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 Plasmonic Laser Nanosurgery 

 

Daniel Steven Eversole, PhD 

The University of Texas at Austin, 2011 

 

Supervisor:  Adela Ben-Yakar 

 
Plasmonic Laser Nanosurgery (PLN) is a novel photodisruption technique that 

exploits the large enhancement of ultrafast laser pulses in the near-field of gold 

nanoparticles for the nanoscale manipulation of biological structures. Excitation of 

surface plasmons on spherical nanoparticles by pulsed irradiation provides a platform for 

the confinement of photoactivated processes, while functionalized nanoparticle targeting 

methods provide the highest level of therapeutic selectivity. In this dissertation, we 

demonstrate and characterize the in vitro plasmonic optoporation of MDA-MB-468 

human epithelial breast cancer cells labeled with plasmonic gold nanoparticles using 

NIR, femtosecond laser pulses.  

Using a 10 kDa FITC-Dextran probe dye, we find that the PLN can optoporate 

nanoparticle-labeled cellular membranes at fluences down to just a few mJ/cm2, 

providing a 50-fold reduction in pulse energy necessary to induce membrane dysfunction 

as compared with unlabeled cells. Limited membrane dysfunction was found to lead to 

transient optoporation of cells as a possible transfection method, while more extensive, 

non-recoverable membrane dysfunction lead to cellular death as a possible plasmonic 

treatment of malicious cells. In the first regime, we found a maximum optoporation 

efficiency of approximately 31% ± 5.4% with 2 to 2.5 mW laser light having 80 MHz 

repetition rate. In the second regime, we were able to necrotically kill greater than 90% of 

irradiated cells with as little as 5 mW average power. We found that particle aggregation 

along the cellular surface is crucial for the success of PLN. High particle loadings were 

required, suggesting that particle aggregates provide large enhancements, leading to 



 vii 

reduced PLN threshold energies. We provide experimental evidence suggesting 

photodisruption with ultra-low energy pulses is directly dependent upon the emission of 

electrons from the particle surface, which seed the formation of free radicals in the 

surrounding water. These free radicals mediate membrane dysfunction by 

polyunsaturated lipid and protein peroxidation. 
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Chapter 1: Introduction 

 
 

Precise cellular surgery with tightly focused femtosecond laser pulses relies on 

plasma-mediated photodisruption that can be initiated with at most a few tens of nano-

Joules of energy due to their high peak intensities [1-4]. Photodisruption at these reduced 

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

having minimal tolerance to temperature increases [5]. However, laser pulses must be 

tightly focused to confine the energy deposition to a small volume, which greatly reduces 

the number of structures that can be manipulated, limiting the technique to small-scale 

research applications.  

 

Plasmonic nanoparticles act as “nano-lenses” when excited by NIR femtosecond laser 

light, restricting high laser intensities to the particle near-field (Figure 1.1). Placing a 

plasmonic nanoparticle within the laser field will induce an enhanced electric field along 

the particle surface. This enhanced field can be utilized to initiate cellular photodamage 

with reduced energies into the pico-Joules range. These truly ultra-low pulse energies 

limit the extent of damage by providing high spatial confinement of thermal, chemical, 

and mechanical effects to the target of interest, minimizing collateral damage to 

nontargeted cells. Now functionalization techniques can be utilized to localize particle 

“nano-lens” directly to the target of interest with molecular precision. As such, precise 

laser focusing is no longer necessary to achieve photodisruption; rather the nanoparticles 

provide the means for sub-diffraction cellular manipulation.  
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Figure 1.1: PLN is a technique that exploits the high intensity, localized field surrounding in the 
near-field of a gold nanoparticle to selectively and non-thermally photodisrupt biological 
materials. 

1.1 CLINICAL MOTIVATION 
 

We surmise that highly localized photodisruption using ultra-low energy laser 

pulses will enable PLN to effectively improve the localization of treatment in the 

treatment of carcinomas in situ and permit the molecular manipulation of sensitive 

cellular types. 

 

1.1.1 Oncology 
 

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 [6]. The National Institute 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 due to lost productivity [6]. This 

is of such great concern, that a major goal of the National Cancer Institute was to 
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eliminate suffering and death due to cancer by 2015 [7]. As such, there is a great need for 

the development of highly sensitive and cost-effective technologies for the screening, 

diagnosis, and therapeutic treatment of cancer. Functionalized gold nanoparticles provide 

a platform onto which image-guided therapeutic technologies can be developed for the 

targeting and removal of both larger tumors and dysplasia. Particles will have the ability 

to seek and bind to cancer cells via surface markers for the precise diagnosis of cancer. 

The enhanced electric field induced during ultrashort pulse irradiation can be utilized to 

achieve highly precise cellular destruction that minimizes collateral damage to 

surrounding normal cells. 

 

1.1.2. Genetic Manipulation 

 
The stable introduction or down-regulation of genes in cells provides a strong 

potential for the development of immuno- and regenerative-therapies to combat diseases 

such as cancer and terminal viral infections, e.g. human immunodeficiency virus 

infection. Immunotherapy is based on harnessing the power of the immune system for the 

prophylaxitic and/or therapeutic treatment of disease. It can one day be a powerful tool 

for clinicians. For example, the genetic manipulation of lymphoid cells can offer: (1) an 

enhanced immune response against viral infections and malignant diseases without the 

need for drugs, (2) reduced response towards transplant grafts and allergens, (3) the 

correction of single gene defects found in immunodeficiency syndromes, and (4) a 

platform to study molecular pathways involved in cell signaling and differentiation, 

facilitating the development and maturation of immuno- and regenerative-therapies. 

Immunotherapy is achieved in a variety of ways: enhancing the strength and/or 

“knowledge” of the immune system or stimulating components of the immune system 

through the introduction of foreign immune system proteins [8]. 

 

There is a great need to develop intracellular vector delivery methods for cellular 

transfections. We believe PLN can provide an alternative technique to current direct (e.g. 
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Lintivirus-mediated gene transfer [9] and liposomes [10]) and indirect (e.g. 

electroporation [8]) transfection technologies currently plagued by associated 

biocompatibility issues and/or phenotypic alterations. In addition, the high confinement 

of photodisruption in combination with low energy laser pulses will provide a gentler 

means of transfection. This confinement in combination with high-throughput capabilities 

has the great potential provide an effective methodology for high-level transient gene 

expression in hard to transfect cell types. 

 

1.2. ORGANIZATION OF DISSERTATION 

 
The organization of the dissertation is as follows:  

 

Chapter 2:  Plasmonic Noble-Metal Particles: Fundamentals of Optical and Thermal 

Effects  

 

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. 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. 

 

The aim of this chapter is three-fold. (1) 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) Provide an understanding of the fundamentals of laser heating 

and cooling of metal nanoparticles. Discussion centers on the role of laser parameters in 

the rate of nanoparticle heating and the extent of heat diffusion to the surrounding tissue. 
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(3) Discuss mechanisms of interaction between femtosecond laser pulses and gold 

nanospheres and how photoactivated processes resulting from their interaction can 

initiate photodamage in biological materials.  

 

Chapter 3: Survey of Plasmonic Laser Phototherapy Techniques 

 

In this chapter, we discuss recent developments in plasmonic laser phototherapy 

(PLP) techniques using plasmonic gold-derived nanoparticles. 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 laser plasmonic phototherapy 

utilizes nanoparticles to initiate cell death via hyperthermic means. On the other hand, 

pulsed laser plasmonic phototherapeutic localizes laser damage to subcellular targets 

through the confinement of photodamage. Here, we begin with a discussion of single cell 

to large-scale tissue modification utilizing CW laser irradiation and progress to pulsed 

irradiation therapies where subcellular photodisruptions are possible.  Cellular damage 

due to pulsed laser light is localized through one of the following techniques: 

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

nonlinear scattering and absorptive processes. 

 

Chapter 4: Plasmonic Laser Nanosurgery Methods and Protocols 

 

In this Chapter we outline the methods and protocols utilized to demonstrate PLN 

in a cellular system. For the controlled imaging and characterization of PLN we 

developed a cellular platform which allows for: (1) the ability to molecularly target 

moieties localized along cellular surfaces, (2) strong cellular adherence in serum-free 

conditions, (3) simultaneous imaging and photodisruption, and (4) the ability to monitor 

cells’ membrane integrity over 24 hour time durations. Utilizing the nanoparticles’ bright 

luminescence obtained when excited with high peak intensity femtosecond laser light, we 

used multiphoton microscopy (MPM) imaging to guide PLN. We provide 
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characterization of the development of gold nanoparticles, !EGFR gold bioconjugates, 

and their labeling to prepared monolayer cellular constructs. Finally, we discuss the 

methods in photodisrupting labeled cells with PLN and determining the efficiency of 

optoporation, defined as the generation of transient pore formation along the cellular 

membrane 

 

Chapter 5: Plasmonic Laser Nanosurgery in Nanoparticle-Labeled Monolayer Tissue 

Constructs 

 

It is important to understand the dynamics of ultrafast laser photodisruption in a 

controlled cellular system for PLN to become a viable and fully optimized technology for 

both cancer removal and cellular transfection. As such, we studied the in vitro membrane 

photodisruption of nanoparticle-labeled MDA-MB-468 human epithelial breast cancer 

cells in a monolayer construct using tightly focused, NIR, fs-laser pulses.  

 

The aim of this chapter is four-fold: (1) Characterize the PLN optoporation thresholds for 

femtosecond and picosecond pulse irradiation, (2) determine the dependence of PLN 

optoporation efficiency on the applied pulse number and laser fluence, (3) understand the 

effects of particle- and optical-spatial localization parameters on the threshold for 

membrane barrier dysfunction and PLN optoporation efficiency, and (3) study the 

formation of free-radicals during PLN with 80 MHz repetition rate laser light. 

 

Chapter 6: Plasmonic Laser Nanosurgery in Nanoparticle-Labeled Three-Dimensional 

Cellular Constructs  

 

PLN in conjunction with MPL microscopy holds promise as a technique for the 

image-guided detection and photodisruption of precancerous lesions and cancer. As many 

precancerous lesions begin at the deepest depths of the epithelial tissue, we must 
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demonstrate PLN’s capacity to photodisrupt cells at large depths, i.e. beyond a scattering 

length, within three-dimensional cellular constructs mimicking tissue.  

 

The aim of this chapter is two-fold: (1) Understand the confinement of photodisruption to 

target of interest with respect to laser power and (2) understand the interaction of 

propagating laser pulses with molecularly targeted plasmonic contrast agents and how 

that may result in cellular damage along the propagation path of the incident laser. 

 

Chapter 7: Conclusion and Future Perspectives  

 

Rapid growth and maturation of PLP-based technology over the past decade has 

led to the conceptualization of some exciting clinical applications. It has shown great 

potential as a therapeutic treatment and removal of cancer cells, viruses and bacteria, in 

addition to a rapid tool for genetic transfections. However, for the technique to find 

application in the clinic, a number of issues still need to be addressed. In this chapter, we 

define a number of operational parameters, both particle and optical, that still require 

optimization before the technique can be applied effectively in a clinical setting. 

Additionally, we explore the clinical potential of PLN, providing preliminary results for 

image-guided plasmonic phototherapy using a clinical-sized endoscope and cellular 

transfections with siRNA mimics. 
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Chapter 2: Plasmonic Noble-Metal Nanoparticles: 
Fundamentals of Optical and Thermal Effects 

 
 

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 [11]. 

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 chapter, we discuss the physical properties giving rise to 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. 

To provide a fundamental understanding of near-field electrodynamics, we present 

localized material ablation after the excitation of nanostructures with femtosecond laser 

pulses. The resulting topography represents a nonlinear “photograph” of the excited near-

field intensity distribution around the gold nanosphere. We refer the reader to Appendix 

A for a mathematical formulization of the scattering and absorption properties of an 

arbitrarily size particle in the near- and far-field. We next briefly describe the 

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

and then present theoretical models for the description of these processes. Finally we 

discuss the mechanisms of interaction between femtosecond laser pulses and gold 

nanospheres and how photoactivated processes resulting from their interaction can 

initiate photodamage in biological materials. 
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2.1: ORIGIN OF SURFACE PLASMON RESONANCE 
 

Reducing the size of metallic materials to the nanoscale, dramatically affects both 

the electronic properties and the optical response of the material as compared to the bulk 

[11-15] 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 [16-19]. 

 

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

the oscillating electric field perturbs surface conduction electrons, as shown in Figure 

2.1a. Conduction electrons oscillate coherently with respect to the electric field direction, 

a phenomenon known as surface plasmon oscillation [20]. The ability to induce these 

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

absorb and scatter light [12-15].  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 [21]. Figure 2.1b presents the field lines around 

the particle when the resonant conditions for electron oscillation are met; Figure 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 
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particle electrodynamic properties and location and width of the plasmon bands, 

providing highly controllable and tunable properties. 

 

 
Figure 2.1: Description of the plasmon resonance.  (a) Schematic of the coherent oscillations 
of the surface conduction band electrons induced by the oscillating electric field. Reproduced 
from [20]. (b) and (c) Poynting vector field lines (excluding scattering) around a 50 nm silver 
nanosphere irradiated by laser light at the resonance and off resonance, respectively. Field lines 
modeled by R.K. Harrison. 

 

2.2: DESCRIPTION OF ABSORPTION AND SCATTERING PROPERTIES: 
 

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

wavelength (2a << "), 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 
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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 [22]. 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 [23]:  

 

,          [2.1]  

 

where  is the spherical particle volume, ! is the angular frequency of the 

excitation radiation, and  and  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 Equation 2.1, we can 

deduce that a strong, yet narrow absorption resonance appears at  if  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. [23] 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 [24]. The free-
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electron dielectric function can be modified by the Drude Model to account for this 

dependency, giving [23, 25, 26]  

 

,                    [2.2]      

 

 

where 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 [27]. 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 [23]. 

 

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 [12].  Figure 2.2 shows how the plasmon response changes (red-shifts and 

broadens) with respect to particle size. 
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Figure 2.2: 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: DESCRIPTION OF THE OPTICAL NEAR-FIELD 
 

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 angular 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 a radial electric field component ER, are found. In free-electron metals, the 

electric field must radiate normally to the surface and inclusion of the ER term allows for 

the mathematical representation of this field. To describe the strength of the 

electromagnetic field in the near-field regime, Messinger et al. [21] introduced the 

following terms: 
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         [2.3a] 

       
and 

 

         [2.3b] 

                 
The near-field scattering efficiency, , represents the square of the spatially averaged 

electric field of the scattered wave, , 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.  provides a measure for the ability of the 

sphere to convert the incident electric field intensity to a near-field intensity. The radial 

scattering efficiency, QR, the main contributor of QNF (approximately 67%), results from 

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 , QNF will approach the asymptotic value of QNF; when 

the field intensity drops to this value, the far-field approximation hold true.  

 

2.3.1. Near-Field Scattering Dynamics 
 

As all PLN of cellular material in this dissertation is performed using gold 

nanospheres, we will confine our initial discussion to the fundamental spherical particle 

geometry. Like its far-field counterpart, the position of the near-field peak is strongly 

affected by particle size. With increasing particle size, the near-field scattering band red-

shifts while its magnitude decreases and width broadens.  Figure 2.3a summarizes the 
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calculations of  we performed using Equation 3a for varying particle diameters in an 

air medium irradiated with 780 nm wavelength laser light [28]. The red-shift of the near-

field scattering is apparent, with it dominating in larger particles having 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 than the absorption band with increased particle size. 

This phenomenon equates to particles being able to scatter intense fields with minimal 

absorption. To provide further insight, we can observe the ratio of the near-field 

scattering to the absorption efficiency,  over a range of particle diameters 

(Figure 3b).  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 [29]. 

 
Figure 2.3: (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 2.3a according to [21]. (b) QNF as compared to the 
degree of particle absorption, QNF, for various particle diameters. 
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2.3.2. Near-Field Intensity Profile 
 

Now lets turn our attention to the near-field intensity profile generated around an 

optically excited gold nanosphere. The intensity distribution in the near-field of single 

gold nanospheres has been imaged directly with scanning near-field optical microscopy 

[30-32], small-angle x-ray scattering [33], and surface enhanced Raman spectroscopy 

[34], and indirectly via near-field induced photopolymerization [35] and photoablation of 

solid substrate surfaces [28, 36-38]. Though each method reaches a resolution better than 

25 nm, each is hampered by possible distortions of the resulting intensity profile due to 

the presence of the detection agent, e.g. probe tip, photosynthesized dye, or material 

substrate. None-the-less, coupled with theory, each method gives a strong intuition into 

the profile and strength of the optically excited near-field. 

 

We indirectly measured the near-field intensity profile via photoablation of solid 

substrates, i.e. silicon (100) and borosilicate glass. Here a single gold nanoparticle sitting 

on top of a solid substrate was irradiated with a single femtosecond laser pulse having 

780 nm wavelength. The fluence of the incident pulse was sufficiently low as not to 

directly affect the substrate without the presence of the particle. As such, the pattern 

ablated on the substrate surface represents a nonlinear “photograph” of the excited near-

field intensity distribution around the gold nanosphere.  
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Figure 2.4: AFM images of nanocraters ablated by 150 nm gold nanoparticles on 
silicon (100) and corresponding cross sections as found along the white dotted line: (a) 
and (b) 58 mJ/cm2 pulse fluence having normal incidence; (c) and (d) 88 mJ/cm2 having p-
polarization at 45° incident angle. 

 

Figure 2.4 experimentally demonstrates the resulting nanocrater formed on silicon (100) 

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

[28]. When the incident radiation polarization is directed parallel to the substrate surface, 

generated craters have a double-lobed structure (Figure 2.4a-b). Tilting of the substrate 

such that the incident laser polarization is directed at a 45° into the substrate surface, 

results in the crater having only a single-lobed structure (Figure 2.4c-d). Conversely we 

have found that a single-lobed crater can be ablated using laser pulses having circular 
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polarization, which was also originally performed by Nedyalkov et al. [37]. The 

generated crater structure follows the theoretical dipolar scattering pattern of the 

nanoparticle, confirming surface ablation is indeed by near-field scattering effects (Figure 

2.5, [28]). These photoablation results show that the resulting near-field intensity 

distribution pattern is extremely sensitive to the laser polarization.  

 

Figure 2.5: Calculated field intensity, i.e. Poynting Vector, along the substrate surface, 
which is based on the solution of the boundary-value problem for a spherical particle 
on a flat semi-infinite substrate. The 150 nm particle is labeled as the dotted circle. (a) 
Normal incidence and (b) p-polarization at 45° incident angle. 

 

2.3.3. Experimental Estimation of the Near-Field Intensity 
 

One advantage of the photoablation method is that we can directly determine the 

minimum fluence necessary for material ablation by optically excited nanoparticles. In 

turn, finding the ratio of the single-shot ablation threshold with and without particles 

present on the substrate surface allows for the estimation of the nanoparticle near-field 

enhancement strength. 

 

As borosilicate glass is a dielectric material that exhibits similar femtosecond laser 

ablation properties as that of biological materials, we present nanoablation threshold 
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results for that material. Here 80 nm gold nanospheres were irradiated with a single laser 

pulse polarized parallel to the substrate surface. Figure 2.6a shows that the crater has a 

double-lobed structure similar to that found on silicon (100). To determine the material 

ablation threshold with nanoparticles, the maximum depth of generated nanocraters for a 

broad range of laser fluences were measured using atomic force microscopy and plotted 

against the average fluence that interacted with the particle at that point (Figure 2.6b). We 

find crater depth increases linearly with the logarithm of the fluence such that the 

following relationship results: 
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Here 

! 

"eff
#1  is the effective optical penetration depth and 

! 

Fabl,th  is the pulse fluence when ha 

= 0. Extrapolation of the linear fit to zero provides the “enhanced single-shot ablation 

threshold”. We find a minimum threshold necessary for plasmonic nanoablation of 227 ± 

38 mJ/cm2. The experimentally found single-shot ablation threshold for borosilicate glass 

without particles was approximately 1.88 J/cm2. Comparing the ratio of the threshold 

values gives a nanoparticle enhancement of 8.3 times. This means that at the plasmonic 

threshold, an incident laser pulse having 1 TW/cm2 intensity will result in an enhanced 

field of 8.3 TW/cm2 in the particle near-field. 
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Figure 2.6: Characterization of borosilicate photodisruption by PLN. (a) AFM images of 
nanocraters ablated by 80 nm gold nanoparticle on borosilicate glass after irradiation with 1.5 
J/cm2 pulse fluence. (b) Crater depths generated by single 80 nm gold particles are measured at 
various laser fluences. The depths of the ablation craters are plotted as a function of the laser 
fluence. Extrapolation of the linear fit to zero provides the enhanced single-shot ablation 
threshold. 

 

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 [39] is, in general, 

used to describe the plasmonic interaction of two closely spaced nanospheres [40]. As 
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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.  As 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 spherical 

particle pair oriented such that the long axis of the pair 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 NIR. Particle interaction has been seen out to separation 

lengths of 5 particle diameters [41]. 

 

Let us now consider 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 [42]. 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 [43]. 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. Red-shifting 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.  
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The plasmon band of randomly oriented nanoparticle aggregates follows similar trends as 

that of particle pairs and chains [43]. 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 [41].  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 [41]. 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 [41, 44]. This limit will depend upon particle 

cross-talk and deconstructive interference effects.  

 

Again using the photoablation method, we can experimentally determine the strength of 

the near-field enhancement by nanosphere aggregates. Similar to single particles, the 

aggregate enhancement can be determined by the ratio of the single-shot ablation 

threshold with and without particles. Here aggregate properties such as particle number, 

geometry, and orientation with respect to the laser polarization strongly affect the 

achievable enhancement. Figure 2.7 shows how the ablation threshold further decreases 

in the presence of two- and three-particle aggregates oriented at a 45° angle to the laser 

polarization. Generated near-field intensities yield reductions in the ablation threshold of   

14.2 ± 2 and 28.8 ± 4.8 for the two- and thee-particle aggregates, respectively. 
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Figure 2.7: Reduction in borosilicate glass ablation 
threshold with increased aggregate size. The 
ablation thresholds for aggregates of one-, two-, and 
three-particles having similar orientation to the laser 
polarization were determine.  

 

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 [45, 46].  

