pulse duration, the confinement of damage 

to biological material surrounding the particle can be controlled. Finally, the optical response of 

the particle is highly tunable (visible to NIR).  The tunability to NIR wavelengths is especially 

important for reaching tumors embedded deep within a tissue.  

 A variety of important parameters, listed in Table 3, still need attention in the 

development of PLP.  In many cases, these parameters are defined by the biology of the clinical 

situation. To date, a large portion of the use of PLP has only been tested in an in-vitro setting, 

which only proves the ability of the technique to provide an alternative means of cancer removal. 

As PLP is tested in animal models and particle-laser interaction models are refined, these 



important optical and particle parameters will be realized, making the technique applicable for 

in-vivo cancer removal.  

Particle design parameters, both dynamic and functional, need to be optimized to meet 

clinical needs. First and foremost, for the clinical setting to become reality, developed 

bioconjugates must have a shelf life long enough to be useful in ambient conditions found in 

clinics. Current bioconjugates typically have shelf lives of 2-3 days in 4C temperatures before 

the bioagent dissociates from the nanoparticle surface. Additional studies still need to verify that 

bioconjugates are biologically inert and that interactions other then with its cognate receptor are 

not occurring. Inertness can additionally be defined as the ability of the particle to circumvent the 

body without being removed or nonspecifically accumulating in various tissue systems. The 

particle must be able to travel the blood system and seek out the choice target, while minimally 

interacting with other locations in the body. Additionally, particle targeting and localization 

within a tissue or cell must be further tested and understood. It is still not understood whether the 

induction of apoptosis or necrosis for cell death is most effective in therapy. As such, cancer 

cells can be targeted in a variety of locations, ranging from various subcellular components (e.g., 

DNA or proteins) to the plasma membrane. Where the particle is spatially located within the cell 

will also affect the degree of optical localization necessary.  For example, targeting a molecular 

macromolecule will require far greater spatial confinement than is necessary to photodamage the 

plasma membrane. One major hurdle that is now only being realized is bifunctionalization of 

particles for directionality into the cell and attachment to the desired intracellular target. To 

target intracellular sites, delivery methods need to still be developed. Researchers have just 

recently demonstrated intracellular delivery of gold nanoparticles utilizing the TAT protein from 

the HIV virus [119,120]. Stealth based nanoshuttles (e.g. liposomes and viruses) are also 

beginning to be developed for the transportation of nanoparticles to a particle region of interest 

[121]. Typically these vessels are biodegradable or become part of the cellular membrane upon 

attachment to interest target. Such nanoshuttles have the potential to deliver a large payload of 

nanoparticles into the target tissue or cell with high specificity. 

Laser irradiation parameters are directly related to both the particle geometry and 

biological setting. Each particle type has a unique absorption and scattering spectrum. The laser 

wavelength should be chosen to maximize the interaction between the laser and the particle, so 

that the most effective therapy can be achieved. Particle type and laser wavelength and its 



duration will be a function of the tissue type and of the tumor location. Depending upon the 

tissue structure, a particular particle size maybe necessary. For tissue having a large volume of 

connective tissue, smaller particles such as nanorods maybe necessary, which will dictate the 

laser wavelength. On the other hand, type of tumor whether it is solid or scattered among the 

healthy cells, will determine the laser pulse duration.  The physical delivery of laser light is 

additionally of great importance. The development of probe-based technology that minimizes 

patient discomfort while effectively irradiating the entire region of interest is desired. The 

delivery mode will depend upon the location of the lesion.  For lesions of the oral cavity, the use 

of endoscopic probes or the modification of existing dental devices will prove necessary. 

Finally, working towards multimodal therapies is of great importance; it will be 

absolutely necessary for the combination of therapeutic and imaging techniques and for the 

combination of multiple therapies.  Smart particles for combined imaging (MRI/Optical) and 

photothermal therapy [122,123] and that combine phototherapy with other therapies such as 

photodynamic therapy [124] are only just being realized. 

In initial in-vitro studies, PLP has demonstrated enhanced therapeutic applications for 

increased efficacy in cancer treatment.  In this section, we provided examples of clinical 

applications and discussed how the biological limits affect the optical and particle parameters.  

We also discussed how the physical properties of bioconjugates must further be understood to 

develop the next generation of smart phototherapeutic particles.  As the optical and particle 

parameters are further refined, particle development matures, and in-vivo laser delivery 

techniques for both depth and surface applications are developed, plasmonic phototherapy has 

the potential to become the gold standard in various cancer treatments. 
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