 

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 
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nm to a silver particle of the same dimension affords an increase in scattering by 15 times 

at the plasmonic resonance [21].  

 

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 [47].  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 NIR. Figure 2.8a describes the optical response for a nanocage 

having a 36.7 nm edge length and 3.3 nm wall thickness, with a 25% residual silver 

alloyed with gold [48]. 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 [49]. 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 NIR.  Figure 2.8b shows that as the core-

to-shell ratio is increased, the plasmon resonance red-shifts [50]. To adjust the core-to-

shall ratio, gold shells of varying thickness were reduced onto a silica core of 120 nm 

diameter. 

 

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 

[51], triangles [52], and nanorice [53].  Since the rod shape has proved most important to 

biomedical applications among all the anisotropic structures, it will be the focus of the 

geometry discussion. 
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Figure 2.8: Evidence for the tunable nature of the plasmon resonance of gold 
nanostructures arising from variations in particle geometry and composition. (a) Nanocages, 
gold and silver alloy nanostructures, having 36.7 nm edge length and 3.3 nm wall thickness. 
Reproduced from [48]; (b) Nanoshells, silica and gold heterodyne nanospheres, of various gold 
shell thickness to a constant 60 nm silica core radius. Reproduced from [50]; (c) Gold nanorods, 
anisotropic nanostructures, of varying aspect ratios. 
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Nanorods are anisotropic structures having a longitudinal and a transverse axis that splits 

the plasmon resonance into two bands [54].  As was observed with particle chains, a 

strong lower frequency plasmon band arises due to the longitudinal oscillations of 

electrons and a weak higher frequency plasmon band arises from the transverse electron 

oscillations.  This leads to strong, tunable absorption properties in both the visible and 

near-infrared wavelength regimes by changing the nanorod aspect ratio.  For a nanorod in 

water 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 [55].  As the aspect ratio increases, the energy separation 

between the two bands of the plasmon resonance increases.  Figure 2.8c, 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. 

 

2.4.4: Near-Field Tunability 
 

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

sharp edges [56] and surface irregularities along the particle surface [57] 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. [58] 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. 
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One nonfundamental shape in particular, the rod shape, has emerged as a powerful near-

field tool in addition to being relatively simple to engineer. Using ablative imaging of the 

near-field, Harrison and Ben-Yakar [59] found an optical enhancement of approximately 

100. In addition, they provided further evidence for the appropriate measure for the 

optical near-field. There was debate with the nanoparticle ablation community [59-61] on 

whether the Poynting vector magnitude1 [28, 62] or the square of the electric field 

magnitude [33, 37] provided a direct measure for the laser photodisruption threshold 

reduction when using nanoparticles. With spherical particles, the distribution of the 

Poynting vector and E-field enhancement occur in the same location, inhibiting the 

ability to easily distinguish ablation effects resulting from the two measures, except in 

magnitude. On the other hand, the use of the rod shape both displaces the Poynting vector 

and E-field enhancement in addition to both having different magnitudes. Studying the 

crater patterns ablated onto silicon and experimentally estimated near-field 

enhancements, they found that the Poynting vector is a better predictor of the 

enhancement and shape resulting in the particle near-field after irradiation with 

femtosecond laser light. 

 

2.5. PLASMONIC SUMMARY 
 
In summary, we have discussed the dynamics of the plasmon resonance and how 

it affects the electrodynamic properties of the noble-metal 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 

                                                
1 The Poynting vector is the cross-product of the electric and magnetic fields and has the 
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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. We were able to map the near-field intensities 

generated in the vicinity of a spherical gold nanoparticle after irradiation with a 

femtosecond laser pulse through ablative imaging techniques. Additionally we were able 

to determine the strength of the field in the particle near-field and determine its effect of 

material ablation. Using this information, it is possible to engineer particles very specific 

to a desired application. 

 

2.6: 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. 
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2.6.1: 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 and there is minimal heat loss to the surrounding 

water. Theoretically, ultrafast pulses provide an efficient method for confined particle 

heating, but as will be discussed further in Section 2.10, nonlinear field enhancements 

along the particle surface will ablate the particle before any significant heating can occur. 

With the application of longer pulse durations and continuous wave (CW) irradiation, 

substantial heat loss to its surrounding occurs. The efficiency of heat confinement at 

longer pulse durations thus reduces with heat loss, heating a larger volume surrounding 

the particle and requiring larger energies to achieve the desired elevated temperatures for 

photothermal therapy.  

 

We begin our discussion with discussion on the time scales of fundamental processes. 

During laser exposure, electrons absorb the photon energy. These highly energetic 

electrons initially form a nonequilibrium energy distribution that relaxes through 

electron-electron scattering on the order of 10-50 fs in metals. Within these time scales, a 

negligible amount of energy exchange occurs between electrons and phonons and the 

electrons persist in high energy levels. The particle temperature begins increasing as a 

result of electron-phonon scattering. Thermal equilibrium between the electrons and 

phonons is reached at a time scale on the order of 10 ps. Concurrently, energy exchange 

between the particle and its surroundings starts taking place as a result of the elevated 

particle temperatures. Heat transfer across the interface occurs through the coupling of 

particle phonons with the phonons of the surroundings. Thermal resistance at the 

solid/liquid interface due to relatively long phonon-phonon coupling times leads initially 

to a large temperature jump across the boundary. The time scale to reach the thermal 
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equilibrium across the interface is on the order of 100 ps to 1 ns depending on the particle 

size and the laser intensity. Figure 2.9 schematically summarizes the fundamental 

processes and time scales in metal nanoparticle heating. When exposed to laser 

irradiation times on the order of nanoseconds and greater the particle will be in a thermal 

equilibrium during laser heating. In this case, there is continual competition between the 

particle heating rate and the heat diffusion rate to its surrounding. 

 

 
 

Figure 2.9: Time scales of the fundamental processes in laser heating of metal 
nanoparticles [63]. 

 

2.7: PARTICLE HEATING/COOLING MODELS 
 

A variety of studies have investigated the laser-induced thermal processes 

occurring in colloidal systems having a weak cluster-matrix interaction. Such models are 

important for the understanding of heating processes in and around nanoparticles for 

applications such as protein inactivation and membrane disruption. Through modeling, it 

is possible to optimize particle size and laser duration and wavelength for the most 

efficient particle heating. We present a brief overview of the developed heating/cooling 

models and cite a number of experimental studies supported by these theoretical models. 
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2.7.1: Thermodynamic Model 
 

To calculate the maximum particle temperature without temporal information, a 

simple thermodynamic model can be used: 

 

             [2.5]  

 
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 [64, 65] 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. 

 

2.7.2: 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: 

 

,          [2.6] 
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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  

is the rate of the absorbed energy per unit particle volume that is zero for the coordinates 

outside of the particle. The material density r, specific heat cp, and the thermal 

conductivity k are also defined locally to separate the particle from its surroundings.  

 

To accurately model the pulsed laser heating of nanoparticles, the general heat transfer 

equation must maintain validity in the constraints of nanoscale dimensions and ultra-short 

time scales. As such, the heat transfer equation needs to be modified to include thermal 

interface conductance term and an electron-lattice coupling factor to account for 

interfacial temperature jumps and thermal non-equilibriums, respectively. Here we 

provide a quick explanation for the inclusion of these two terms. 

 

Thermal Interface Conductance. When heat flows across an interface between two 

different materials, e.g. 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. The need to account for thermal interface conductance in the heat transfer 

equations during femtosecond laser heating of particles was experimentally verified in 

pump-probe spectroscopy studies by Hu and Hartland [66]. In their study, a heat transfer 

model without the thermal interface conductance was implemented to examine the rate of 

energy dissipation from a spherical gold nanoparticle to its surroundings. They measured 

the thermal relaxation time between the particle and its surrounding, which was found to 

be proportional to the square of the particle radius and not a function of the initial particle 

temperature. Albeit, 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 

),( trEabs!
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use of incorrect boundary condition 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. [67] and Ge et al. [68] measured 

the laser-heated particle temperature decay through time-resolved changes in optical 

absorption. The experimental data was used to estimate the thermal interface conductance 

values of metallic 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. 

[69] investigated the lattice dynamics of spherical gold nanoparticles in a water medium 

by x-ray scattering. Experimentally, a thermal interface conductance of G = 105±15 

MW/m2K was found [69]. 

 

Electron-Lattice Coupling Factor. At the onset of the ultrafast laser heating of 

nanoparticles, there will exist a thermal non-equilibrium between electrons and phonons.  

A two-temperature model [70] describing the electron-phonon relaxation time of the 

particle should be implemented. In this model, 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. 

 

Before finalizing the model for heating of nanoparticles, it is important to discuss the 

temperature profile across the particle. A uniform temperature profile across the laser-

heated particle can be assumed considering the characteristic length scales and the heat 

transfer mechanisms. A typical Biot number, , for a nanosized particle is 

on the order of 10-3, supporting the assumption that temperature variation within the 

particle is negligible [63]. The characteristic length, , 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 would 

be introduced by assuming a uniform temperature profile for Biot numbers less than 0.1.  

gold/G kLBi c!=

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

describe the transient temperature profiles for the particle: 

 
!! !!!!" ! ! !! ! !! !!!"#                    [2.7a] 
 

               [2.7b] 

 
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, Equation 2.7b, is calculated by 

taking into account the interface conductance given by: 

 
,             [2.8] 

 
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. 

 

The energy equation for the surrounding aqueous medium can be written as: 

 

,            [2.9] 

 
where the subscript w is used to denote the parameters of the surrounding medium (e.g., 

water).   

 

Figure 2.10 compares the theoretical transient particle temperatures determined from the 

three different models discussed above; (1) thermodynamic model (Equation 2.5), (2) 

heat transfer model without interface conductance (Equations 2.7-9 with G=0), and (3) 
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heat transfer model with interface conductance  (Equations 2.7-9). We have calculated 

the temperature of an 80 nm gold nanosphere over a 1 ns time duration after the 

application of a 250 fs laser pulse of 50 mJ/cm2 average fluence and 780 nm wavelength 

[29]. The results show that both the thermodynamic model and the heat transfer model 

including interface conductance give similar maximum particle temperatures, while the 

exclusion of the interface conductance estimates slightly smaller temperatures.  The heat 

transfer model provides the exponential decay profile of the particle temperature during 

cooling.  

 

 
Figure 2.10: Comparison of Heating Models. Transient temperature profiles of an 80 nm gold 
nanosphere irradiated with 250 fs laser pulse of 50 mJ/cm2 average fluence (energy per area) and 
780 nm wavelength as calculated utilizing the thermodynamic model and the heat transfer model 
without and with interface conductance. 

 

To demonstrate the accuracy of this heat transfer model with thermal interface 

conductance, we have compared our calculations of femtosecond laser heating of gold 

nanospheres [63] 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 [71]. Figure 5.11 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 
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provided by Plech and co-workers 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.  

 

 
Figure 2.11: Validation of heat transfer model [63] 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 at 
100 ps and 1 ns after irradiation by a 400 nm, 100 fs laser pulse and symbols are experimental 
data by Plech and co-workers [71]. 

 

 

2.8: LASER INDUCED PHASE CHANGES: 
 

The models presented in the previous section are valid only in the absence of 

phase changes. When either the particle or the surrounding medium reach well defined 

critical temperature limits defined below, the induced phase changes in the system will 
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alter the heat transfer properties. The surrounding aqueous medium has two temperature 

limits depending on the rate of heat transfer: a normal boiling temperature of water 

(T=373 K; slow rate of heat transfer) and a critical temperature of water (Tcr=647 K; 

quick rate of heat transfer), 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). 

 

2.8.1: Liquid-vapor phase changes 
 

In this section, we discuss the phase change in the surrounding liquid as a result of 

heat transfer from a laser-heated particle. A liquid-vapor phase change of water will 

result in a thin vapor bubble around the particle that will drastically reduce heat transfer 

at the particle surface. Figure 5.12 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. Depending on the rate of heating, the 

phase change can occur at any point between the binodal and spinodal lines. The rate at 

which the laser pulse deposits energy into the system dictates: (1) rate of temperature rise 

in the surrounding liquid temperature and (2) growth of heterogeneous nuclei along the 

particle/surroundings interface. Under slow heating conditions, such as is with CW or 

pulsed-lasers having long durations, the phase change occurs along the binodal line, e.g. 

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 [72]. 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 ultra-short laser 

pulse irradiation, the surface vapor pressure built up in the surrounding fluid takes place 

slower compared to the temperature rise [73]. In this case, heterogeneous nuclei will not 

have enough time to grow and superheating can be observed [72, 74-76]. The spinodal 

line forms an upper limit for the superheated liquid. When it is reached, the water 

becomes thermodynamically unstable and explosive phase change, i.e. homogeneous 
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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 [71, 74, 77, 

78]. 

 
Figure 2.12: P-T diagram illustrating the liquid-
vapor phase change of water. 

 

2.8.2: Laser-induced particle melting 
 

The effects of laser induced melting of the particle are two fold: (1) it affects the 

heat transfer properties of the nanoparticles as well as (2) the laser/particle interactions 

during the subsequent laser irradiations. To correctly teat the melting, the governing 

equation describing the energy processes needs to incorporate changes in phase and 

subsequent thermophysical properties. Particles incurring melt and subsequent shape 

transformation, e.g. non-spherical nanostructure to the thermodynamically more stable 

spherical shape, will have altered optical properties. In addition, it has been 

experimentally inferred that a surface melting phenomenon can occur at temperatures 

much less than the bulk melting value; as such, liquid shell nanoparticles with solid cores 

can be generated [64]. 
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The shape transformation of gold ellipsoids to spheres in aqueous solution was 

investigated by Inasawa et al. [79]. After exposure to a single, 30 ps laser pulse, the 

required energy for shape transformation was found to be approximately 40 fJ, which is 

significantly smaller than the calculated energy for complete melting, 67 fJ. This energy 

difference 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 

[80] and transmission electron microscopy (TEM) imaging [81]. They measured a 

threshold energy of 65 fJ for complete nanorod melting (having 30% associated error) 

independent of incident wavelength [80]. In another study, Link et al. [81] determined a 

complete nanorod melting threshold fluence of about 10 mJ/cm2 for femtosecond laser 

pulses. Partial melting of the nanorods was visualized at laser pulse fluences lower than 

the threshold fluence, whereas nanorod fragmentation was observed at high laser fluences 

(~1 J/cm2). Ekici et al. [63] theoretically investigated the melting fluences of nanorods 48 

x 14 nm in size with respect to particle orientation to the laser polarization, finding it that 

particles melt with 3 orders magnitude less fluence when aligned parallel to the laser 

polarization than perpendicular. 

 

2.9: SUMMARY OF HEATING DYNAMICS: 
 

In summary, we have discussed that the degree of heat confinement within the 

surrounding medium is directly related to the laser pulse duration. 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 temperature of the particle using a simple thermodynamic model. As heat loss 

from the particle is almost negligible within the duration of the pulse and the subsequent 

electron-phonon coupling time, this approximation works quite well. Conversely, as the 

pulse duration approaches the phonon-phonon coupling time scales, as in the case of 

pico- and nanosecond laser pulses, it is no longer valid to neglect heat dissipation from 
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the particle. The system temperature profiles induced after relatively long pulse 

irradiation requires a heat transfer model for both the particle and its surroundings in 

order to provide a proper description of energy processes occurring in the system. We 

have described that there exists a temperature jump at the particle/surroundings interface; 

this temperature discontinuity 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 due to 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. Laser induced phase changes come in 

the way of either: (1) particle melting and subsequent shape transformation or (2) 

vaporization of the surrounding water. As phase transformations alter the heat transfer 

properties drastically, more complicated models, i.e. a solution for the full set of 

compressible equations, are required to represent the effects of pressure and bubble 

formation around the particle. 

 

2.10: INTERACTION OF FEMTOSECOND LASER PULSES WITH GOLD NANOSPHERES 
 
In this section, mechanisms of interaction between femtosecond laser pulses and 

gold nanospheres and how photoactivated processes resulting from their interaction can 

initiate photodamage in biological materials are discussed. Understanding these 

mechanisms is important in tuning the desired PLN parameters, i.e. laser fluence and 

pulse duration, and response, i.e. photodisruption confinement level, needed with respect 

to clinical application.  

 

The mechanism by which PLN initiates photodamage directly depends upon the incident 

pulse duration and fluence [4] and the nanoparticle near-field enhancement factor [21, 

41]. When considering femtosecond laser pulses, large field-intensities along the surface 
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of gold nanoparticles can energize and eject free electrons into the surrounding media. 

The strength of local fields on the particle surface will dictate the number of free 

electrons that can be generated within the scattering volume around the nanoparticle. Free 

electron generation can result in photochemical damage [82] through the formation of 

reactive oxygen species (ROS), thermoelastic induced bubble formation [4], or provide 

the seed electrons for optical breakdown of tissue [3]. Photodisruption by a single or a 

few laser pulses require high pulse energies, where photodamage primarily results from 

mechanical effects; multiple-pulse irradiation reduces the required pulse energy such that 

only photochemical effects occur.  

 

Nanoparticle mediated photodisruption is dictated by the following optically-induced 

phenomena: (1) thermionic and multiphoton-assisted photoemission of electrons from the 

particle surface and (2) heating of the particle and surrounding water by laser energy 

absorption and subsequent heat transfer to the surrounding water (Equations 2.7-9). 

 

For a detailed mathematical formulation describing photoemission of electrons from the 

particle surface we refer the reader to the thesis of Sigfried Haering [83]. Briefly, the 

photoemission model extends the generalized Fowler-Dubridge theory of photoemission 

[84-88], which describes thermionic and multiphoton-assisted electron emission from a 

laser irradiated thin-film metal surface, to that of a laser irradiated spherical plasmonic 

nanoparticle. Thermionic emission results from the emission of thermally heated 

electrons. In plasmonic particles, the coupling of large absorption cross sections with 

short pulses, e.g. nanosecond pulses, can result in electron temperatures favorable for 

emission of this sort. On the other hand, multiphoton induced electron emission occurs 

when surface conduction band electrons near simultaneously absorb a sufficient number 

of photons to promote electrons to energy states above the material work function. Large 

near-field intensity enhancements in the near-field of nanoparticles can result in favorable 

conditions for multiphoton induced electron emission to occur. 
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Figure 2.13 provides a photodisruption diagram2 attempting to describe different 

photodisruption mechanisms for a 2a = 50 nm spherical gold particle in water having a 

maximum Poynting Vector magnitude of 4 and absorption efficiency of 0.048 upon 

excitation by a single, 760 nm laser pulse. We will next discuss possible photodisruption 

mechanisms that can result with increasing values of laser irradiance as enhanced in the 

near-field of gold particles. Emphasis will be placed on those mechanisms occurring 

during irradiation with femtosecond laser pulses. 

 
 

 
Figure 2.13. Photodisruption diagram for a 50 nm sphere exposed 
to 760 nm light as a function of pulse duration and peak laser 
fluence. Labeled damage region occur to the right of their indicated 
threshold lines. Courtesy of Sigfried Haering. 

Region A indicates the regime where photodisruption is assumed not to occur. This 

means that the particle will remain intact, i.e. not ablate nor emit any electrons. Due to 

low particle absorption efficiency at NIR wavelengths, for long pulse irradiation, this 

                                                
2 The diagram provides a general idea of fluence levels necessary to induce the described 
laser-nanoparticle interaction. Calculations are still to be finalized and will appear in a 
follow-up publication by Haering et al. 
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regime requires large amounts of energy to be absorbed by the particle system before the 

onset of explosive boiling. For example, nanosecond pulses will not initiate damage until 

hundreds of mJ/cm2 of laser fluences are applied to the particle. At femtosecond pulse 

durations, however, the fluence required to initiate photodisruption is reduced drastically. 

Here, multiphoton effects induced by the near-field enhancements of high intensity laser 

pulses result in high peak intensities along the particle surface. These peak intensities can 

lead to the ejection of ionizing electrons from the particle surface. As a result, 

femtosecond irradiation can lead to damage initiation at fluences as low as a few mJ/cm2. 

Additionally, with the application of thousands of low power, MHz repetition rate pulses, 

typical during PLN with multiple-pulses, one must account for the possibility for heat 

accumulation to occur without elevated electron temperatures or high intensities. 

 
Region B describes the parameters necessary for the photoemission of electrons from the 

particle surface, leading to photodisruption mediated by photochemical processes. 

Experimentally, this region is only achievable with pico- and femtosecond laser light 

irradiation, as multiphoton induced emission of electrons occurs at low fluence values. 

Photoemission of electrons from the particle surface seeds the formation of free radicals 

in the surrounding water, which induce oxidation of lipids and integral membrane 

proteins, leading to increased membrane permeability [82]. These free radicals, having a 

lifetime on the order of several microseconds, are very reactive and interact with any 

biomolecule within their vicinity [89]. Photochemical damage typically results from the 

application of hundreds to thousands of laser pulses, because it requires a cumulative 

buildup of degenerative effects in biomolecules for their form and/or function to be 

irreversibly altered. With multi-pulse irradiation, the onset of Region B is directly 

affected by the laser repetition rate. In the kHz regime, each subsequent pulse will 

generate a new set of free radicals, resulting in the build up of small degenerative effects 

in biomolecules over the duration of irradiation. MHz pulses, on the other hand, will 

result in a build up of free radical concentration with each pulse, allowing for the 

continual production of bond breaking radicals, possibly enhancing membrane barrier 

dysfunction and lowering the damage threshold fluence. 
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The critical electric field strength necessary for the electron to exceed the Au lattice 

binding strength is described as a function of both the incident peak laser fluence and 

Poynting vector by the following equation [83]: 

, [2.10] 

 
where  A0 is the theoretical Richardson coefficient (120 A/cm2K2, [85]), %0 the 

permittivity of free space, # the material work function (4.25 eV for Au), kB Boltzmann’s 

constant, Te the electron temperature, c the speed of light, F the peak incident fluence, $p 

the pulse duration, F(!) the Fowler function with , h" the laser photon 

energy, and . This critical field strength scales with  to the third 

power; as plasmonic particles have large Poynting vector magnitudes at NIR 

wavelengths, photodisruption is easily achievable with ultra-low fluences. With particle 

aggregation, synergestic effects between particles can generate “hotspots”, regions of 

extremely high field strength, potentially shifting the onset of electron emission to lower 

fluences. 

 
With increasing fluence incident the particle, the mechanism of photodisruption will 

transition such that in addition to photochemical processes, mechanical mechanisms 

become important. Here, ROS production still occurs, but the increasing strength of the 

localized field begins to result in particle ablation by electrostatic repulsion due to 

photoemission of electrons. As electrons are emitted from the particle, the repulsion force 

between positive lattice ions becomes large enough to exceed the lattice binding strength, 

resulting in surface ablation by electrostatic repulsion. As shown in Region C, this regime 

requires peak fluence values of as little as a few tens of mJ/cm2 with the application of 

femtosecond laser pulses. For both Regions B and C, non-uniform charge density in the 
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particle, resulting from particle imperfections, may shift these regimes to lower fluences. 

With sufficient increase in the surface field strengths, particles will near instantaneously 

ablate (Region D) by a process referred to as Coulomb explosion [90, 91]. Here cellular 

membranes photodisruption damage is achieved via high kinetic energy ions impacts. As 

with Region B, experimentally, Regions C and D are only achievable with pico- and 

femtosecond laser light irradiation. 

 
Mechanical effects result in a more direct means of photodisrupting the cellular 

membrane. Here, photodamage requires the use of a single or only a few laser pulses. 

Mechanical effects can arise from one of the following: thermoelastic-induced bubble 

formation in water, optical breakdown in water, shock wave formation, and micro-bubble 

formation by explosively boiling of water. Typically photodamage by single pulse 

irradiation can only be induced by one of these mechanical means. Particle properties, 

such as Poynting vector magnitude and absorption efficiency affect which phenomenon 

will result 

 
Region E describes the parameters necessary for cavitation by explosive boiling of water. 

Here, the surrounding temperature reaches 90% of its critical temperature due to laser 

heating. Energy deposited into the surrounding lattice by the heated particle will create a 

narrow shell of unstable superheated fluid that will explosively boil. The vapor region 

surrounding the particle will significantly reduce heat transfer to the surrounding water, 

resulting in particle boiling and vaporization. This regime is strongly affected by particle 

absorption properties. At NIR wavelengths, absorption by spherical particles is minimal 

compared to the particle near-field; as such, femtosecond laser irradiation will never 

induce photodisruption by explosive boiling. Though there is the potential for the region 

to be shifted to lower fluences as a result of particle aggregation or imperfections in 

particle shape, these same particle effects will enhance the particle near-field at a faster 

rate, still resulting in electron emission orders of magnitude before the onset of explosive 

boiling. 
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It should be noted that transient cavitation bubble formation could be induced by 

nonlinear mechanisms unrelated to particle heating. Large additions of free electrons to 

the surrounding water during the laser pulse could provide the seed electrons for inverse 

Bremsstrahlung absorption and impact ionization leading to an avalanche growth in free 

electrons and consequential plasma formation. Transient cavitation bubble formation 

results either via (1) near-field induced stresses or (2) optical breakdown. Near-field 

induced stress is a process driven via both thermal and pressure effects in water. The 

enhanced electric field will drive quasi free-electron generation in the scattering volume 

that will induce thermalization on a time scale faster than heat transfer can occur. The 

confined temperature rise will lead to a subsequent pressure rise relaxing into a pressure 

wave expanding radially from the scattering volume. Tensile forces in combination with 

high temperatures leads to the tearing of water molecules that results in an expanding 

nanoscale vapor bubble. With increasing irradiance, the near-field generates a high-

density plasma in the scattering volume that generates larger sized bubble formation and 

associated shock-wave emission, i.e. optical breakdown. 

 

2.11: SUMMARY OF FEMTOSECOND LASER PULSE INTERACTIONS WITH GOLD 
NANOSPHERES 
 

We can see that femtosecond laser pulse interactions with gold nanoparticles will 

primarily result in photoactivated processes dominated by multiphoton induced electron 

emission. At just a few mJ/cm2, electron emission can occur, providing the seeds for the 

formation of free radicals in the surrounding water, leading to photodisruption by 

photochemical processes. With higher fluences, greater concentrations of electrons are 

emitted from the particle, resulting in repulsion forces between positive lattice ions 

becoming large enough to exceed the lattice binding strength. Depending upon the 

strength of this repulsion force, surface ablation by electrostatic repulsion or complete 

particle ablation by coulomb explosion can occur. Here photodisruption is a combined 

photochemical and mechanical process. Furthermore, large additions of free electrons to 

the surrounding water could provide the seed electrons for cavitation by near-field 
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induced stresses or optical breakdown. Here high shear stresses induced by time 

oscillating bubbles will mechanically tear cellular membranes. One will notice that 

irradiation of spherical particles with pulsed NIR laser light will never induce cavitation 

by explosive boiling, as near-field effects will always dominate absorption. 
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Chapter 3: Survey of Plasmonic Laser Phototherapy 
Technique 

 
 
 

This chapter reviews the current approaches researchers have taken towards 

realizing nanoparticle-based phototherapeutics. Optical activation of nanoparticles has 

been successfully demonstrated in the inactivation of proteins [92, 93], perturbation of 

DNA [94, 95] and chromatin [96], necrotic killing of cancer cells [48, 90, 97-120] and 

bacteria [121], and introduction of small proteins and fluorescent dyes into the cellular 

cytosol [122]. Discussion is separated into two plasmonic laser phototherapy modes: 

continuous wave (CW) laser heating of nanoparticles for hyperthermic damage to tissue 

structures and pulsed laser excitation of nanoparticles for highly localized cellular-level 

photodamage. Therapeutic results are organized by laser pulse duration, which will affect 

the confinement of damage during therapy. Upcoming chapters will provide an in depth 

study of cellular-level photodamage by femtosecond laser pulses. In addition to 

reviewing current applications, this chapter is designed to provide the reader an 

understanding of how particle, i.e. shape and size, and laser, i.e. pulse duration and 

wavelength, parameters have been engineered to overcome biological limits for 

successful phototherapy. 

 

3.1 INTRODUCTION TO PLASMONIC LASER PHOTOTHERAPY 
 

The strong, tunable plasmon resonance [12] and biocompatibility [123] of 

plasmonic nanoparticles has fueled the development of numerous nanoparticle-based 

laser phototherapeutics we term Plasmonic Laser Phototherapy (PLP). Two distinct 

modes for PLP, hyperthermal therapy for large-scale tissue-level modification using CW 

laser irradiation and pulsed lasers for localized photodisruption of cellular membranes, 

have been demonstrated across the visible to NIR wavelengths of electromagnetic 

spectrum.  
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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 above 40 °C for tens of minutes [124], which is high enough to 

cause [125-128]: (1) lipid phase transitions, (2) protein denaturation via direct 

inactivation of protein function and disruption of complex structures, and (3) inactivation 

of enzyme activity, membrane receptors, and ion transporters.  Above 85-90 °C, DNA 

and RNA denature and unfold [125]. This mode has the potential for tremendous impact 

in the treatment of previously inoperable tumors localized within sensitive cellular 

systems, e.g. brain. Tumors, for example, have reduced heat tolerance due to their 

inability to easily dissipate heat, which is caused by the disorganized and compact 

vasculature structure, making them ideal targets for photothermal therapy [129]. A 

fundamental aspect of nanoparticle-based 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 [129]. 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, which promotes the 

localization of photodamage to cellular targets in the vicinity of the nanoparticle via 

confinement of thermal, mechanical and chemical effects [4]. In this chapter, we describe 

the proposed mechanisms of photodamage by pulsed-PLP found in the current literature. 

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 have been 

put forth as possible mechanisms for the local disruption of biological membranes. It is 

important to remember that with decreasing laser pulse duration to the nano and sub-
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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.  

 

3.2. 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), a threshold temperature in the range of 70-80 °C for several 

minutes is required for the complete destruction of cancer cells [130]. Table 3.1 

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. 
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 Table 3.1: Summary of seminal in vitro CW-laser plasmonic phototherapy results found. 

Nanoparticle  

Characteristics 

Laser  

Parameters: 

Wavelength 

Exposure  

Parameters: 

Exposure time 

Irradiation values 

Total energy  

per area 

Results Year 

(Reference) 

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 [98] 

     

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 [102] 

     

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 [103]  
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3.2.1. In vitro cell studies: 
 
Nanoshells, originally developed by the Halas group [49], 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 [50]. 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. This 

excitation wavelength allows for photothermal therapy with maximal penetration of light 

through tissue. 

 

In proof-of-principle experiments concerning the efficacy of photothermal therapy with 

nanoshells, researchers at Rice University demonstrated the in vitro photothermal 

destruction of HER2-positive SKBr3 breast adenocarcinoma cells [97, 98, 131]. 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 Figure 3.1, it was determined that all labeled, malignant cells within the laser spot were 

photothermally damaged, while unlabeled cells remained intact [98]. Stern et al. [99] at 

The University of Texas Medical Center experimentally determined that cells in a 

monolayer construct needed to be labeled with approximately 5000 nanoshells for the 

most effective photothermal treatment. Extending nanoshell concentration studies to test-

tube phantoms, Terentyuk et al. [109] experimentally determined that a concentration of 

5 x 109 nanoshells/cm3 at the targeted region was necessary to minimize collateral heat 

damage. This value is 106-fold higher than that reported by Stern et al. [99] with 

monolayer cell constructs. 
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Figure 3.1: Plasmonic laser photothermal treatment of breast cancer cells (SK-BR-3). Cells 
were exposed to 35 W/cm2 laser intensity for 7 min.  Unlabeled cells maintained both cell 
viability, as is shown by (a) calcein fluorescence and (c) membrane integrity, indicated by the 
lack of 10 kDa FITC-dextran uptake. Cells labeled with nanoshells underwent photothermal 
destruction within the laser spot as shown by (b) calcein fluorescence and (b) the cellular uptake 
of 10 kDa FITC-dextran. Reproduced from [98]. 

 

Nanospheres, the most fundamental particle geometry, were exploited for their large 

resonant absorptions in the visible portion of the electromagnetic spectrum and ease of 

production.  It has been found by a number of researchers, that particles of 30-40 nm 

sizes produced maximal temperatures when irradiated with light tuned to their plasmonic 

resonance [129]. In initial experiments, the El-Sayed group experimentally labeled HSC 3 

and HOC 313 cells (human oral squamous cell carcinoma), in an in vitro setting with 35 

nm gold nanospheres conjugated to anti-EGFR antibodies. Dark-field microscopy was 
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used to verify that immunotargeted nanoparticles homogeneously bind to malignant cell 

types with 600 times more affinity than that of nonmalignant cell types [103]. Labeled 

cells were irradiated with a CW, 514 nm wavelength, argon laser, which overlaps the 

surface plasmon absorption of the spherical nanoparticles, i.e. 520 nm peak absorption 

wavelength. The laser light was focused to a 1 mm spot size and the sample was 

irradiated for 4 min.  A threshold intensity of 19 W/cm2 was determined to kill labeled, 

cancer cells, which is less than half the laser intensity needed to kill unlabeled, 

nonmalignant cells [102, 130]. In continuation, the El-Sayed group performed a 

comparative study on the efficiency of cell death with respect to nanoparticle targeting 

localization [132]. Cytoplasmic localization was achieved using nanospheres conjugated 

to linear arginine-glycine-aspartate (RGD) peptides; nuclear localization was achieved 

using nanospheres conjugated to NLS peptides originating from the SV40 large T-

antigen. Again using CW, 514 nm wavelength, argon laser irradiation focused to a 1 mm 

spot size for 5 min, gold nanospheres localized in the cytoplasm were found to be 4-fold 

more efficient in inducing cell destruction (cell death attributed to a combination of 

apoptosis and necrosis, depending upon the applied intensity) than those localized in the 

nucleus (cell death attributed to apoptosis). Still cytoplasmic localization requires an 

intensity threshold 4-fold greater than nanoparticles localized along the cellular 

membrane. It is suggested that the arrangement and density of nanoparticles on the 

cellular membrane promotes aggregation and thus more efficient photothermal effects. 

 

Gold nanorods, originally developed by the El-Sayed group [51, 54], provide great 

potential for photothermal ablation in the NIR wavelength regime.  By tuning the ratio of 

the transverse to longitudinal lengths, the strong longitudinal absorption band is shifted 

into the NIR wavelength regime, which again allows for 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. Unfortunately, the strong dependence on laser absorption with 



 55 

nanorod orientation to the incident electric field, which is currently uncontrollable with 

current targeting methods, can greatly reduce the efficiency of photothermal ablation.  

 

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 [103]. The Wei and Cheng group have 

shown extensive membrane damage using folate ligand functionalized Nanorods [115].  

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. 

 

3.2.2. In vivo animal studies: 
  

A number of research groups have investigated the efficacy of CW-laser 

photothermal phototherapy for the in vivo treatment of large tumors.  Table 3.2 provides a 

summary of their results. In vivo therapy has been restricted to particle types have a 

plasmon resonance in the NIR, i.e. nanoshell, hollow gold nanoparticles, nanocages, and 

nanorods, where light penetration into tissue is maximal. 

 

Hirsch et al. [98] first demonstrated in vivo nanoshell-based photothermal therapy. 

Female nonobese diabetic CB17-Prkd c SCID/J mice were inoculated in the right and left 
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hind leg with canine TVT cells. After tumor growth to approximately 1 cm in diameter, 

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 ± 6.6 °C, causing irreversible tumor damage [98]. Terentyuk et al. [109] determined 

the optimal nanoparticle concentration and tumor treatment size to improve the efficacy 

of in vivo nanoshell-based photothermal therapy. Tumors limited to 1 cm3 in size and 

inoculated with nanoshells at a concentration 5 x 109/cm3 yielded a smooth, yet lethal 

temperature profile across the tumor volume. Photothermal therapy was achieved 4 mm 

deep into tissue without damaging the surface. 

 

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. O’Neal et al. [108] 

investigated the passive accumulation of nanoshells in tumors via enhanced blood vessel 

permeability and retention. 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 sizes 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. 

Schwartz et al. [110] extended in vivo nanoshell-based photothermal therapy to the 

treatment of canine transmissible venereal tumor (cTVT) fragments inoculated in the 

parietal lobes of immunosuppressed dogs. 150 nm nanoshells passively delivered via  
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Table 3.2: Summary of in vivo nanoparticle-based CW-laser phototherapy in large tumors. 

Nanoparticle  

Characteristics 

Animal/Tumor 

Model: 

 

Treatment  

Parameters: 

Laser Wavelength 

Time after NP 

injection 

Exposure time 

Irradiation values 

Results Year 

(Reference) 

Shell     

 10 nm gold shell 

110 nm silica core 

820 nm plasmon  

PEG-passivated 

Female diabetic 

CB17-Prkd c SCID/J 

mice inoculated with 

Canine TVT cells 

820 nm 

5-30 min after 

interstitial injection 

4-6 min 

4 W/cm2 

Tumor sustained a 

temperature increase of 

37.4 ± 6.6 °C, causing 

irreversible damage 

2003 [98] 

 

 8-10 nm gold shell 

110 nm silica core 

805-810 nm plasmon 

resonance 

PEG-passivated 

Female albino 

BALB/cAnNHsd 

mice inoculated 

subcutaneously with 

CT26.WT murine 

colon carcinoma 

tumor cells 

808 nm 

6 hr after intravenous 

injection 

3 min 

4 W/cm2 

 

Complete tumor 

regression after 10 days 

with no tumor regrowth 

seen after 60 days 

2004 [108] 
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 20 nm gold shell 

140 nm silica core 

810-820 nm plasmon  

resonance 

PEG-passivated 

White laboratory rat 810 nm 

Direct injection (no 

wait time provided) 

2 min 

4 W/cm2 

5 x 109 particles/cm3 

yielded most efficient 

temperature profile 

across tumor 

 2009 [109] 

 

 12-15 nm gold shell 

120 nm silica core 

780-800 nm plasmon  

PEG-passivated 

Parietal lobes of 

immunosuppressed 

dogs inoculated with 

cTVT fragments 

808 nm 

24 hr after intravenous 

injection 

3 min 

3.5 W (no treatment 

size provided) 

 

9.3 x 109 particles/g, 

giving 156 greater 

accumulation in tumor 

than normal white 

matter. Tumor 

temperature elevated to 

65.8 ± 4.1 °C, causing 

irreversible tumor 

damage 

2009 [110] 

     

Hollow gold nanoparticles 

 43.5 ± 2.3 nm 

3-4 nm shell thickness 

808 nm plasmon  

resonance 

functionalized with 

!MSH 

Nude mice inoculated 

with melanocortin 

type-1 receptor 

positive B16/F10 

melanoma 

808 nm 

4 hrs after IV injection 

1 min 

0.5 W/cm2 

66% of tumor was 

necrotized with 

significantly reduced 

metabolic activity 

 2009 [117] 
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Cages     

 48 nm edge length 

800 nm plasmon 

resonance 

PEG-passivated 

Athymic nu/nu mice 

subcutaneously 

inoculated with 

U87wtEGFR human 

glioblastoma cells 

 

808 nm 

Intravenous injection 

(no wait time 

provided) 

10 min exposure time 

10 W/cm2 

5.1 x 1010 particles/g in 

tumor led to 70% 

reduction in tumor 

metabolic activity 

 2007 [107]  

     

Rod     

 4.0 AR 

800 nm plasmon  

resonance 

PEG-passivated 

Female nu/nu mice 

subcutaneously 

inoculated with HSC-

3 cells 

808 nm 

(no wait time 

provided) 

10-15 min 

1.7-1.9 W/cm2 

Direct injection: >96% 

tumor decrease and 

57% resorption 

Intravenous injection: > 

74% tumor decrease 

and 25% resorption 

 2008 [100]  
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intravenous injection were found to have 156-fold greater accumulation in the 

intracranial cTVT than normal white matter. The nanoshell-ladened tissue (9.3 x 109/g) 

was exposed for 3 minutes to NIR radiation at an average power of 3.5 W. Tumor 

temperatures elevated to 65.8 ± 4.1 °C during treatment resulted in zones of thermal 

ablation and complete cell death surrounded by regions of edema 

 

In response to the large size of the gold nanoshells, in vivo photothermal therapy has been 

extended to the use of hollow gold nanoparticles, nanocages, and nanorods. These 

smaller particles yield advantages in tumor vessel permeability. Vessel wall pore sizes 

can adversely affect the passive accumulation of nanoparticles; this is especially true in 

gliomas where pore cutoff sizes range from 7 to 100 nm [133, 134]. Hollow gold 

nanoparticles (HAuNS; [117]), a nanoshell variant without silica core, provide a particle 

with small diameter and strong tunable resonance. Lu et al. [117] studied their use in the 

treatment of melanoma. HAuNS (43.5 ± 2.3 nm diameter with shell thickness of 3-4 nm 

and peak absorbance at 808 nm) were functionalized to actively target melanocortin type-

1 receptor-positive B16/F10 melanoma grown s.c. in nude mice. 4 hrs after IV injection, 

significant uptake of HAuNS by the tumor was observed. Particles were found 

throughout the tumor matrix, including regions >200 µm beyond the nearest microvessel.  

With the application of 808 nm wavelength laser light for 1 minute to a total intensity of 

0.5 W/cm2, 66% of the tumor was necrotized and metabolic activity within the tumor was 

significantly reduced. Chen et al. [107] studied the photothermal effect of Au nanocages 

for the selective destruction of neoplastic tissue using a bilateral tumor model.  Athymic 

nu/nu mice were subcutaneously inoculated in the right rear flank with U87wtEGFR 

human glioblastoma cells; a tumor volume of 200-400 mm3 was permitted to form. PEG-

passivated NIR-absorbing gold nanocages (800 nm tuned resonance, 48 ± 3.5 nm edge 

length), intravenously injected into the mouse, passively accumulated into the tumor 

volume at a concentration 5.1 x 1010 particles/g. The nanocage-ladened tissue was 

exposed for 10 minutes with CW laser light operating at 808 nm wavelength to a total 

intensity of 0.7 W/cm2. Metabolic activity within the tumor decreased by 70%. Dickerson 
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et al. [100] demonstrated treatment of deep-tissue malignancies with gold nanorods. 

Female nu/nu mice were subcutaneously inoculated in the flank with HSC-3 cells. After 

tumor growth to approximately 3 mm in diameter, PEG-passivated NIR-absorbing gold 

nanorods were either delivered to the tumor via direct injection or intravenous injection. 

The nanorod-ladened tissue was exposed for 10-15 minutes with 808 nm wavelength 

laser light to a total intensity of 1.7–1.9 W/cm2. After treatment, directly targeted tumors 

decreased in size by > 96% with a resorption value of 57%; intravenously-targeted 

tumors decreased in size by > 74% with a resorption value of 25%. 

3.3. 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 3.3 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. 
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Table 3.3: Summary of pulsed Plasmonic Laser Phototherapies (PLP). 

Nanoparticle 

Characteristic 

Laser Parameters: 

Pulse duration 

Wavelength 

Repetition Rate 

Exposure Parameters 

Number of pulses 

Irradiation values 

Results Year 

(Reference) 

Nanosecond Pulses 
 

Sphere     

 30 nm, gold 20 ns pulse duration 

565 nm wavelength 

100 pulses 

500 mJ/cm2 per pulse 

500 particles per cell  

95% cell death 

2003 [93] 

     

 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 particles per cell 

labeling 

2005 [122] 

     

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 [118] 

     

 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 [135] 
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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 [105] 

      

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 trypan blue 

uptake 

2006 [120] 

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 [92] 

      

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 [48] 
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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  µm spot size) 

Chromatin assembly 

disrupted in vitro 

2007 [96] 

      

Sphere Aggregates     

 30 nm, gold 

540 plasmon 

resonance after 

cellular attachment 

1 kHz 

800 nm wavelength 

2 min exposure time 

140 µJ/cm2 per pulse 

(cited 1.1 mW and  

1mm spot size) 

Quadratic dependence of 

photothermal efficiency 

on laser power indicates 

multiphoton process 

2006 [116] 

     

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 [94] 

      

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 [115] 

a Laser beam is scanned 
aP = alkaline phosphatase; EthD-1 = ethidium homodimer 1 
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3.3.1. Localized thermal damage (hyperthermia): 
 
Localized thermal damage of absorbing molecules by pulsed laser irradiation was 

first proposed by Anderson and Parrish [136].  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 the controlled manipulation of membranes and subcellular 

components by Lin et al.  [93, 137] and Hüttman et al. [92]. 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 (Figure 

3.2a). Figure 3.2b theoretically demonstrates that the particle will heat the surrounding 

medium with a spatial confinement of approximately 5 nm.  
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Figure 3.2: 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, 

Hüttman et al. [92] 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 Figure 3.2b) 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.   
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To elucidate the temperature at which protein unfolding and inactivation occurs, Hüttman 

et al. [138] 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 µm laser light of varying pulse 

durations, to temperatures between 370–470 K. Chymotrypsin inactivation occurred 

within 300 µs at a temperature of 380 K. The unfolding of chymotrypsin with respect to 

the generated heat followed the Arrhenius equation down to pulse durations of 330 µs. 

From theoretical temperature calculations of nanospheres after laser irradiation (using 

model developed by Goldenberg and Tranter [139]), 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 as described in 

Chapter 2. 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. [137] 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 in Chapter 2, 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) [71, 74, 77, 78]. Since chymotrypsin can be denatured within 300 µs 
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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. [48] 

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. [120] 

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. [81] 

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. [140] 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 prevents continued cell death to surrounding normal 

tissue due to significantly reduced absorption effects in the NIR while killing the 

intended target.  
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3.3.2. 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 

[138]. 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 [90].  When cavitation bubbles form, 

thermal denaturation most likely plays a minor role in cellular death [93].  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. [93] 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 [141].   

 

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

nano-scale bubble formation was further studied by Yao at al. [122]. Their goal was to 

inflict temporary permeability in the plasma membrane without causing cell death as a 
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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 exogenous 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.  

 

Huang et al. [132] demonstrated how gold nanoparticle localization within cells affects 

the energy threshold required for the death of HSC 3 cells by necrosis. After sample 

irradiation with a single 6-7 ns laser pulse, they found 30 nm gold nanospheres localized 

in the nucleus required 0.3-0.45 mJ per pulse (for a 1 mm spot size, we calculate a 

fluence of 40-60 mJ/cm2 per pulse) to induce cell death than those localized in the 

cytoplasm, which required 0.8-1 mJ per pulse (100-130 mJ/cm2 per pulse). 
 
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 3.3 

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 Hüttman et al. 

[92]) and (2) heating with a single, 20 ns laser pulse at 565 nm wavelength (conditions 

similar to experiments of Pitsillides et al. [93]). Both cases were modeled using the heat 

transfer model with interface conductance. As can be seen in Figure 3.3, 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 
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the heat confinement is approximately 5 nm for ps-laser heated particle, it reaches 17 nm 

for ns-laser heated particle.  

 
Figure 3.3: 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, 
! = 527 nm) and nanosecond (20 ns, ! = 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. [115] 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 blebbing.  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. Li et al. [112] further found that the use of 

circularly polarized femtosecond laser light in photothermolysis reduced the damage 
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threshold and treatment time by 2.5-fold and 5-fold, respectively, when compared to 

linearly polarized laser light. This increased efficiency was attributed to an increase in the 

number of nanorods optically activated during irradiation. 

 

3.3.3. 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 [118, 142], (2) targeting 

naturally clustered cancer biomarkers [143, 144] and (3) concentrating nanoparticles with 

viruses and vesicles [145].  

 

Enhanced bubble formation occurs due to overlapping bubbles from individual particles 

within an aggregate, generating one large bubble around the aggregate [104, 118].  

Lapotko et al. [118] 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. [135] 

and Larson et al. [105] 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. [135]. 
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They irradiated nanosphere labeled cells with 500 pulses further reducing the bubble 

formation threshold to 80 mJ/cm2. 

  

3.3.4. Fragmentation of nanoparticles: 
 
Fragmentation and thermal explosion of nanoparticles has been proposed as 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. [81] 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. [90] theoretically calculated the threshold fluence for 
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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.  
 

3.3.5. Nonlinear absorption induced PLP: 
 
Heating due to nonlinear absorption effects such as two-photon absorption and 

second harmonic generation has been proposed as a method to achieve intracellular 

molecular manipulation and to locally disrupt cellular membranes. Csaki et al. [94] 

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. [96] 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. [116] 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 induce 

cellular death by 20 times.  
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3.4. 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. 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.  In the next chapters, we 

demonstrate that pulsed-PLP can be extended into the NIR wavelength regime using the 

fundamental spherical particle shape. Here we use femtosecond laser pulsed irradiation to 

illicit a nonlinear field enhancement along the particle surface; this field enhancement 

results in plasma formation in the particle near-field which indirectly or directly, 

depending upon laser irradiance, results in the photoporation of the targeted cellular 

structure.  
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Chapter 4: Plasmonic Laser Nanosurgery Methods and 
Protocols 

 
 

Here the methods and protocols utilized to demonstrate PLN in a cellular system 

are described. For the controlled imaging and characterization of PLN we developed a 

cellular platform which allows for: (1) the ability to molecularly target moieties localized 

along cellular surfaces, (2) strong cellular adherence in serum-free conditions, (3) 

simultaneous imaging and photodisruption, and (4) the ability to monitor cells’ 

membrane integrity over 24 hour time durations. Molecularly specific targeting to the 

cellular membrane of MDA-MB-468 human epithelial breast cancer cells was performed 

with anti–epidermal growth factor receptor (!EGFR) gold bioconjugates. Gold 

bioconjugates were generated via direct surface charge based physisorption of !EGFR 

antibodies to the gold surface; as such, cell labeling was performed in serum-free 

conditions to prevent antibody desorption from the particle surface. To maximize cellular 

adherence in serum-free conditions, cells were anchored to glass cover slips 

functionalized with !EGFR. Utilizing the nanoparticles’ bright luminescence obtained 

when excited with high peak intensity femtosecond laser light, we used multiphoton 

microscopy (MPM) imaging to guide PLN. We provide characterization of the 

development of gold nanoparticles, !EGFR gold bioconjugates, and their labeling to 

prepared monolayer cellular constructs. Finally, we discuss the methods in 

photodisrupting labeled cells with PLN and determining the efficiency of optoporation, 

defined as the generation of transient pore formation along the cellular membrane. 

 

4.1: MOLECULAR TARGETING MODEL 
 

Our model cellular system is the triple-negative MDA-MB-468 human epithelial 

breast cancer cell line. Triple-negative MDA-MB-468 cells lack expression of hormone 

receptors, i.e. for progesterone and estrogen, and HER-2 [146] while overexpressing the 
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epidermal growth factor receptor (EGFR). EGFR, a member of the erbB family of 

receptor tyrosine kinases3, is a 175 kDa transmembrane glycoprotein4 first discovered by 

Hollenberg and Cautrecasas in 1973 [147] Widely expressed in tissues, it represents the 

external to internal signal transduction point to which epidermal growth factor ligands 

bind to regulate cell growth, proliferation, and differentiation. EGFR, a hallmark of many 

epithelial cancers, is overexpressed on the cellular membrane of MDA-MB-468 cells at 

~2 x 106 EGF binding sites per cell [148, 149], which is about two orders of magnitude 

larger than noncancerous cells (0.4 x105 to 1 x 105 receptors per cell; [150]. It thus 

provides a molecularly specific moiety to target via functionalized spherical gold 

nanoparticles (Figure 4.1). 
 

 
Figure 4.1: Molecular targeting model. (a) Schematic describing how the conjugation of a 
targeting agent to the surface of a nanoparticle can be utilized to molecularly target receptors 
along a cellular structure. (b) Darkfield image of MDA-MB-468 human epithelial breast cancer 
cells labeled with !EGFR-conjugated gold nanoparticles. Scale bar corresponds to 10 µm.  

                                                
3 Within the context of breast cancers, EGFR is designated as HER1 in the HER protein 
family. 
 
4 ErbB proteins have three components: (1) An extracellular ligand-binding domain 
receptor located outside the cell; (2) a single transmembrane domain that conveys signal 
from the extracellular to intracellular domain; (3) intracellular tyrosine kinase domain 
that initiates an intracellular messaging cascade. 
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4.2: PREPARATION OF SPHERICAL GOLD NANOPARTICLES 
 

To generate monodisperse, nearly spherical (e " 1.07) gold particles, we used the 

single-phase, water-based reduction of chloroauric acid by a reducing agent pioneered by 

J. Turkevich et al. in 1951 [151] and refined by G. Frens in the 1970s [152]. Here Au3+ 

ions reduced to neutral atoms by citrate (10-200 nm particle diameters, [152]) or ascorbic 

acid (2-15 nm particle diameters, [153]) are supersaturated, causing them to precipitate in 

the form of sub-nanometer “seed” particles. Vigorously stirred seed particles coalesce via 

van der Waals induced aggregation until the total surface area of all the particles becomes 

small enough to be covered by the stabilizing citrate ions. Solubility5 of the nanoparticles 

is maintained through electrostatic repulsion by an electrical double layer6 of citrate ions 

surrounding each nanoparticle [154]. The “Turkevich Method” is most robust at 

generating particles of 10-20 nm diameters, but can be extended to larger particles at the 

cost of monodispersity and shape. Due to the biocompatible nature of this synthesis 

method, i.e. no use of toxic particle capping and stabilizing agents, the Turkevich method 

is preferred when synthesizing gold nanoparticles for biological applications.  

 

For cellular work presented in this dissertation, gold nanosphere samples were prepared 

in-house using the citrate reduction method. The sodium citrate chloroauric acid 

reduction reaction is as follows: 

 
 
 
 
 

                                                
5 Attractive van der Waals and repulsive electrical double layer forces are equilibrated, 
preventing particle flocculation. 
 
6 Gold nanoparticles produced via the “Turkevich Method” have an inherent negative 
surface charge associated with the electrical double layer. Here a layer of citrate ions is 
directly adsorbed onto the particle surface, producing the surface charge. A second 
diffuse layer of free citrate ions, attracted to the surface charge via coulomb forces, 
electrically screens the first layer. 
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Reduction of chloroauric acid:  
 

Oxidation of citrate:  
 

 
 

The following sections provide an overview of their synthesis, characterization, and 

development into !EGFR gold bioconjugates. We synthesized particles having diameter 

of approximately 50 nm with linear absorption centered at 530 nm wavelength, which we 

have labeled as GNS530.  

 

We also purchased 50 nm gold nanospheres from BBInternational (EM.GC50), which are 

highly monodispersed in their size distribution. 

 

4.2.1: Protocol for GNS530 Gold Nanoparticle Synthesis  
 

Glassware was cleaned with Aqua regia (3:1 ratio of HCl/HNO3) and rinsed with 

deionized, ultrafiltered (DIUF) H2O. We dissolved 88.3 µmol Hydrogen tetrachloroaurate 

(III) hydrate (H[AuCl4], 99.999% purity; Sigma) and 1.55 mmol sodium citrate tribasic 

dihydrate (ACS Reagent 99.0% purity; Sigma) in DIUF-H2O to a molar concentration of 

294 µM and 38.8 mM, respectively. The HAuCl4 solution was heated to boiling without a 

reflux column7 while being stirred8 at a speed of 150 rpm by a Teflon-coated magnetic 

bar [155]. A 2.64 mL volume of sodium citrate solution was added to the boiling HAuCl4 

                                                
7 The addition of a reflux column only prevents loss of water from evaporation during 
boiling and has no adverse effect on particle development. 
 
8 Experimentally, we witnessed that the mixing rate during particle synthesis strongly 
influenced the width of the plasmon resonance. In general, the faster the stirring speed is, 
the broader the plasmon resonance becomes. For example, stir speeds of 150, 850, and 
1200 rpm resulted in FWHMs of 70, 72, and 75 nm, respectively. Both the 850 and 1200 
rpm stir speeds showed the presence of a second peak in the NIR wavelengths at 688 nm 
and 781 nm, respectively. These results suggest that faster stir speeds can lead to larger 
size distributions, which is corroborated by literature. 

! 
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solution and the reaction was permitted to proceed for 5 min. During the synthesis 

reaction, the solution changed from a transparent solution to blue, as gold nanowires are 

formed as transient intermediates and then red in color as the seeds coalesce into larger 

particles [156]. The particle solution was permitted to cool to room temperature directly 

in the vessel used for generation before being transferred to 4 °C refrigerator for long-

term storage. On average, 300 mL of gold sol was generated and the solution exhibited 

slight Tyndall effect [157, 158] The solution contains approximately 1% trisodium 

citrate. Particles had a shelf life of 1 year at 4 °C before their stability in bioconjugation 

steps was adversely affected. 

 

4.2.2: Characterization of GNS530 Gold Nanoparticles  
 

Here we provide a full characterization of our generated GNS530 gold 

nanoparticles and compare their properties against the GM.GC50 control group. Table 

4.1 summarizes the physical characteristics for each sample set. The physical dimensions 

of the generated nanoparticles were characterized with high-resolution field emission 

scanning transmission electron microscopy (STEM; Hitachi S-5500); R. K. Harrison 

obtained particle images. A 2µL aliquot from the stock solution was dried onto a copper 

grid (Cu-400CN; GridTech) at 120 °C, washed via a series of water droplets, and allowed 

to air dry. The insert of Figure 4.2a provides a representative image of the generated 

particles at 150K magnification. Image analysis of GNS530 and GM.GC50 particles were 

performed using ImageJ. We found the GNS530 particles to measure 54 ± 6 nm x 44 ± 4 

nm (Length X Width, equivalent volume sphere 2a = 47 nm). Figure 4.2b provides a size 

distribution scatter plot for a GNS530 sample set of 200 particles. All GNS530 particles 

have an aspect ratio between 1 and 2, which is consistent with the formation of spheroidal 

particles. GNS530 particles have a size distribution of approximately 10%, which is 

slightly larger that of the GM.GC50 control group. An ellipticity of 1.24 ± 0.13 was 

measured for GNS530 particles versus that of 1.04 ± 0.06 for GM.GC50 particles. Our 
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average measured dimensions for the GM.GC50 particles indicate an equivalent volume 

sphere 2a = 59 nm, which is significantly larger than manufacture's specifications. 

 
Figure 4.2: Characterization of GNS530 and GM.GC50 gold nanoparticles. (a) Normalized 
linear absorbance spectrum. Insert provides an STEM image of GNS530 nanoparticles with scale 
bar of 100 nm. STEM images provided by R.K. Harrison. (b) Plot of measured lengths and 
widths of GNS530 nanoparticles. Dashed lines represent aspect ratios (AR) of 1 and 2. 

 

The surface charge of GNS530 gold sol was determined through zeta potential 

measurements with a ZetaPlus® (Brookhaven Instruments Corporation). GNS530 

particles were resuspended at a concentration of 28 pM in a 1 mM KCl solution (pH 7.5). 

Ten zeta potential readings were obtained and averaged, revealing the GNS530 gold sol 

is stable, having an average surface charge of -27.6 ± 2.2 mV. As the zeta potential 

indicates the degree of repulsion between adjacent particles, particles with high zeta, > 25 

mV (positive or negative), tend to resist flocculation [159]. 
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Table 4.1 Summary of physical properties measured for nanospheres 

Particle Length x Width 

(nm) 

Ellipticity Size 

Distribution 

Zeta Potential 

(mV) 

Qext 

GNS530 54 ± 6 x 44 ± 4 

Eq. Vol. Sphere 

having 2a = 47 

1.24 ± 0.13 10 % -27.6 ± 2.2 3.56 

GM.GC50 58 ± 5 x 62 ± 6 

Eq. Vol. Sphere 

having 2a = 59  

1.04 ± 0.06 7 % - 3.80 

 
We measured the linear absorption of each particle set using UV-Vis Spectroscopy 

(Beckman-Coulter) and cuvettes having path length 0.5 cm. The normalized linear 

absorbance spectrum is presented in Figure 4.2a. The particles exhibit a narrow 

absorption peak centered at 531 nm with 70 nm FWHM, which is characteristic of 

dipolar resonance. The GNS530 plasmon band is 14 nm broader than that of the 

GM.GC50 particle set. Broadening of the GNDS530 plasmon band results from the larger 

size distribution and ellipticity. GNS530 particle stability, i.e. monodispersity, is 

supported by both the high zeta potential and relatively narrow spectral bandwidth. 

  

A GNS530 gold nanoparticle concentration of 3.4 x 1010 particles/mL was estimated 

from the UV-Vis spectra with less than a 6% error using [160] 

 

,             [4.1] 

 
where Qext is the theoretically modeled extinction efficiency, A is the peak absorbance as 

found from the UV-Vis spectrum, rs and rl are the STEM measured radii in the short and 

long axis of the spheroid, respectively, and d0 is the cuvette path length. Due to the 

spheroidal shape of the generated particles, Discrete Dipole Approximation9 (DDA) 

                                                
9 DDA is a well-established technique for simulating the optical properties of non-

! 

N =
2.303A
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performed by R.K. Harrison was used to model the extinction efficiency (DDA model 

[161]; bulk gold refractive index, [162, 163]; size corrections, [23, 164, 165]) Accounting 

for orientation effects with respect to polarization10 and size distribution11 of the GNS530 

sample (Figure 4.2b), an average extinction coefficient of Qext = 3.56 was found. If the 

spheroidal shape were neglected, the concentration would have been over-estimated. 

 

4.3: PREPARATION OF SPHERICAL GOLD BIOCONJUGATES 
 

To generate molecular specific gold bioconjugates, we used the direct surface 

charge based physisorption of protein to colloidal gold at the protein’s isoelectric point, 

pioneered by Horisberger et al. [166] and Geoghaegan et al. [167] in the late 1970s  Here 

gold nanoparticle functionalization is based on the direct substitution of citrate ions with 

a protein of interest, i.e. !EGFR antibody. With the removal of citrate ions, primary 

amines present on antibodies can directly interact and bind with exposed gold atoms on 

the gold surface at a binding energy of 5 kcal/mol [168] The attachment of the antibody 

                                                                                                                                            
spherical colloidal nanoparticles, because it can be utilized to account for particle size 
distribution and orientation. Non-spherical particle geometries can be simulated because 
the overall structure is organized via the superposition of small cube sections; across each 
cube, the induced dipole polarization from the incident light is assumed to be constant. 
 
Model parameters: The spheroidal shape was organized such that there were 128 dipoles 
across the short axis, which is equivalent to each dipole representing a 0.04 nm3 volume. 
The complex gold refractive index at the irradiation wavelength was obtained from 
experimentally determined refractive index values for bulk gold and then corrected for 
size-related surface damping according to the Drude equation with a modified damping 
constant. Optical properties were simulated for isolated particles in a water environment 
at intervals of 20 nm across a 400 to 900 nm wavelength range. 
 
10 Spheroids were simulated at four orientations with respect to the incident light 
polarization and propagation directions. The long axis of the spheroid is simulated along 
the x, y, z and [1 1 1] directions with light propagation along the z direction and 
polarization along the x axis. 
 
11 Due to the broad distribution of the GNS530 sample, simulations were performed at 
plus/minus on standard deviation in the spheroid long axis and constant width. 
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to the particle surface via weak amine-gold interactions promotes nanoparticle stability 

through the prevention of particle flocculation, whilst imparting an active, molecular 

specific bioagent. One drawback to this approach is that large amounts of protein are 

necessary to drive the physisorption process and stabilize the bioconjugate solution 

(approximately 15 µg per 100 fmol of GNS530). 

 

4.3.1: Synthesis of GNS530 !EGFR Gold Bioconjugates 
 

To prevent competitive binding of citrate ions with antibodies, 2 mL of 56.5 pM 

GNS530 gold nanoparticles were centrifuged at 1,500 x G for 30 min and resuspended in 

1 mL of 20 mM 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid hemisodium salt12 

(sodium HEPES Buffer, pH 7.50-7.53; Sigma) to a final molar concentration of 113 pM. 

UV-Vis spectroscopy of the supernatant indicates # 1% of bare GNS530 remained 

uncollected (Figure 4.3a). The GNS530 solution was mixed 1:1 (v/v) with 103 pmol of 

Human !EGFR Monoclonal Antibodies (clone 225, 1.93 mg/mL; Sigma) in 20 mM 

sodium HEPES. To allow for even coating of the nanoparticles, the !EGFR-HEPES 

solution was added drop wise to the dilute GNS530-HEPES solution under constant 

stirring and permitted to interact for 45 min. Visually assaying 200 µL of the 

bioconjugate solution after the administration of a 10% NaCl was utilized as a quick tool 

to judge the success of the physisorption process. Unsuccessful physisorption resulted in 

the characteristic pink bioconjugate solution color changing to a light purple-gray.  

 

The bioconjugate solutions were stabilized with 400 µL of 15 µM high molecular weight 

polyethylene glycol (PEG4000; Fluka) to minimize flocculation during the centrifugation 

                                                
12 Physisorption was tested in the presence of sodium HEPES buffer (Sigma) and HEPES 
buffer (Fisher). UV-Vis spectra indicated increased absorption in the red optical region 
with use of the Fisher brand that was not present using the Sigma brand. Increased 
absorption in the red optical region is typically due to particle aggregation. We believe 
the presence of low concentration sodium salt during physisorption helps to tightly pack 
!EGFR on the gold surface, reducing particle aggregation.  
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steps. To remove aggregated nanoparticles, the bioconjugate solution was centrifuged at 

350 x G. UV-Vis spectroscopy indicates ~8% of GNS530 particles flocculated to form 

large, micron-sized particle aggregates (Figure 4.3a). The pellet was discarded and 

supernatant was centrifuged at 800 x G to remove any unbound antibodies that will 

competitively bind to EGFR during the labeling process. The bioconjugate pellet was 

resuspended to a molar concentration of 250 pM in Dulbecco’s Phosphate Buffered 

Saline buffer without Ca2+ and Mg2+ (DPBS; Sigma) and stored at 4 °C. UV-Vis 

spectroscopy of the final supernatant indicates ~24% of GNS530 bioconjugates remain 

uncollected (Figure 4.3a), which is a significant loss; unfortunately, centrifugation at 

greater speeds led to irreversible agglomeration of the bioconjugates.   

 

The molar ratio of !EGFR to GNS530 is 912:1 and PEG4000 to GNS530 is 13100:1. For 

samples where too few antibodies were added or physisorption failed, the bioconjugate 

solution would turn black to clear, which is indicative of particle aggregation. 

4.3.2: Characterization of GNS530 !EGFR Gold Bioconjugates 
 

Figure 4.3b compares the linear absorption spectra of bare GNS530 particles and the 

same particles after !EGFR conjugation. The spectra are normalized to better emphasize 

changes in spectra shape. The insert provides a closer view of the shift in plasmon peaks. 

The GNS530 bioconjugates exhibit an absorption peak centered at 536 nm with 80 nm 

FWHM. The 5 nm plasmon red-shift is indicative of a change in local refractive index 

due to the addition of a protein layer on the particle surface [169, 170]. A plasmon band 

FWHM broadened by 10 nm and a 3.3 fold increase in absorbance at 760 nm are both 

indicative of the presence of small, nano-sized particle aggregates within the GNS530 

bioconjugate solution. A study by Maryuri et al. [171] recently found that particle 

purification through centrifugation could lead to the formation of nano-sized particle 

aggregates up to few particles in size for our centrifugation speeds.  
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Figure 4.3: Characterization of GNS530 !EGFR gold bioconjugates. (a) Example UV-Vis 
measurements used to determine gold nanoparticle concentration and loss throughout 
bioconjugation process. (b) Comparison of spectra for both the bare gold nanoparticles and 
bioconjugates. Insert provides a closer view of the shifted plasmon peaks. 

4.4: PREPARATION OF MONOLAYER CELLULAR CONSTRUCTS 
 

Physisorbed proteins do not maintain stability in the presence of other proteins 

that can result in their dissociation from the particle surface. To prevent !EGFR-GNS530 

dissociation and subsequent particle flocculation during cellular labeling, it is necessary 

to perform labeling in serum-free conditions. Without the presence of Ca2+ and Mg2+, it 

was found that standard collagen (Gibco) and fibronectin (0.001 – 0.1%; Sigma) plates 

did not promote cellular adherence throughout the entire PLN process. In response, glass 

clover slips functionalized with immobilized antibodies were developed to ensure an 

experimental environment in which cells are both well labeled and attached. This was 

accomplished by covalently bonding EDS/sulfo-NHS activated !EGFR antibodies to 

amines localized along the cover slip surface [172]. Antibodies were directionally 

attached to the surface such that their active region faced outward away from the glass 

surface, promoting interaction of the cell surface with the antibody to ensure cellular 

attachment. 

 

!"#$ !%#$
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4.4.1: Cover Slip Functionalization 
 

As illustrated in Figure 4.4, cover slips (18 x 18 mm; VWR) were thoroughly 

washed using a four-step process: methanol-hydrochloric acid solution (1:1, v/v; Fisher), 

concentrated sulfuric acid (N = 12.1; Fisher), hot sodium hydroxide (pH = 14; Baker), 

and boiling deionized, ultrafiltered (DIUF) H2O. After cleaning, cover slips were air-

dried and silanylated with 3-aminopropyl-tiethoxysilane (0.1%, APTES; Sigma) in 

DIUF-H2O at pH 3.0 (adjusted by hydrochloric Acid, 0.1N) and 75°C for 2 hr. The zero-

length cross-linker 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (2 mM, EDC; 

Pierce) promoted by sulfo-N-hydroxysuccinimide (5 mM, sulfo-NHS; Pierce) was used 

to activate the carboxylic group present on !EGFR antibodies 30 min prior to react with 

the amine-functionalized glass cover slip. The molar ratios of EDC and sulfo-NHS to 

!EGFR antibody used per cover slip were 81:1 and 103:1, respectively. Upon completion 

of the silanylation step, the cover slips were ultrasonicated for 5 min in ethanol (200 

proof; Fisher) to promote the even, nanoscale coating of the coverslip with APTES, 

rinsed in DIUF-H2O, and air-dried. A well isolator (0.5 mm depth, 9 mm diameter; 

Invitrogen) was adhered to the cover slip surface. Stable intermediates and cells will be 

applied to the cover slip surface available within this well. Covalent coupling of the 

stable intermediate with the free amine terminals was carried out at room temperature for 

5 min. Before cellular seeding, unbound antibodies were flushed with DPBS (100 µL). 

MDA-MB-468 cells maintained by culturing in Dulbecco’s modification of Eagle’s 

medium (DMEM, Gibco) supplemented with 10% Fetal Bovine Serum (Sigma), 100 U 

ml-1 penicillin (Sigma), and 100 g ml-1 streptomycin (Sigma) at 37 °C in a humidified 5% 

CO2 atmosphere were cleaved from the flasks using a solution of 0.25% w/v trypsin 

(Gibco) and seeded onto the prepared cover slips at a cellular density of 1 x 106 

cells/well. After letting cells settle for 30 min, plates were incubated in cell media 

containing serum for 24 hrs at 37 °C in a humidified 5% CO2 atmosphere before 

photodisruption experiments.  
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Figure 4.4: Functionalization of glass coverslips. Antibodies are covalently bonded to a glass 
surface such that their active region is directly outward away from the glass surface. Directional 
bonding ensures the interaction of the cell surface with the antibody to ensure cellular attachment. 

 

4.4.2: Monolayer Cellular Construct Labeling Protocol  
 

MDA-MB-468 cells were labeled after 24 hrs of attachment to the glass cover 

slips. To ensure stability of the GNS530 gold bioconjugate during labeling, the cell media 

was aspirated and the cells were rinsed with DPBS twice. Typically, we then labeled cells 

at 25 ± 2 °C for 20 min using a concentration of 2 x 104 GNS530 gold bioconjugates per 

cell. At the labeling concentration of 2 x 104 gold nanoparticles per cell, up to 3 x 106 

EGFRs should be either labeled or covered by the particle. This number of potentially 
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labeled EGFR’s is estimated from the knowledge that the extracellular EGFR domains 

are approximately 40 Å in diameter [173] which can result in one particle potentially 

covering up to 150 closely packed EGFRs. 

 

In experiments determining the effect of particle-spatial localization on PLN, we 

modified the labeling protocol through variation in either the GNS530 gold bioconjugates 

labeling density or via disruption of the EGFR trafficking cycle [174] The labeling 

density was varied from 0.5 x 104 to 2 x 104 GNS530 gold bioconjugates per cell. 

Disruption of the EGFR trafficking cycle was performed through variation of the labeling 

temperature. Cells were labeled at either 4 ± 0.2 °C, 25 ± 2 °C, or 37 ± 0.5 °C. Before 

labeling, cells and GNS530 gold bioconjugates were maintained at the required 

temperature for 3 hrs. In all cases, the time for labeling was maintained at 20 min. 

 

4.5: BIMODAL MULTIPHOTON IMAGING AND PHOTODISRUPTION SYSTEM 
 

Imaging characterization and photodisruption of monolayer cellular constructs 

were performed using a customized upright multiphoton microscope (MPM) system 

(Figure 4.5a, [175]). We have chosen MPM for its ability to confine fluorescence 

generation within a sample to a sub-femtoliter focal volume. Scanning of the localized 

excitation provides optical sectioning and three-dimensional imaging. Typically two or 

more photons of comparably lower energy are absorbed during the excitation of a 

fluorophore, resulting in the subsequent emission of a fluorescence photon of higher 

energy than either of the excitatory photons. Because this excitation depends on a near-

simultaneous absorption event, the resulting fluorescence emission varies with the Nth 

degree of the excitation intensity. Multiphoton excitation is made possible by 

concentrating excitation photons both spatially and in times; generally ultra-short laser 

pulses having femto- and pico-second times scales provide the high peak excitation 

intensities necessary to generate appreciable nonlinear fluorescence signal.  
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Depending upon pulse number required at the sample during PLN, two laser systems 

were used: (1) a wavelength tunable, mode-locked Ti:Sapphire laser system (80 MHz 

repetition rate, Mai Tai; Spectra Physics) delivering linearly polarized, 760 nm 

wavelength, 270 fs laser pulses and (2) a erbium-doped fiber laser (300 kHz, Discovery; 

Raydiance Inc.) delivering linearly polarized, 776 nm wavelength, 3.3 ps laser pulses13. 

All imaging was performed with the 80 MHz laser. Two attenuators consisting of a half-

wave plate (HWP) and a polarizing beam cube beam-splitter were used to control the 

excitation power, giving total combined power attenuation up to 40 dB. One HWP was 

adjusted by a computer controlled actuator providing 0.01° resolution for fine power 

control. When necessary, an additional reflective neutral density filter (ND = 10) was 

placed in the excitation path. For PLN experiments requiring the delivery of circularly 

polarized light, a quarter-wave plate was placed in the beam bath such that optic axis of 

the plate was at a 45° angle to the incident laser light14.  

 

Laser pulses were raster scanned with a sawtooth pattern into the back aperture of a 

water-dipping objective (0.95 NA, 40 x; Olympus) using a two-axis galvanometric 

scanning mirror system (6215H, Cambridge Technologies) for both imaging and PLN. 

The power transmission through the objective was estimated to be 33% by finding the 

ratio of energy before and after the objective. Emitted light was epicollected, reflected by 

a cold mirror (400-700 nm reflectance, HT-1.00, CVI Laser), passed through a laser filter 

(BG-38, Schott, blocks > 700 nm), and detected with a cooled GaAsP photomultiplier 

                                                
13 The use of a 1 kHz repetition, 220 fs laser (Spitfire; Spectra Physics) was prohibitive 
due to the necessary scanning speed of our scanning mirror system. To achieve delivery 
of a single laser pulse per scan spot over a 150 µm x 150 µm field of view would require 
a 0.014 fps frame rate (approximately 72 s per scan), which is beyond the working speed 
of our scanning mirror system. 
 
14 Circularly polarized laser light is composed of two plane waves of equal amplitude 
differing in phase by 90°. To confirm the generation of circularly polarized light, we 
placed a polarizing beam splitter after the quarter-waveplate. The split of the laser light 
into two beams of equal powers, provides a simple method for confirming the generation 
of circularly polarized light. 
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tube (H7422-40, Hamamatsu). The sample was mounted onto an automated x-y-z 

translational stage (NanoMax; Thor Labs). 

 
Figure 4.5: Characterization of bimodal multiphoton imaging and plasmonic 
photodisruption system. (a) Schematic of system and resulting IPSF2 image of 100 nm 
fluorescent bead. (b) Characterization of the spatial and temporal system resolutions as performed 
by Dr. Nicholas Durr [175] 

 

A detailed design parameterization of the MPM system can be found in the dissertation of 

Dr. Nicholas Durr [176]. Here we provide a brief characterization of the resolution and 

temporal pulse duration of the excitation light at the focal volume. Resolution in two-

photon microscopy is quantified by the emission spatial intensity distribution. As there is 

a quadratic dependence of emission on excitation intensity, the emission spot size is 
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estimated by the excitation intensity squared point spread function (IPSF2). The IPSF2 is 

approximately shaped as a cylindrically symmetrical ellipsoid and can be quantified in 

full through the extent of emission along the lateral (rFWHM) and axial (zFWHM) axes of the 

ellipsoid15 (IPSF2 quantification [177]; lens aberration [178, 179]). Experimentally, the 

spatial intensity distribution for the Olympus 20x/0.95 water dipping objective lens was 

estimated by measuring the IPSF2 with 100 nm diameter fluorescent beads embedded in 

agar (Figure 4.5b).  Fitting Gaussian functions to the profiles along the centroids of 20 

beads, yielded lateral and axial FWHMs of rFWHM = 460 ± 60 nm and zFWHM = 1,760 ± 

130 nm. The corresponding 1/e2 intensity widths16 are 1.1 ± 0.2 µm and 4.1 ± 0.3 µm, in 

the lateral and axial directions respectively. The temporal intensity distribution was 

measured by incorporating a Michelson interferometer with a variable delay arm in the 

excitation path. The autocorrelation function of the focused excitation Mai Tai beam 

                                                
15 A lens void of aberrations and having an NA greater than 0.7, will have a full width at 
half maximum (FWHM) diffraction-limited IPSF2 in the lateral (rFWHM) and axial 
(zFWHM) directions defined by: 
 

 

 
and 
 

, 

 
where  is the incident laser wavelength and  is the effect refractive index of the 
immersion fluid and sample.  With a water dipping objective lens having 0.95 NA and 
cells with an effective refractive index of 1.33, theoretically we find lateral and axial 
FWHMs of rFWHM = 305 nm and zFWHM = 1,200 nm, respectively. Measured values are 
50% greater than the theoretical values expected for a diffraction-limited spot size. This 
difference can be accounted for by lens aberrations at NIR wavelengths and to a lesser 
extent our slight underfilling of objective back aperture. 
 
16 The measured FWHM intensity-squared width is converted to a 1/e2 intensity width 
through multiplication by the factor . 
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within a fluorescein sample (25 µM in a pH 12 buffer; Fisher) was measured to find a 

temporal duration of 270 ± 10 fs at the sample plane [180].  

 

4.6: PROPERTIES OF MEMBRANE LABELED MDA-MB-468 CELLS 
 

Gold nanoparticles generate multiphoton-induced luminesce when excited with 

high peak intensity femtosecond laser light [181, 182]. Experimental evidence points to 

multiphoton luminescence (MPL) resulting from a serial process involving the sequential 

absorption of photons and emission from the recombination of electrons in the sp-band 

and holes in the d-band [183, 184]. We used MPL imaging to confirm cellular labeling. 

Figure 4.6a provides a representative MPL image of cells labeled in suspension in a 

single layer construct, demonstrating successful labeling of the EGFR by GNS530 

!EGFR gold bioconjugates. Bright MPL rings present along the cellular membrane 

indicate the cellular distribution of EGFR [181, 185]. The averaged spectra of 3.6 x 106 

labeled cells in a monolayer construct (3 x 105 cells per well, Figure 4.6b) gives an 

absorption peak centered at 540 nm with an 80 nm FWHM. The broadened absorption 

band and increased extinction in the red optical region is indicative of particle 

agglutination resulting from EGFR distribution along the membrane, i.e. particles form 

closely spaced assemblies along the cellular surface [185]. With MPL we also found 

evidence for nanoparticles aggregates settled on the substrate surface and not attached to 

cells. We believe settled aggregates also contributed to the detected spectral shift. 

 

In comparison, Figure 4.6c provides a two-photon image of unlabeled cells. Here the 

characteristic autofluorescence signal of NADH and flavins can be visualized throughout 

the cellular cytoplasm; no signal in the nucleus is observed resulting from the 

insignificant concentration of endogenous fluorophores. We generally find that the MPL 

imaging of nanosphere labeled cells requires 20-fold less power than that of unlabeled 

cells for generating the same signal level. Given the quadratic dependence of emission 

intensity on the incident power, this observation implies that, for equal excitation powers, 
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MPL imaging of nanosphere-labeled cells generate two orders of magnitude larger 

emission signal than the two-photon autofluorescence of unlabeled cells.  

 
Figure 4.6: Optical properties of gold nanosphere labeled and unlabeled MDA-MB-468 
epithelial breast cancer cells. (a) Cross-sectional multiphoton luminescence image of labeled 
cells in suspension obtained using 760 nm wavelength and 0.5 mW average excitation powers. 
Cells were labeled at a concentration of 2 x 104 particles per cell. Scale bar corresponds to 25 
µm.  (b) Normalized absorption spectra for both bare and functionalized (bioconjugates) 
nanoparticles and 3.6 x 106 labeled cells. (c) Cross-sectional two-photon autofluorescence image 
of unlabeled cells in suspension obtained using 760 nm wavelength and 10 mW average 
excitation powers. 
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4.7: PROTOCOL FOR PHOTODISRUPTING LABELED CELLS VIA PLN 
 

The use of MPM in conjunction with PLN provided the ability for the direct 

monitoring of photodisruption results right after exposure to laser pulses (Figure 4.7). We 

performed PLN following 3 main steps. 

 

• Step 1: Before PLN, we imaged a 150 µm x 150 µm field of view (FOV)17 of 

labeled cells with 760 nm wavelength laser light at a 0.5 mW average power. We 

took an image stack of 14 layers with 2 µm step size to visualize the entire 15 µm 

depth of the cells.  

• Step 2: To perform PLN, we selected the center plane of the cell layer and 

scanned the laser spot along 512 lines in a sawtooth pattern in the x-y plane across 

the entire FOV. One full scan took about 330 ms. Considering the measured 1/e2 

beam spot size of 1.1 ± 0.2 µm, we can estimate that approximately 378 

consecutive pulses are overlapped per spot after each line scan and a total of 

approximately 1,420 pulses after one full scan 18. The fluorescent probe, FITC-

                                                
17 All imaging and photodisruption were performed at a system magnification of 2.5. The 
associated FOV was determined via the photodisruption of a borosilicate glass plate 
coated with GNS530 particles. The surface was localized via MPM and photodisrupted 
with one scan of laser light at a 2 J/cm2 average fluence. The glass plate was washed with 
Aqua Regia and imaged with transmission microscopy. Length scales were calibrated 
using an image analysis micrometer (Edmund Optics; NT53-713). 
 
18 To determine the number of consecutively overlapping pulses, Nx, and the total number 
of pulses delivered per spot in one frame scan, Ntotal, we can use the following 
relationships: 
 

!! !
!!

!"#!!"!
!!"#$

!"#!spots ! 

 
and 
 

!total ! !!
!! ! !"#!spots
!"#!!"! ! 
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Dextran (25 mg ml-1) was injected into the extracellular solution before 

irradiation. FITC-dextran is membrane impermeable and is used to indicate 

membrane dysfunction resulting from PLN.  To minimize effects from EGFR 

trafficking [174] which can lead to large particle aggregates and subsequent 

particle internalization, PLN was performed within a 30 min time period after 

labeling. This time restraint limited the maximum number of irradiation zones to 

approximately 10. Each irradiation zone was separated by 500 µm, center-to-

center.  

• Step 3: Probe influx into the cytosol 5 min after photodisruption was then 

monitored by MPM and used to verify the induction of bilipid membrane integrity 

dysfunction. 

                                                                                                                                            
 
where the beam waste w0 = 1.1 µm, the time to scan one FOV (reciprocal of frame rate) 
tscan = 300 ms, and the repetition rate != 80 MHz.  
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Figure 4.7: Protocol for Photodisrupting Labeled Cells via PLN. (a) Schematic of the isolated 
irradiation zones. For photodisruption a 150 µm x 150 µm FOV (typically 75-100 cells) is 
targeted. Each FOV is separated by 500 µm to ensure no overlap. (b) Steps of action during PLN. 
Representative multiphoton images obtained during PLN for the delivery of 10 kDa FITC-
Dextran into MDA-MB-468 cells. Luminescence from labeling nanoparticles is represented in red 
and extracellular dye in green. All images are obtained using 760 nm wavelength and 0.5 mW 
average power. The scale bar corresponds to 25 µm. 
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4.8: PROTOCOL FOR DETERMINING THE EFFICIENCY OF CELLULAR OPTOPORATION 
 

The efficiency of cellular optoporation is defined as the percentage of cells that 

both well retained the fluorescent probe, FITC-Dextran, and remained viable. We probed 

cell viability with calcein red-orange, AM (14 µM; Invitrogen), an intrinsically 

fluorescent cell-permeant probe that is well-retained by live cells that possess intact 

plasma membranes, thus provides an indicator of cell viability. Howes et al. [186] 

monitored the ability of membrane intact HEp-2 human epithelial laryngeal carcinoma to 

retain the viability probe over a two hour period. They found the relative intercellular 

calcein red-orange, AM, fluorescence decayed approximately 10% per hour. We 

compared calcein red-orange, AM, against a proven cell viability probe, calcein green, 

AM. Viability was monitored in labeled cells with both calcein green, AM (10 µM; 

Invitrogen) and calcein red-orange, AM (Figure 4.8). Results show good agreement 

between the viability stains. 

 

Imaging of the retained FITC-Dextran and cell viability was performed using an epi-

fluorescence microscope (BX51, Olympus) 30 min and 24 hrs after the cells were 

irradiated in the MPM setup. The filter sets for FITC and tetramethyl rhodamine 

isothiocyanate (TRITC) were used to isolate signals from FITC and calcein red-orange, 

AM, respectively. 
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Figure 4.8: PLN of MDA-MB-468 cells in the absence of 10 kDa FITC-
Dextran. Cell viability after exposure to 15 scans of laser pulses having 2.6 
mJ/cm2 average fluence (2mW average power) was probed with (a) 10 µM 
calcein AM and (b) 14 µM calcein red-orange. The scale bar corresponds to 50 
µm. 

 

 

Figure 4.9 shows example epifluorescence images of intracellular FITC-Dex and calcein 

red-orange after exposure to an average power of 2 mW. Dead cells are visualized as 

ghosts, only exhibiting fluorescence along the dysfunctional bilipid membrane.  

!"#$%&'()*+) !"#$%&'),%-./0"'1%)
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Figure 4.9: Epi-fluorescence imaging of 10 kDa FITC-Dextran retention and cellular 
viability to determine the PLN optoporation efficiency. Labeled cells were scanned 15 times 
with 2 mW average power laser light. Images show (a) intracellular retention of FITC-Dextran, 
(b) cellular viability as probed with 14 µM calcein red-orange, AM, and (c) overlay of retention 
and viability images. The scale bar corresponds to 25 µm. 
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Chapter 5: Plasmonic Laser Nanosurgery in 
Nanoparticle-Labeled Monolayer Cellular Constructs 

 
 

In this chapter, we demonstrate and characterize the in vitro plasmonic optoporation of 

GNS530 !EGFR gold bioconjugate labeled MDA-MB-468 human epithelial breast 

cancer cells in a monolayer construct using NIR, femtosecond laser pulses. We present 

experimental results with the goals of: 

 

• Characterizing the thresholds for membrane barrier dysfunction for femtosecond 

and picosecond pulse irradiations. While the limited membrane dysfunction leads 

to transient optoporation of cells as a possible transfection method, the more 

extensive, non-recoverable membrane dysfunction leads to cellular death as a 

possible plasmonic treatment of malicious cells. 

• Determining the dependence of PLN optoporation efficiency on the applied pulse 

number and laser fluence. 

• Understanding the effects of particle- and optical-spatial localization parameters 

on the threshold for membrane barrier dysfunction and PLN optoporation 

efficiency. 

• Studying the formation of free radicals during 80 MHz photodisruption that can 

lead to lipid peroxidation and subsequent membrane dysfunction.  

 

5.1: CELLULAR PLASMONIC LASER OPTOPORATION WITH MULTIPLE LASER PULSES AT 
80 MHZ REPETITION RATE  
 
In this section we characterize the PLN of MDA-MB-468 human epithelial breast cancer 

cells using NIR femtosecond laser pulses have ultra-low pulse energies of tens of pico-

Joules and 80 MHz repetition rate. 
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5.1.1: PLN Photodisruption Threshold and Optoporation Efficiency 
 
Our discussion begins with determining the PLN photodisruption threshold of 

MDA-MB-468 cells labeled with 2 x 104 GNS530 !EGFR gold bioconjugates per cell. 

We define the PLN photodisruption threshold as the minimum energy required for influx 

of a probe dye into the cellular cytoplasm as a result of membrane poration. In nearly all 

of our experiments, 10 kDa FITC-Dextran was utilized as the influx probe dye. We 

performed PLN experiments on monolayer cellular constructs with 30 scans of 80 MHz 

repetition rate laser pulses with various average powers in the milli-Watt range. Initial 

probe influx was observed with TPM immediately after PLN (Figure 4.8b); the 

percentage of the cells which retained the dye 30 min after treatment (Figure 4.9a) was 

determined by epifluorescence imaging of the same cells, following the protocol 

discussed in Chapter 4.7  

 

We observe that FITC-Dextran begins to influx into cells after irradiation with an average 

power of 1 mW (1.3 mJ/cm2, 12.5 pJ per pulse). Approximately 25 ± 12.5%19 of 

irradiated cells incur FITC-Dextran influx, with 20 ± 5% of cells retaining the fluorescent 

probe for time periods greater than 30 min. We assume the minimum pore diameter 

generated at the PLN photodisruption threshold are at least equal to the size of the 

Dextran molecules passing through the pore. Critical permeation size measurements of 

Dextran molecules by chromatography with pore glass columns reveal that the molecular 

diameter of the molecule, , can be determined from the following relationship [187]: 

 
,             [5.1] 

 
where  is the molecular weight for a tightly coiled molecule. The  value of 

commercially available Dextran is accurate within ±1.5%. Using Equation 5.1, we 

                                                
19 All reported values within dissertation represent the mean ± standard error of the mean. 
The standard error of the mean was calculated by !"! ! ! !, where s is the sample 
standard deviation and n is the size of the sample 
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estimate that pores with a minimum diameter of approximately 5 nm are generated when 

10 kDa FITC-Dextran influx initiates.   

 

With increasing incident laser power, the number of cells incurring dye influx rapidly 

increases with laser power, until it reaches a plateau (Figure 5.1a). At 2 mW (2.6 mJ/cm2, 

25 pJ per pulse), the number of fluorescently labeled photoporated cells retaining dye 

after 30 min maximizes at 73 ± 4%.  Beyond that power, cells begin to lose their ability 

to retain the fluorescent probe, indicating irreversible membrane damage. An increase in 

average laser power to 7 mW renders approximately 87± 1% of cells dysfunction with 

loss of bilipid membrane integrity. 

 

Interestingly, we find that the number of optoporated cells incurring dye influx with 

respect to incident laser power follows a modified, symmetric logistic function 

incorporating a non-zero intercept at the inflection point: 

 

.           [5.2] 

 
Here  is the incident irradiation average power,  is the PLN photodisruption 

threshold, and k is the slope of the accumulation curve at the threshold. The larger k is, 

the less energy is required to obtain the constant maximum percentage of achievable 

optoporation , above which PLN alone will no longer optoporate a greater number 

of cells. Fitting of our fluorescent probe uptake data to Equation 5.2 yields a minimum 

power for 10 kDa FITC Dextran uptake of 0.85 mW (1.1 mJ/cm2, 11 pJ per pulse). A 

distinct advantage of utilizing femtosecond pulses is that photodamage has a sharp 

threshold [188] thus it comes as no surprise that labeled cells incur no fluorescent probe 

influx when irradiated with 0.75 mW laser power. The fit shows that percentage of 

optoporated cells plateaus at a level of approximately 90%. 

 

! 

"FITC ="FITC
# $

2"FITC
#

1+ Pave Pth( )k( )

! 

Pave

! 

Pth

! 

"FITC
#



 104 

To probe the PLN threshold needed to create larger pore sizes, we used 150 kDa FITC-

Dextran. As expected the PLN threshold in this case increases to 1.75 mW (2.3 mJ/cm2, 

22 pJ per pulse). From Equation 5.1, an estimated minimum pore diameter of 

approximately 23 nm is necessary for the influx of 150 kDa FITC-Dextran into the cell.  

 

 

Figure 5.1: The effect of laser power on PLN optoporation efficiency of cellular membranes 
for uptaking 10kDa FITC Dextran.  (a) Plots show the percentage of cells incurring and 
retaining dye influx with respect to average laser power and average laser pulse fluence. (b) Plot 
of the efficiency with respect to average laser power. 

 
We next turn our attention to determining the PLN optoporation efficiency with respect 

to incident laser power (Figure 5.1b). As stated in Section 4.8, optoporation efficiency is 

defined as the percentage of cells that both well retain the fluorescent probe and remain 

viable. At irradiation powers ranging from 1 to 2.5 mW, we see an increase in efficiency, 

peaking at 43 ± 7%. Beyond 2.5 mW, increasing cellular death begins to reduce the 

overall optoporation efficiency, which correlates well with the reduction in fluorescent 

probe retention presented in Figure 5.1a. There is also a marked increase in cellular loss 

in the photodisruption area with increasing laser power. Above 5 mW average power (6.6 

mJ/cm2, 63 pJ per pulse) membrane damage becomes irreversible with 90 ± 5% death, 

resulting in near-negligible optoporation efficiencies. It is interesting to note that across 
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these powers levels, PLN never reaches a 100% cellular necrosis rate; even at 7 mW 

approximately 5-10% of cells remained viable. 

 

To verify that the optical excitation of FITC-Dextran is not affecting cellular viability, we 

irradiated labeled cells at 2 mW average power in the absence of the fluorescent probe. 

Viability was monitored with 14 µM calcein red-orange, AM, 30 min after irradiation 

(Figure 5.2). Taking the ratio of the number of dead cells with respect to the number of 

cells counted with MPL, shows approximately 40% of cells were rendered nonviable, 

which is comparable to levels measured with the presence of FITC-Dextran during PLN. 

As such, we can assume FITC-Dextran to be an appropriate probe to verify bilipid 

membrane integrity dysfunction. 

 

 
Figure 5.2: PLN of MDA-MB-468 cells in the absence of 10 kDa 
FITC-Dextran. Cell viability after exposure to 30 scans of laser pulses 
having 2.6 mJ/cm2 average fluence (2mW average power) was probed 
with 14 µM calcein red-orange. The scale bar corresponds to 50 µm. 

 
We next assess the repeatability of PLN data that has been collected over a large date 

range (10/23/2009 to 05/11/2011). Figure 5.3 summarizes observable cellular death and 

optoporation efficiencies after 30 scans of 2 mW irradiation recorded from individual 

experiments performed across the date range. The percentage of observable cellular death 

ranges from 25% to 50% with a mean of approximately 35% ± 3.9%; on the other hand, 
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optoporation efficiencies range from 11% to 50% with a mean of approximately 31% ± 

5.4%. The large ranges recorded can result from a number of factors that may include 

shifts in pulse duration, aging of cells and nanoparticles, and antibody batch variations. 

To assure results have remained similar throughout, a two-tailed t-test with equal 

variance was performed on two data groups [189]: (Group 1) data obtained in the later 

months of 2009 and (Group 2) data obtained throughout 2010. 

 
• Observable Death – Group 1 (n = 6) had a value of 41% ± 8% and Group 2 (n = 

13) had a value of 34% ± 6%, resulting in a p-value of 0.54, which indicates 

negligible difference in observable death found in 2009 and 2010. 

• PLN Efficiency – Group 1 (n = 6) had a value of 35% ± 9% and group 2 (n = 13) 

had a value of 32% ± 8%, resulting in a p-value of 0.805, which indicates 

negligible difference in the PLN efficiencies found in 2009 and 2010.  

 
As such, we can assume good repeatability in the degree of cellular death and PLN 

efficiency. 

 
Figure 5.3: Variation in PLN efficiency within different sets of 
experiments performed over 2 years period of time. Observable 
cellular death and optoporation efficiencies after PLN with 30 scans of 
2 mW laser power recorded from individual experiments performed 
across the date range. N represents the number of FOVs investigated per 
sample set. Error bars represent the standard error across all data sets. 
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5.1.2: Photodisruption Threshold of Unlabeled Cells 
 

To understand the extent of the laser photodisruption threshold reduction afforded 

by the GNS530 !EGFR gold bioconjugate cellular labeling, we elucidated the membrane 

dysfunction threshold of unlabeled cells (Figure 5.4). As before, 10 kDa FITC-Dextran 

was utilized as the influx probe dye. Unlabeled monolayer cellular constructs were 

irradiated with 30 scans of 80 MHz repetition rate laser pulses having average power 

ranging from 1 to 100 mW. Additionally, viability tests were performed 30 min after 

laser exposure.  

 

We observe that 10 kDa FITC-Dextran begins to influx into unlabeled cells after 

irradiation with an average power of 50 mW (65 mJ/cm2, 625 pJ per pulse). This value is 

approximately 50-fold higher than that found with cells labeled with 2 x 104 GNS530 

!EGFR gold bioconjugates per cell. Below the 50 mW threshold, unlabeled cells remain 

unaffected, i.e. viable with no dye influx. At the maximum tested power of 100 mW (130 

mJ/cm2, 1.25 nJ per pulse) only 55% of unlabeled cells are rendered nonviable. This 

death percentage range in labeled cells could be achieved with only 3mW irradiation 

power (Figure 5.1b). 
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Figure 5.4: The response of unlabeled MDA-MB-468 cells to 
laser irradiation. Plot shows the percentage of unlabeled cells 
retaining dye influx and the cellular viability. Cells were scanned 
15 times with laser light of varying laser powers. 

 
 

5.1.3: Transient Pore Time 
 

MPM was used to measure the time duration at which PLN-induced pore 

formation remains transient. A 25 mM molecular concentration of 10 kDa FITC-Dextran 

was added to the extracellular solution prior to the irradiation. We probed the influx of 

the fluorescent probe after cellular irradiation with 30 scans of 2 mW incident power; this 

power was chosen for its high rate of fluorescent probe retention. Dye uptake was 

monitored for 5 min after PLN.  

 

Figure 5.5 presents the time dependent variation of extracellular and intracellular 

fluorescence signal levels as measured from the MPM images of irradiated cells. To 
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monitor the extracellular fluorescence intensity, we averaged together the intensity from 

five regions containing no cells and having 5 x 5 µm2 area. Within the whole FOV, 75% 

of cells experienced FITC-Dextran influx, which corresponds with well with results 

presented in Figure 5.1a. We measured the fluorescence levels of 5 unporated cells and 

25 cells that incurred dye uptake. Intracellular fluorescence levels were measured across 

the full area of the cell; margins for the region-of-interest (ROI) were manually selected 

to stay within the cells 5-10 pixels away from the extracellular fluorescence. All cells 

experiencing poration and subsequent dye influx had an associated swelling; we found 

that intracellular regions grew, on average, by approximately 50% over the course of 

imaging. The ROI was increased with time to compensate for intracellular swelling by 

that amount. All analysis was performed in ImageJ. 

 

No increase in intracellular fluorescence levels was witnessed in cells remaining 

unporated after PLN. On average, we found that the fluorescence intensity within 

optoporated cells increased for approximately 230 sec, before reaching a plateau. To 

determine the change in fluorescence intensity with time, the data was baselined through 

the subtraction of the initial signal immediately before irradiation from subsequent signal 

measurements. Taking the ratio of this fluorescence change with the extracellular 

fluorescence level, we find that approximately 2 to 7 mM of dye influxed into the cell 

cytosol. To determine if the intensity plateau corresponds to pore closure, we 

photoporated labeled cells at various time points before adding a fluorescent probe to the 

extracellular solution. A small percentage of cells still incurred dye influx at the 3 min 

irradiation point, while no influx was found at the 4 min irradiation point and beyond. As 

such, we can assume the time to reach intensity plateau values corresponds to the 

transient pore closure time. This value is similar to the 240 s time found in optoporation 

experiments using tightly focused NIR, femtosecond laser pulses without nanoparticles 

by Peng et al. [190]. 
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Figure 5.5: PLN-induced transient pore formation. 
Uptake kinetics of 10 kDa FITC-Dextran was monitored 
after irradiated by 30 scans of 2 mW laser light.  

 

5.1.4: Effects of Applied Laser Pulse Number 
 

To understand how the applied laser pulse number effects the PLN optoporation 

efficiency, we reduced the number of laser scans from 30 full scans to 15 and 1 for the 

powers of 1.5, 2, 2.5, and 3 mW (Figure 5.6). We had hypothesized that an increase in 

pulse number with the application of lower irradiation powers, the PLN efficiency to 

create transient pores in the cellular membrane would increase and vice versa with higher 

powers. Figure 5.6 shows that membrane poration occurs within the first scan with all 

powers tested. We can conclude that after one scan at powers "1.5 mW, membrane 

dysfunction is initiated, but the reduced numbers of optoporated cells keeps the 

optoporation efficiency at reduced levels. With powers 1.5 to 2.5 mW, the PLN 

efficiency looks to improve with increasing scan number, owing to the gentle nature of 

the PLN process. For the 3 mW case, there looks to be no observable significant change 

in PLN efficiency with respect to pulse number. 
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Figure 5.6: The effect of exposure time on PLN 
optoporation efficiency. Plot provides the efficiency with 
respect to pulse number. 

 

To test the statistical significance of our results concerning the effect of exposure time on 

optoporation efficiency with respect to incident power, we performed a two-tailed t-test 

with equal variance on the data for 1 and 30 scans. Table 5.1 summarizes the found 

means, standard errors, and p-values for each tested power. These results support the 

hypothesis that optoporation efficiency increases with exposure time for lower incident 

powers, but shows no change in the optoporation efficiency at higher powers. Previously 

in Figure 5.1a, we show increased death and reduced FITC retention beyond 2.5 mW.  

We can conclude that even after one scan at high powers, a majority of irradiated cells 

will incur permanent membrane damage, keeping the optoporation efficiency at reduced 

levels. 

  

 

 

 



 112 

Table 5.1: Hypothesis Test on the Effect of Exposure with Respect to Laser Power. A two-
tailed t-test with equal variance was performed on the data for 1 and 30 scans. * Indicates results 
with statistical significance for p < 0.05. 

Power 1 scan (sample number) 30 scan (sample number) p-value 

2 mW 18.5% ± 3% (n = 3) 40% ± 4% (n = 4) 0.036 * 

2.5 mW 20% ± 5% (n = 7) 43% ± 7% (n = 4) 0.024 * 

3 mW 17% ± 2% (n = 3) 23% ± 2% (n = 3) 0.17 

 
 

5.1.5: Effects of Particle- and Optical- Spatial Localization  
 

It is important to consider cooperative effects due to particle- and optical- spatial 

localization, which can affect the plasmonic laser photodisruption threshold, efficiency, 

and extent of photodamage. On one hand, to probe particle-spatial localization effects, we 

manipulated the following parameters: (1) labeling density and (2) temperature-induced 

receptor distribution on the cellular membrane. On the other hand, MDA-MB-468 cells 

were irradiated with circularly polarized light to probe optical-spatial localization effects. 

 

5.1.5.1: Effects of Labeling Density 
 
In our prior work in dielectric surface ablations (Chapter 2.3.3), we showed that 

particle aggregation20 results in reduced PLN thresholds. Even small aggregates of only 3 

particles aligned 45° to the laser polarization resulted in a 30-fold reduction in PLN 

threshold. These results hint that particle agglutination along the cellular membrane 

should result in greater membrane damage. To determine how labeling density affects the 

degree of optoporation, we tested FITC-Dextran uptake levels for different cellular 

labeling concentration varying from 2.5 x 103 to 2 x 104 !EGFR gold bioconjugates per 

cell. PLN was performed with 30 scans of 2 and 5 mW laser powers and 10 kDa FITC-

                                                
20 A particle aggregate is considered a group of interacting particles such that their 
plasmon resonance is couples 
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Dextran as the fluorescent probe. We monitored the number of cells influxing dye with 

respect to laser power (Figure 5.7a). 

 

• 2 mW – Cellular labeling at 2 x 104 particles per cell results in 58% ± 3% (n = 4, 

n represents the number of FOVs irradiated) FITC-Dextran uptake expression. 

Decreasing labeling to 104 particles per cell results in an expression level of 54% 

± 5% (n = 5), which when compared to labeling at 2 x 104 particles per cell, gives 

a p-value of 0.623, indicating no significant change in the percentage of cells 

which uptake dye. A further decrease in labeling concentration to 5 x 103 particles 

per cell results in an expression level of 16% ± 3% (n = 5), giving a p-value of 

0.0002, indicating marked reduction in fluorescent probe expression. 

• 5 mW – Cellular labeling at 2 x 104 particles per cell results in 84% ± 6% (n = 3) 

FITC-Dextran uptake and retention. Decreasing labeling to 104 particles per cell 

results in an expression level of 73% ± 6% (n = 3), which when compared to 

labeling at 2 x 104 particles per cell, gives a p-value of 0.27, indicating no 

significant change in the percentage of cells which uptake dye. A further decrease 

in labeling concentration to 5 x 103 particles per cell results in an expression level 

of 24% ± 1% (n = 3), giving a p-value of 0.0005, indicating marked reduction in 

fluorescent probe expression. 

 

With the application of ultra-low fluence, 80 MHz repetition rate lasers, we believe that 

synergistic interactions between particles within aggregates result in large field strengths, 

leading to higher concentrations of free electrons and ions and subsequent free radical 

generation. Agglutination along the cellular membrane should increase the number of 

“hotspots”, regions where the induced plasmonic field strength is highest. Fitting of our 

fluorescent probe uptake data to modified Equation 5.2 (fluence is substituted with 

concentration) yields a minimum particle concentration of 4 x 103 particles per cell 

necessary to induce photodamage. Reducing labeling concentration further to 2.5 x 103 

particles per cell, results in no optoporation at either power level. These results are 
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encouraging for use of PLN as a clinical tool. Assuming 100% labeling of EGFR on the 

surface of normal cells, we can expect a 50-fold reduction in labeling concentration in 

normal cells as compared to MDA-MB-468 cells. As such, normal cells should incur no 

membrane dysfunction. We can conclude that high densities of particles across the 

surface lead to agglutination, which subsequently lead to high levels of membrane 

damage. This result is advantageous for PLN as a cancer treatment tool, for we can 

anticipate selective photodisruption of cancerous cells without damaging healthy cells. 

 

5.1.5.2: Effects of Labeling Temperature 
 

Another method of manipulating agglutination effects and particle localization 

within the cell is through adjustment of the cellular temperature. Let us briefly describe 

the results of Aaron et al. [174], who utilized hyperspectral imaging and !EGFR gold 

bioconjugates as a contrast agent to monitor the effects of temperature change on the 

distribution of EGFR across the cellular membrane. Labeling characteristics were imaged 

after cells were incubated with gold bioconjugates for 1 hr in their perspective 

temperature controlled environments. At 4 °C, nanoparticles were found to be localized 

near the cell membrane and evenly distributed. 25 °C maintained nanoparticle 

localization near the cell membrane but red-shifting of the plasmon band was indicative 

of increased particle aggregation and the beginnings of nanoparticle internalization. 

Finally, at 37 °C, all nanoparticles appeared within the per-nuclear region of the cell.  

 

To test the effect of temperature-induced receptor distribution on the efficiency of PLN 

we varied labeling temperatures while maintaining a labeling concentration of 2 x 104 

GNS530 !EGFR gold bioconjugates per cell. From our results, labeling at 25 °C provides 

the highest PLN efficiency, having a value of 31% ± 4% (n = 13) while with labeling at 

37 °C and 4 °C both showing reduced efficiencies of 25% ± 1% (n = 5) and 7% ± 1% (n 

= 5), respectively (Figure 5.7b). A similar trend is found with observable death after 

PLN, where labeling at 25 °C provides the highest percentage, 38% ± 5% (n = 13) while 
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with labeling at 37 °C and 4 °C both showing reduced percentages at levels of 10% ± 3% 

(n = 5) and 2% ± 1% (n = 5), respectively.  

 

Labeling at 37 °C. Aaron et. al. [174] experimentally demonstrated that labeling at 37 °C 

leads to greater particle internalization; as such, particles may no longer be directly 

attached to the cellular membrane. Effects on optoporation efficiency may now result 

from contributions of several factors: (1) large aggregates located along or near the 

cellular membrane resulting in membrane degradation and (2) particles localized within 

the cytosol resulting in the degradation of internal organelles after PLN. We find a 2-fold 

reduction in the FITC-Dextran uptake levels and a 4-fold reduction in observable death 

when compared to labeling at 25 °C. Experiments by Huang et al. [132], demonstrated 

that particles localized in the cytosol require 4-fold more incident energy to achieve 

similar levels of cellular death as membrane targeted nanoparticles, which shows 

remarkable similarity to our observable death results. As such, we believe internalized 

particles are negligibly affecting the degree of membrane poration and subsequent 

cellular death. Further pointing to the confinement of photoactivated processes is the 

reduced membrane poration, which most likely results from reduced numbers of particle 

along the cellular membrane.  

 

Labeling at 4 °C. We find a 7-fold reduction in the FITC-Dextran uptake levels and a 20-

fold reduction in observable death when compared to labeling at 25 °C. As labeling at 4 

°C has been shown to lead to negligible particle agglutination along the cellular 

membrane [174], we believe reduced synergistic interactions between particles results in 

a lower degree of membrane poration and subsequent cellular death. 
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Figure 5.7: Effect of particle-localization on the efficiency of optoporation using PLN. 
Labeled cells were scanned 30 times with 2 mW average power laser light in all tests as well as 
with 5mW in testing the effect of labeling concentration. Plots show effect of (a) labeling 
concentration and (b) temperature on the efficiency. ** Indicates p < 0.01; *** Indicates p < 0.001. 

 

5.1.5.3: Effects of Laser Polarization 
 

The effect of the polarization direction of the incident laser light on PLN will 

depend whether the interaction is with a single particle or aggregated particles:  

 
• Single particle – The strength of the induced field at the particle surface will be 

strongly affected by particle geometry and orientation with respect to incident 

polarization. 

• Aggregated particles – The strength of the induced field within the aggregates will 

be particularly large as a result of the plasmon coupling among particles. 

Polarization direction and the number of particles along this polarization will 

define the number of particles that couple.  

 
Single Particle. The induced field effects in the near-field of our 54 nm x 44 nm GNS530 

gold spheroids, will vary significantly when the particle orientation is rotated with respect 

to the incident polarization. Figure 5.8 shows the maximum of the Poynting vector for 

both the spheroid long and short axis with rotation. When the long axis of the spheroid is 
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aligned along the laser polarization, 0°, a maximum Poynting vector magnitude of 

approximately 5 is found; this value which quickly reduces to 1 when the orientation is 

rotated to a position orthogonal the incident polarization. The short axis of the spheroid 

will see the reverse effect; though due to the small size of the short axis, a particle 

oriented at 90° will have a reduced maximum Poynting vector.  The GNS530 volume 

equivalent spherical particle (2a = 47 nm) will maintain a maximum Poynting vector 

magnitude of approximately 4 regardless of orientation to laser polarization.  

 

 
Figure 5.8: Enhanced field properties of the incoming laser beam in the near-field of the 
GNS530 gold nanoparticle (spheroid) as calculated using DDA simulations. Poynting vector 
for a nanoparticle in water irradiated with 760 nm, linearly polarized laser light as the long axis of 
the spheroid oriented (a) 0° and (b) 90° with respect to the laser polarization. (c) The maximum 
magnitude of the Poynting vector along each particle axis as plotted with respect to spheroid 
orientation to the laser polarization. DDA calculations were performed by R. K. Harrison. 
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Aggregated Particles. In our dielectric surface ablations, we have shown that particle 

coupling is directly dependent on the direction of polarization, which correlates well with 

modeling completed by Quinten on near-field localization around particles (Figure 5.9 

[41]). Quinten finds that for a randomly oriented sixteen-particle cluster, seven and six 

particles couple when the E-field is parallel to the x- and y-axis, respectively. The 

intensities of the generated hotspots are increased by approximately a factor of 37 when 

compared to the near-field intensity at the surface of a single 50 nm gold nanosphere. In 

our nanoablation work, we find a 4 particle linear system organized perpendicular to the 

laser polarization resulted in a PLN induced crater of average 4 nm depth; another 4 

particle linear system oriented parallel to the polarization increased the average crater 

depth by 3-fold [44].  

 
Figure 5.9: Near-field intensities generated within a sixteen-particle 
aggregate. 830 nm wavelength laser light irradiates the cluster with the E-
field along the (a) x-axis and (b) y-axis. Reproduced with permission from 
[41]. 

 

Cellular labeling with GNS530 !EGFR gold bioconjugates will result in both randomly 

oriented single particles and larger particle aggregates across the cell surface. Linearly 

polarized light could potentially lead to limited fractions of excited single particles and 
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reduced coupling in large particle aggregates. This in effect will reduce overall 

optoporation efficiencies. As circularly polarized light emits a light beam of all 

polarization angles within one optical period, we hypothesize PLN with circularly 

polarized light should result in greater maximum PLN efficiency and a lower PLN 

photodisruption threshold. 

 

PLN was again performed with MDA-MB-468 cells labeled at a concentration 2 x 104 

GNS530 !EGFR gold bioconjugates per cell. Cells were irradiated with 30 scans of 80 

MHz repetition rate laser pulses having milli-Watt average power. 10 kDa FITC-Dextran 

was utilized as the influx probe dye. 

 

Figure 5.10 shows PLN efficiency results of two simultaneous experiments where (a) was 

performed by linearly polarized light and (b) by circularly polarized light. Comparison 

between the two photodisruption sets shows a maximum efficiency for both polarizations 

at 2 mW. To test our hypothesis that circularly polarized laser light will result in greater 

maximum PLN efficiency, we performed a two-tailed t-test with equal variance on the 

data for linear and circular polarization at 2 mW. Irradiation with linear polarized light 

had a value of 22% ± 4% (n = 3) and linear polarized light had a value of 33% ± 4%, 

resulting in a p-value of 0.13. As the p-value is not significant, we cannot say that 

circular polarized laser light provides a higher PLN optoporation efficiency than linear 

laser light. 

 

Figure 5.10c provides a plot of the FITC uptake versus laser power after PLN by both 

circularly and linearly polarized laser light. Fitting of our fluorescent probe uptake data to 

Equation 5.2 shows no change in PLN photodisruption threshold. There was, however, an 

increase in the percentage of cells incurring membrane dysfunction. With circularly 

polarized laser light, it is possible to induce pore formation in all exposed cells; linearly 

polarized laser light consistently shows only 90% of cells incur membrane dysfunction. 

We believe this increase is due to a greater fraction of particles being excited. This 
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increase in the percentage of cells with membrane dysfunction correlates well with the 

degree of observable death. After circularly polarized irradiation at 15 mW, 

approximately 1-2% of cells remained viable; on the other hand, greater that 5% 

remained viable with linearly polarized irradiation. This reduction in viability could point 

to circular polarization being preferred in the treatment of cancer. 

 
Figure 5.10: Effect of optical-spatial localization on the efficiency of optoporation using 
PLN. Plot of the efficiency with respect to average laser power for (a) linearly and (b) circularly 
polarized light. (c) Plots show the percentage of cells incurring dye influx with respect to average 
laser power. 
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5.1.6: Effects of Particle Sphericity – PLN with Commercial GM.GC50 particles 
 

We performed PLN using GM.GC50 nanoparticles to determine if their increased 

sphericity and smaller size distribution results in larger PLN optoporation efficiencies. In 

particular, we believe the increased sphericity will dominate any change, as we have 

reduced effects associated with particle orientation. GM.GC50 !EGFR gold 

bioconjugates were targeted with the same concentration to MDA-MB-468 cells as our 

prior experiments with GNS530 !EGFR gold bioconjugates. PLN was performed with 30 

scans of 80 MHz repetition rate laser pulses having milli-Watt average power. 10 kDa 

FITC-Dextran was utilized as the influx probe dye.  

 
Figure 5.11 shows PLN optoporation efficiency results with respect to incident laser 

power. We observe that FITC-Dextran begins to influx into cells after irradiation with an 

average power of 1.5 mW (2 mJ/cm2, 19 pJ per pulse). At lower powers, there is no 

afforded increase in PLN optoporation efficiency with more spherical particles; albeit, we 

can see that higher efficiencies extend to larger irradiation powers. The optoporation 

efficiency at 5 mW is approximately 15%, as compared to <5% with GNS530 

nanospheres. This ability to broaden the “efficiency bandwidth” with more spherical 

particles potentially increases the likely hood for transfection success; at higher powers, 

larger pores are formed, more easily permitting large vector cellular uptake.   

 

Fitting of fluorescent probe uptake data to Equation 5.2, we find a plasmonic laser 

photodisruption threshold using GM.GC50 nanoparticles for 10 kDa FITC-Dextran 

uptake of 1.1 mW (1.45 mJ/cm2, 13.8 pJ per pulse).  Experimentally, we found no 

fluorescent probe influx when irradiated with 1 mW laser power. Interestingly, we find 

the ratio of the PLN photodisruption thresholds for labeling with GNS530 and GM.GC50 

!EGFR gold bioconjugates is proportional to , which agrees well with 

Equation 2.10. Theoretically we find  for an arbitrarily rotated spheroid equals 

4.32 and  equals 4, giving a  factor, which is exactly the ratio of ! 

QNF
GNS530 QNF

GM.GC50( )3

! 

QNF
GNS530

! 
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GM.GC50 ( )34.32 4 1.3=
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PLN photodisruption threshold (1.1 mW for commercial GM.GC50 nanoparticles versus 

0.85 mW for home-synthesized spheroids). This result helps to further confirm that near-

field processes strongly affect the photodisruption mechanism. Finally, there is a decrease 

in the percentage of cells incurring membrane dysfunction after PLN with GM.GC50 

particles, which is now approximately 80%. 

 
Figure 5.11: 80 MHz PLN optoporation results 
with commercial BBI GM.GC50 gold 
nanospheres. Plot of the efficiency with respect to 
average laser power and fluence. 

5.2: CELLULAR PLASMONIC LASER OPTOPORATION WITH A SINGLE LASER PULSE – 
NON-OVERLAPPING CONSECUTIVELY 
 

Reducing the laser pulse number necessary for photodamage to occur has the 

potential to permit study of the resulting mechanism of photodisruption. As such, we 

determined the optoporation efficiency with respect to laser power for cells labeled with 

either GNS530 or GM.GC50 !EGFR gold bioconjugates. As before, cells were labeled at 

a concentration of 2 x 104 nanoparticles per cell. A fiber laser generating 3.3 ps laser 

pulses at a 300 kHz repetition rate was utilized for photodisruption. We aligned the laser 

such that it was collinear with the 80 MHz, 270 fs laser used for imaging. Imaging and 

photodisruption with 300 kHz rep rate laser was performed at a frame rate of 3.81 frames 
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per second. The separation of pulses in the x-direction for the photodisruption laser can 

be determined with the following relationship 

 

,           [5.3] 

 
where # is the center-to-center pulse separation equaling 0.97 µm. With a 1.1 µm focal 

spot size, this results in 1.13 overlapping pulses per spot in the x-direction. In the y-

direction, we irradiate the 150 µm distance with 512 discrete line scans, giving 3.75 

overlapping pulses per spot. Our scan velocity of 572 µm/s will result in a temporal 

pulse-to-pulse separation of 0.5 ms in the middle of the FOV as the laser is scanned in the 

y-direction. Along the edges, a second pulse will arrive at much faster intervals. Even 

with the laser being raster scanned across the sample only once, there is still a possibility 

for ROS accumulation. We used 10 kDa FITC-Dextran as the influx probe dye. 

 
Figure 5.12 shows PLN optoporation efficiency results with respect to incident laser 

power. We observe that FITC-Dextran begins to influx into cells after irradiation with an 

average power of 80 µW (28 mJ/cm2, 266 pJ per pulse) and 140 µW (49 mJ/cm2, 466 pJ 

per pulse) for labeling with GNS530 and GM.GC50 particles, respectively. Additionally, 

we find a 90% death threshold of 260 µW (91 mJ/cm2, 866 pJ per pulse) and 330 µW 

(112 mJ/cm2, 1.1 nJ per pulse) for GNS530 and GM.GC50 particles, respectively. As the 

pulse duration is an order of magnitude longer than with the 80 MHz experiments, for 

comparison, we need to convert thresholds into intensity values21. For example, a 3.3 ps 

pulse of 80 µW and 300 kHz has an intensity of 12.8 GW/cm2 and a 270 fs pulse of 1 

mW and 80 MHz has an intensity of 4.9 GW/cm2. Here we find that there is 

approximately a 3-fold increase in intensity necessary to induce photodamage. Referring 

the reader to Figure 2.13, we can see this increase still follows the same mechanistic path 

as our 80 MHz experiments. Due to the use of ps laser pulses, larger intensity values 

along the particle surface are necessary for multiphoton induced photoemission to occur. 
                                                
21 The average laser intensity can be determined by I! ! P!"# !!!!!w0, where !! is the 
laser repetition rate, w0 the beam waist, and !! the pulse duration. 

! 

3.81 fps =
300kHz • "

512 spots•150µm
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Rather unexpected was the difference in PLN optoporation efficiency. At the lowest 

power of FITC-Dextran uptake, the optoporation efficiency for GNS530 particles was the 

highest at 50%; the efficiency dropped rapidly with increasing power.  On the other hand, 

the GM.GC50 followed a similar pattern as seen in Figure 5.3b. The optoporation 

efficiency with GM.GC50 peaked at a value of 33% at 186 µW (65 mJ/cm2, 620 pJ per 

pulse). 

 

Figure 5.12: PLN with single pulse irradiation. Cellular labeling with (a) GNS530 !EGFR 
gold bioconjugates and (b) GM.GC50 !EGFR gold bioconjugates. 

 

5.3: MECHANISM OF ULTRALOW FLUENCE PHOTODISRUPTION WITH 80 MHZ 
REPETITION RATE PULSES 
 

With the application of hundreds to thousands of MHz repetition rate pulses, we 

were able to successfully perform photodisruption with ultralow fluences. In this regime, 

we believe membrane dysfunction is mediated by low-density plasma-mediated induced 

polyunsaturated lipid and protein peroxidation [4, 82]. In support of this claim, we 

experimentally demonstrate the generation of ROS resulting from PLN  
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5.3.1: Evidence of Free Radical Formation 
 
 We believe ultra-low fluence photodisruption is directly dependent upon emission 

from the particle, which seeds the formation of free radicals in the surrounding water and 

possible cascade ionization. Ejected ions and electrons from the gold surface should 

induce subsequent free radical formation. Resulting lipid peroxidation after PLN points to 

the formation of superoxide ( ), as the main ROS species [192]. Superoxide radicals 

can be formed from the interaction of high-energy electrons ejected from the particle 

surface and dissolved oxygen following the chemical reaction . Free radical 

formation localized around individual nanoparticles bound to the membranes of labeled 

cells was probed using Jenchrom Blue px (MoBiTec). Oxidation of the indicator by ROS, 

results in the formation of a fluorescent precipitate that was imaged using 0.5 mW laser 

light at 760 nm wavelength [82]. Figure 5.14 shows measured ROS-indicator two-photon 

signals after PLN with 30 scans of 2 and 3 mW laser light. Plotted two-photon signals 

were baselined through the subtraction of the initial signal immediately after irradiation 

from subsequent signal measurements. The 2 mW scan results in a steady-state 

fluorescence intensity of 4.05 ± 0.44 (a.u.) after approximately 14 min while a steady-

state value of 11.28 ± 2.07 (a.u.) is results in approximately 12 min for the 3 mW case.  

Increased ROS formation with increasing PLN irradiation power could provide further 

support for the ejection of electrons being the vehicle on which ROS formation occurs. 
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Figure 5.13: PLN-induced ROS formation. ROS formation was 
indirectly visualized via oxidation and subsequent two-photon 
fluorescence of Jenchrom px blue. Irradiation occurred at t = 0 
min and the average intensity of fluorescence from labeled cells 
was measured and plotted with respect to time thereafter. 

5.4: SUMMARY 
 

In this chapter we characterized the in vitro plasmonic optoporation of GNS530 

!EGFR gold bioconjugate labeled MDA-MB-468 human epithelial breast cancer cells in 

a monolayer construct using NIR, ultrafast laser pulses. Using a 10 kDa FITC-Dextran 

probe dye, we find that the PLN can induce photodisruption at fluences down to just a 

few mJ/cm2. Table 5.2 summarizes the plasmonic laser photodisruption thresholds found 

within the dissertation. Here we can see the associated effects of particle sphericity and 

pulse duration on the PLN threshold fluence. We find that greater the particle sphericity, 

the higher is the fluence necessary to induce photoporation of cellular membrane. The 

higher fluences results from higher field strengths found along the long axis of 

nanoparticle spheroids. With a few 3.3 ps laser pulses, we find a 20-fold increase in the 

fluence necessary to induce photoporation of cellular membrane as compared to 

thousands of 270 fs laser pulses. Besides the large difference in the number of laser 
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pulses, comparison of the incident laser irradiances shows that similar mechanisms of 

photodisruption may be applying for each case. In general ps laser pulses require higher 

irradiance values to generate multiphoton induced electron emission than fs laser pulses. 

 
Table 5.2: In vitro PLN threshold fluences for monolayer MDA-MB-468 cellular constructs 
labeled with 2 x 104 GNS530 !EGFR gold bioconjugates per cell.  

Particle Type Laser 

Repetition Rate 

Pulse 

Duration 

Overlapping 
Pulse No. 

in x-direction 

Average  

Threshold Fluence 

GNS530 80 MHz 300 fs 376 1.3 mJ/cm2 

GNS530 300 kHz 3.3 ps 1 28 mJ/cm2 

GM.GC50 80 MHz 300 fs 376 1.7 mJ/cm2 

GM.GC50 300 kHz 3.3 ps 1 49 mJ/cm2 

 
In addition to understanding threshold fluences, we studied the uptake and retention of 

the FITC-Dextran dye in addition to the degree of cellular death with respect to incident 

laser power. Two photodisruption regimes were found: (1) cellular optoporation leading 

to subsequent uptake of probe dye where cell viability is maintained and (2) irreparable 

membrane disruption leading to cellular death. The first regime, found at lower powers, 

has implications for the success of cellular transfection, where the ability to maintain 

cellular viability after PLN is highly important. Here we found a maximum optoporation 

efficiency of 41% with 2.5 mW laser light at 80 MHz. The second regime, found at 

higher powers, is defined by where PLN induces greater than 90% cellular death. PLN 

was never found to induce 100% cellular death for the conditions that we have tested. 

 

We studied the synergistic effects associated with particle- and optical-spatial localization 

and their effects on the plasmonic laser photodisruption threshold, efficiency, and extent 

of photodamage. To understand particle effects, we manipulated the following 

parameters: (1) labeling density and (2) temperature-induced receptor distribution on the 

cellular membrane. We find that a minimum particle concentration of 4 x 103 particles 

per cell is necessary to induce photodamage for both the 2 and 5 mW irradiation cases. At 



 128 

these concentration levels, agglutination occurs along the cellular membrane and the 

synergistic interactions of particles results in large field strengths. It is these high field 

strengths that PLN exploits to induce optoporation at ultra-low fluences. The labeling of 

cells at various temperatures was utilized to manipulate particle aggregation and 

localization. We found 25 °C resulted in the highest PLN optoporation levels. Elevating 

labeling temperature to 37 °C increases particle internalization within the cell.  We find a 

2-fold reduction in the FITC-Dextran uptake levels and a 4-fold reduction in observable 

death when compared to labeling at 25 °C. These results point to the high confinement of 

photoactivated processes during PLN; with particle internalization, less damage of the 

bilipid membrane occurs. Labeling at 4 °C reduces particle agglutination along the 

membrane. Here we find a 7-fold reduction in the FITC-Dextran uptake levels and a 20-

fold reduction in observable death. These results again show that particle aggregation 

along the cellular surface is crucial for the success of PLN. Optical effects were 

modulated with the use of circularly polarized laser light. As circularly polarized light 

emits a light beam of all polarization angles within one optical period, we believe that a 

greater fraction of the spheroidal particles will be excited. In support, we found the 

circularly polarized light results in larger percentages of cells incurring membrane 

dysfunction as opposed to linearly polarized light.   

 

Finally, we provide experimental evidence suggesting photodisruption with ultra-low 

energy pulses is directly dependent on the formation of free radicals in the surrounding 

water. This conclusion is supported by the detection of ROS production and by the 

evidence that ROS formation is increased with increasing PLN irradiation power. With 

the support of theoretical work performed in a parallel study, we suggest that these 

radical are probably formed upon the emission of electrons from the particle surface. The 

free-radicals mediate membrane dysfunction by polyunsaturated lipid and protein 

peroxidation.  
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Chapter 6: Plasmonic Laser Nanosurgery in 
Nanoparticle-Labeled Three-Dimensional Cellular 
Constructs 

 
 

PLN in conjunction with MPL microscopy holds promise as a technique for the 

image-guided detection and photodisruption of precancerous lesions and cancer. In 

chapters 4 and 5, we demonstrated the in-vitro molecular targeting of cancer cells formed 

as a monolayer construct with !EGFR gold nanoparticles. At low irradiation powers, the 

cellular labeling provided high contrast MPL imaging capabilities, while higher laser 

powers could be utilized to inflict irreparable membrane damage resulting in cellular 

necrosis. With fluences as low as 6.5 mJ/cm2, we were able to render greater than 95% of 

irradiated cells nonviable. This threshold value is approximately 5-fold below the medical 

safety level set by the American Laser Institute [193]. As many precancerous lesions 

begin at the deepest depths of the epithelial tissue, we must demonstrate PLN’s capacity 

to photodisrupt cells at large depths, i.e. beyond a scattering length, within three-

dimensional cellular constructs mimicking tissue [194]. In this chapter, we present 

experimental results with the goals of: 

 
• Understanding the confinement of photodisruption to target of interest with 

respect to laser power 

• Understanding the interaction of propagating laser pulses with molecularly 

targeted plasmonic contrast agents and how that may result in cellular damage 

along the propagation path of the incident laser. 

 
On a more general basis, these experiments provide insight on the necessary fluences 

plasmonic imaging modalities must utilize to remain below the plasmonic laser 

photodisruption threshold, else risk near-field induced MPL degradation from ablative 

particle reshaping in addition to unwanted cell death via ROS formation.  
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6.1: CLINICAL MOTIVATION: PLN AS A CLINICAL TOOL IN THE TREATMENT OF 
PRECANCERS 
 

85% of cancers originate in the epithelium [195], a tissue which lines both the 

outside, e.g. skin, and inside, e.g. oral and cervical, cavities and lumens of bodies, e.g. 

inner lining of lymphatic vessels. For the moment, let us restrict our discussion to 

stratified squamous cell epithelial tissue types, e.g. skin (Figure 6.1). Stratified tissues of 

this type consist of either four or five layers. In descending order, those layers include: 

 
• Cornified layer (stratum corneum, SC) – a protective layer of flat dead cells 

(corneocytes) that lack nuclei and organelles. 

• Translucent layer (stratum lucidum) – only found in think skin, e.g. palms of 

hands, these cells are flat dead cells filled with eleidin, an intermediate form of 

keratin. 

• Granular layer (stratum granulosum, SG) – a thin layer of cells that contain 

keratohyalin granules that promote hydration by glycolipids and crosslinking of 

keratin. 

• Spinous layer (stratum spinosum, SS) – layer of cells that synthesize keratin. 

• Basal/germinal layer (stratum basale, SB) – a single layer of columnar or 

cuboidal shaped cells that are adhered to the basement membrane. These cells 

have ‘stem cell’ like properties in that they are an undifferentiated cell type that 

continually undergo mitosis throughout life, creating daughter cells that later 

migrate superficially and differentiate. Additionally found in this layer are the 

melanocytes. 

 
Below the SB and basement membrane is the dermis, which is composed primarily by 

matrix of connective tissues. The epithelium is constantly being renewed over a two to 

three week process; the SC layer is constantly being shed from the body in a process 

called desquamation to balance proliferation along the SB. It is within the SS and SB that 

neoplastic processes, i.e. abnormal proliferation of cells, can occur [196]. Neoplasms can 
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be benign, precancerous, or malignant. The three steps in the progression of neoplasms 

into a malignancy in epithelial tissues are as follows: 

 
• Dysplasia – is the earliest form of a precancerous lesion in which abnormal 

development of epithelial tissue leads to delayed cell maturation and 

differentiation. 

• Carcinoma in situ (high-grade dysplasia; Figure 6.1c-d) – represents a localized 

form of precancer that has yet to invade the basement membrane into the dermis. 

The neoplasm no longer undergoes maturation and differentiation, thus cells 

within transform back to a primitive cell form that grows rapidly and with 

abnormal regulation.  

• Invasive carcinoma – The high-grade dysplasia cancer has invaded beyond the 

basement membrane into the dermis, where it has the potential to metastasize. 
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Figure 6.1: Stratified epithelial tissue. (a) H&E histology of a thin, normal perilesional skin 
slice [197]. (b) en face multiphoton autofluorescence images [198] of SC (0 µm), SS (15 µm), SB 
(30 µm), DP (45 µm), and dermis (75 µm). (c) H&E histology of a thin, SCCIS skin slice [199]. 
(d) en face multiphoton autofluorescence [198] images taken at the same depths present a 
changed cellular landscape. A now severely thickened epithelial layer presents signs of nuclei 
within the SC, loss of cell polarity and widened intracellular space with the SG, dyskeratotic cells 
within the SS, and multinucleated cells within the SS/SB.   

 
Though carcinoma in situ itself poses no risk in invading the dermis and metastasizing, 

its likelihood of transforming into a malignancy is high. As such, early cancer detection 

methods are being developed to clearly distinguish neoplasms from normal tissue to aide 

in their removal, which eliminates the risk of subsequent progression into a life-
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threatening disease. Optical technologies have shown great clinical potential in the 

detection of precancers due to their high resolution and sensitivity to detect lesion less 

than a few cubic centimeters in volume [200]. Of optical technologies, multiphoton 

microscopy (MPM) has been demonstrated as an attractive imaging modality for the early 

detection and monitoring of epithelial pre-cancers and cancers [201]. It is a powerful tool 

that permits non-invasive, three-dimensional fluorescence imaging of subcellular features 

at high resolution hundreds of microns deep within tissue, which is important in the 

detection of precancers within the SS and SB layers (Figure 6.1b-d [202]). We believe 

MPM in conjunction with PLN holds promise as a technique for the simultaneous image-

guided detection and removal of these precancers; advantages in their combination 

include: 

 
• Use of molecular-based optical imaging can vastly improve the precision of 

precancer/cancer margin detection, allowing for differentiation between normal 

and abnormal cells.  

• Tunability of PLN to NIR wavelengths will allow for treatment of abnormal cells 

residing within the deepest layers of the epithelial layer. 

• Confinement control, such that damage to biological material only occurs in the 

direct vicinity of the particle 

 

6.2: EXPERIMENTAL METHODS 
 

Cellular constructs were developed using a four-step process: (1) collagen stock 

preparation, (2) GNS530 !EGFR gold bioconjugate preparation, (3) cellular labeling, and 

(4) construct gelation. The collagen stock was prepared by mixing the following pre-

chilled solutions: 100 $l 10 X DPBS (Sigma), 407 $l Rat Tail Collagen High 

Concentration Type 1 (8.60 mg/ml; BD Biosciences), 10 $l NaOH (1N; Fisher), and 484 
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$l dH2O. The collagen stock solution was maintained at 4°C until use22. GNS530 anti-

EGFR gold bioconjugates and MDA-MB-468 cells were prepared and maintained as 

previously described in Chapter 4.3.1 and 4.4.1, respectively.  

 

Cleaved MDA-MB-468 cells were washed with DPBS and centrifuged twice at 300 x G 

for 3 min to remove excess media. 75 $l 468 cells (3.45 x 107 cell/mL) were mixed 1:2.6 

(v/v) with 113 fmol GNS530 bioconjugates in DPBS and permitted to interact for 20 min. 

Labeled cells23 (2.6 x 104 particles per cell) were collected by centrifugation at 200 x G 

for 3 min (supernatant discarded) and well mixed 1:1 (v/v) with the chilled collagen 

solution. To prevent the formation of bubbles, the solution was gently stirred with a 

pipette tip. 65 $l of the collagen/468 solution was pipetted into a silicone well isolator 

(0.5 mm depth, 9 mm diameter; Invitrogen) attached to a sterilized glass cover slip (18 

mm x 18 mm; VWR) and permitted to gel for 30 min in >70% humidified24, 5% CO2 

atmosphere. Once gelation has occurred, the cell construct must be placed in DPBS to 

prevent drying. 

 
Imaging and Photodisruption was performed using the MPL microscope characterized in 

Chapter 4.5; again a laser light with 760 nm wavelength and 80 MHz repetition rate was 

utilized. To determine the extinction of the incident laser beam with propagation depth, 

we obtained en face images of labeled cells at 3 $m depth increments from the surface 

until the image contrast, i.e. signal-to-noise, decreases to approximately 1. We define the 

surface (z = 0) as the depth at which half the FOV has signal. To increase contrast at the 

surface, we decreased our PMT gain and increased imaging power; while providing high 

contrast images, this reduces the maximum imaging depth. Excitation power was 

                                                
22 To prevent gelation prior to addition of cells, stock solution must be utilized within 2 
hours of preparation. 
 
23 Successful labeling results in the pelleted sample having a dark purple hue. 
 
24 The humidity level severely affects final volume of three-dimensional construct (data 
not shown). Less humidity typically results in thin constructs having thickness # 100 $m 
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manually increased to maintain constant detected signal, slightly below the saturation 

levels of our PMT. 

 

Volumetric photodisruption was investigated with the incident powers of 5.5, 10, 20, and 

30 mW. For each power, the focused laser pulses were scanned along the x-y direction in 

five planes separated by 2 $m distance at an average depth of 60 $m below the surface of 

the cellular constructs. At each plane, the beam was scanned 15 times over the 150 $m x 

150 $m region of interest using a sawtooth scanning pattern such which results in root-

mean-squared (RMS) number of 4.4 x 104 pulses are applied in total to each spot after 

one full volumetric scan. Each irradiation zone was separated by 500 µm, center to 

center. Immediately after irradiation, 100 µL of calcein AM (14 µM;) was applied to the 

sample to visualize cell viability. 

 

6.3: RESULTS AND DISCUSSION 
 

Figure 6.2a represents typical en face MPL images and their corresponding 

contrast levels obtained from labeled three-dimensional MDA-MB-468 cellular 

constructs having a 1.9 x 105 cells/mm3 cellular density at different imaging depths. 

Contrast was profiled (Figure 6.2b) for manually identified cells marked by the arrows 

drawn in the en face images displayed. For each, a line was chosen that marked the 

largest MPL from the labeling. Near the surface, at 10 µm, the brightest signal from the 

labeling is approximately 100-fold greater than the minimum signal. Here signal is only 

originating from the labeling signal. The contrast falls to approximately 1 in our 

phantoms at a depth 130 µm below the tissue surface. At large depths, signal generation 

at the focal volume occurs in addition to signal generation at the surface from the 

scattering of ballistic photons [175, 203, 204]. The collection of this low spatial 

frequency, out-of-focus fluorescence results in reduced lateral variation in signal. 

 
To maintain constant multiphoton fluorescence intensity within the focal volume, the 

delivered energy must be exponentially increased with depth at a rate of  
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! 

Pave z( ) = Pie
µ t z

,             [6.1] 
 
where Pi is the average incident power and µt is the attenuation coefficient, which is the 

sum of the absorption and scattering coefficients. In the near-infrared regime, we can 

neglect the contribution from absorption in power attenuation because the mean free 

absorption coefficient (µa) is significantly less than the one of mean free scattering [205]. 

The mean free scattering length, which is the inverse of the mean free scattering 

coefficient (µs), is a more common term for describing the length photons traverse 

between scattering events in tissue. In practice, the excitation power delivered is 

increased at a slightly higher rate to compensate for increased losses from fluorescence 

collection and longer path length seen by large-angle excitation photons.  

 

In imaging the cellular construct, we increased the excitation power deliver from 3 mW 

at the surface to 80 mW at 130 µm deep (Figure 6.2c). When we fit these powers to 

Equation 6.1 by minimizing the mean square error between the data and the fit with a 

single parameter correlated to the scattering coefficient, we obtain a scattering coefficient 

of 2.26 x 10-2 ± 5.1 x 10-4 µm-1 (mean correlation coefficient of 0.99). Our scattering 

coefficient correlates to a mean scattering length of approximately 40 µm. From this, we 

find that we were able to image 3 scattering lengths deep into the three-dimensional 

tissue construct. 

 

Next we wanted to determine the nanoparticle labeling contribution to the bulk properties 

of the three-dimensional cellular construct. We can relate the change in scattering 

coefficient and absorption coefficient to the nanoparticle cross sections by [176]: 

 
%µs = Cs [GNP] NA,             [6.2] 
%µa = Ca [GNP] NA 

 
Where [GNP] is the molar concentration of GNS530 and NA is Avogadro’s number. 

Using DDA parameters outlined in Chapter 4.2.3, we can calculate maximum scattering 
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and absorption coefficients of 6.15 x 10-5
 µm2 and 1.07 x 10-4

 µm2, respectively, for 760 

nm wavelength excitation and particle orientation along the laser polarization. With 

approximately 100 fmol of GNS530 per final phantom volume, this gives an increase in 

the scattering and absorption coefficient of 57 µm-1 and 100 µm-1, respectively. As the 

power attenuation is the sum of the scattering and absorption coefficients, we will find 

that the nanoparticles provide negligible contribution to the extracted attenuation [181]. 
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Figure 6.2: Characterization of labeled three-dimensional MDA-MB-468 cellular 
constructs. (a) en face MPL images of labeled cells at increasing depths into the cellular 
construct. (b) Normalized signal profile from manually identified cells. (c) Plot of the incident 
power with respect to image depth. The fit yields a mean scattering length of 40 µm 
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Figure 6.3 shows a series of en face multiphoton images that traverse through the volume 

of MDA-MB-468 cells photodisrupted with 20 mW incident average power and 

incubated in calcein AM for 20 min. The dotted red square indicates the region where 

laser pulses were scanned during volumetric ablation. Centered on the 60 $m plane, the 

photodisruption volume is clearly delineated. The sharp boundary is indicative of highly 

confined photoactivated processes resulting from the excitation of nanoparticles by 

ultrashort laser pulses. Within the irradiated volume, greater than 95% of cells were 

rendered nonviable. Viability was determined by visualization of strongly fluorescing 

cells exposed to calcein AM. Nonviable cells generally had strongly reduced signal or 

only exhibited a ring of luminescence from the remaining nanoparticles on the cell 

surface. We also investigated the extent of damage beyond the primary photodisruption 

volume. Below the primary photodisruption volume, no cellular death was visualized. 

The volume above photodisruption yielded different results; approximately 10-15% of 

cells were rendered nonviable along the irradiation path. This reduced confinement of 

photodamage above the primary photodisruption volume can be explained by the 

increased percentage of photon scattering near the cellular construct surface and the high 

peak intensities of the propagating laser pulses. Decreasing the power incident onto the 

sample resulted in reduced extent of damage. With 5.5 mW incident power, cell death 

was negligible beyond the primary photodisruption volume. To reduce cellular damage 

along the laser propagation path, we believe it will be necessary to implement temporal 

focusing. With temporal focusing, the pulse duration will decrease with pulse 

propagation such that high peak intensities only result at the focal volume where the 

pulse duration is minimum [206, 207]. 
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Figure 6.3: Multiphoton en face images of labeled MDA-MB-468 cells after 20 mW PLN. The 
irradiation volume was centered on the 60 µm plane. Cells were incubated with calcein AM for 
20 min after photodisruption Imaged depths are (a) 40 µm, (b) 50 µm, (c) 60 µm, (d) 70 µm, (e) 
80 µm, and (f) 90 µm. The dotted red square indicates the region where laser pulses propagated 
through the sample.  

 
To theoretically determine the volume of the primary photodisruption region, we need to 

calculate the average fluence of the laser pulse as it propagates through the cellular 

construct. The laser fluence will be directly proportional to the decay in laser power and 

inversely proportional on the beam width, with both parameters being depth dependent. 

As such, the average fluence traversing the cellular construct can be calculated by 

 

!!"# ! ! !!!!!!!
!!!" ! !,               [2] 

 

where  is the radius at which the laser intensity drops to 1/e2 of its 

axial value, w0 is the beam waist, and f is the repetition rate. In our monolayer cell 

! 

w z( ) = w0 1+ z zR( )2
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construct result presented in chapter 4, PLN yielded a plasmonic laser photodisruption 

threshold of 1.3 mJ cm-2. As this fluence typically has an associated death with only 376 

pulses, we assumed the large increase in pulse number would further increase the degree 

of death. Knowing the fluence at the focal plane and the plasmonic laser photodisruption 

threshold, we can determine the volume photodisrupted by each scan plane. Through the 

superposition of all the scan planes, the total theoretical photodisruption volume is 

yielded.  

 

 
Figure 6.4: Plot comparing the primary theoretical and 
experimental photodisruption volumes, excluding cellular 
death above the volume, with respect to the incident power. 

 
Figure 6.4 provides a plot comparing the theoretical and experimental photodisruption 

volumes for the MDA-MB-468 cancer cell construct. In determining the experimental 

volume, cellular death above the region was excluded. Experimentally found volumes are 

always higher in value than theoretical calculations. We conclude that this is due 

primarily to the staggering of the cells within the construct, which effectively extends the 

photodisruption volume in the z-direction. 
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6.4. SUMMARY 
 

 In this chapter we described PLN within three-dimensional cellular constructs. 

Our main goal was to determine the degree of obtainable confinement. Here 

photodisruption was performed at a distance 60 µm deep into the construct at different 

powers. A clearly delineated volume having greater than 95% cellular death was found 

using laser powers as low as 5.5 mW. Additionally, we found a percentage of cells died 

along the laser propagation path that increased with incident power. Even though the 

“out-of-focus” fluence is low, increased photon scattering near the construct surface and 

the high peak intensities of the propagating laser pulses most likely resulted in unwanted 

cellular death. Temporal focusing may provide a simple solution in reducing this 

collateral damage. 
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Chapter 7: Conclusion and Future Perspectives 
 

 
As illustrated in the preceding chapters, the excitation of surface plasmons on noble-

metal nanoparticles by pulsed laser irradiation provides a platform for the confinement of 

photoactivated processes. In conjunction with nanoparticle targeting, plasmonic laser 

phototherapy techniques may provide high levels of therapeutic selectivity. In this 

dissertation, we demonstrated a novel femtosecond laser assisted plasmonic laser 

nanosurgery technique for the optoporation of cellular membranes. PLN exploits the 

near-field enhancement of femtosecond laser pulses in the vicinity of gold nanoparticles 

to photodisrupt the integrity of cellular membranes onto which the nanoparticles are 

attached. The use of femtosecond laser pulses ensures non-thermal tissue 

photodisruption, while functionalized nanoparticles greatly improve the selectivity of the 

localization of the photodisruption process. Moreover, the enhanced electric field around 

the particle reduces the necessary energy for material photodisruption into the pico- and 

nano-Joule range, limiting the extent of damage to the particle near-field. Since the 

particles themselves act as “nano-lenses”, precise laser focalization at the target of 

interest is no longer necessary; additionally, large volumes of tissue can be irradiated at a 

given time, decreasing the time of treatment. Finally, gold nanostructures exhibit 

negligible to minimal cellular toxicity, making the technique ideal for in vivo clinical use. 

 

As PLN continues to mature, it will provide the following benefits:  

 
1) Nanoparticles spatially confine thermal and mechanical effects, providing; 

a) Highly precise photodestruction of cells or subcellular targets 

b) Reduced fluence irradiation with minimal disruption to surrounding, normal tissue 

2) Their optical properties are tunable to NIR wavelengths, allowing;  

a) Deep tissue penetration 

b) Use of non-linear effects to improve selectivity 

3) Easy nanoparticle functionalization methods provide: 
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a) Enhanced targeting to biomarkers with high selectivity 

b) High throughput phototherapeutic processes  

4) Image-guided therapeutics through scattering and bright multiphoton luminescence 

a) Bright multiphoton luminescence renders nanoparticles as image contrast agents 

 
In the subsequent section, we will provide a summary our found results and show how 

these benefits could potentially provide PLN an important clinical role in the future.  

 

7.1 OVERVIEW OF PLN CONCLUSIONS 
 
We demonstrated the feasibility of PLN through the in vitro optoporation of 

triple-negative MDA-MB-468 human epithelial breast cancer cells derived from ductal 

carcinoma. Through targeting of the over-expressed EGFR along the cellular membrane, 

we were able to perform simultaneous molecular specific imaging with MPL microscopy 

at and photodisruption. PLN was performed using ultra-low energy, NIR, laser pulses 

having either 270 fs pulse duration and 80 MHz repetition rate or 3.3 ps pulse duration 

and 300 kHz repetition rate. Targeted membrane optoporation of nanoparticles-labeled 

cancer cells was performed in monolayer constructs and formed as three-dimensional 

cellular constructs.  

 

We first characterized the dependence of membrane barrier dysfunction with respect to 

pulse duration and laser energy by probing the cell’s ability to uptake and retain a 

fluorescently-tagged protein after optoporation. 270 fs laser pulses were found to initiate 

optoporation of the cellular membrane at fluences as low as 1.3 mJ/cm2. Increasing the 

pulse duration to 3.3 ps increased the minimum fluence required for cellular optoporated 

approximately 20-fold to 28 mJ/cm2. For both pulse durations, two PLN regimes were 

found: (1) transient pore formation in which a subset of optoporated cells maintained 

protein uptake and viability and (2) >90% of cells incurred death due to the cellular 

membrane being compromised. The first regime, found at lower powers, has implications 

for the success of cellular transfection, where the ability to maintain cellular viability 
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after PLN is highly important. Here we found a maximum optoporation efficiency of 

41% with 2.5 mW laser light at 80 MHz. The second regime, found at higher powers, is 

defined by where PLN induces greater than 90% cellular death; interestingly, PLN was 

never found to induce 100% cellular death for the conditions that we have tested.  
 

We next studied the synergistic effects associated with particle- and optical-spatial 

localization and their effects on the plasmonic laser photodisruption threshold, efficiency, 

and extent of photodamage. To understand particle effects, we manipulated the following 

parameters: (1) labeling density and (2) temperature-induced receptor distribution on the 

cellular membrane. We find that a minimum particle concentration of 4 x 103 particles 

per cell is necessary to induce photodamage for both 2 and 5 mW irradiation. At these 

concentration levels, agglutination occurs along the cellular membrane and the 

synergistic interactions of particles results in large field strengths. It is these high field 

strengths that PLN exploits to induce optoporation at ultra-low fluences. The labeling of 

cells at various temperatures was utilized to manipulate particle aggregation and 

localization. We found 25 °C resulted in the highest PLN optoporation levels. Increasing 

labeling temperature to 37 °C increases particle localization within the cell.  We find a 2-

fold reduction in the FITC-Dextran uptake levels and a 4-fold reduction in observable 

death when compared to labeling at 25 °C. These results point to the high confinement of 

photoactivated processes during PLN; with particle internalization, less damage of the 

bilipid membrane occurs. Labeling at 4 °C reduces particle agglutination along the 

membrane. Here we find a 7-fold reduction in the FITC-Dextran uptake levels and a 20-

fold reduction in observable death. These results again show that particle aggregation 

along the cellular surface is crucial for the success of PLN. Optical effects were 

modulated with the use of circularly polarized laser light. As circularly polarized light 

emits a light beam of all polarization angles within one optical period, we believe that a 

greater fraction of the spheroidal particles will be excited. In support, we found the 

circularly polarized light results in larger percentages of cells incurring membrane 

dysfunction as opposed to linearly polarized light.   
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We provided experimental evidence elucidating the mechanism of photodisruption with 

ultra-low, 80 MHz energy pulse PLN. Femtosecond laser pulse interactions with gold 

nanoparticles primarily result in photoactivated processes dominated by multiphoton 

induced electron emission. As PLN was found to exploit the synergistic effects of particle 

aggregation, pulses of only a few mJ/cm2 can generate the high field intensities necessary 

for large concentrations of electrons to be emitted from particle surfaces. These emitted 

electrons provide the seeds for the formation of free radicals in the surrounding water, 

leading to photodisruption by photochemical processes. These free-radicals mediate 

membrane dysfunction by polyunsaturated lipid and protein peroxidation. Irradiation in 

the presence of a ROS indicator, Jenchrom Blue px, confirmed ROS production. ROS 

production was found to increase with PLN irradiation power, further providing support 

for the ejection of electrons being the vehicle on which ROS formation occurs.  

 

Finally, we performed PLN within three-dimensional cellular constructs to understand 

photodisruption confinement. Here photodisruption was performed at a distance 60 µm 

deep into the construct. A clearly delineated volume having greater than 95% cellular 

death was found using milli-Watt irradiation levels. Additionally, we found a percentage 

of cells died along the laser propagation path that increased with incident power. Even 

though the “out-of-focus” fluence is low, increased photon scattering near the construct 

surface and the high peak intensities of the propagating laser pulses most likely resulted 

in unwanted cellular death. Temporal focusing may provide a simple solution; with 

temporal focusing, the pulse duration will decrease with pulse propagation such that high 

peak intensities only result at the focal volume where the pulse duration is minimum. 

 

With maturation, we believe PLN has the potential to improve the localization of 

treatment in complex tissue structures, e.g. brain tumor and carcinomas in situ, and 

permit the molecular manipulation of sensitive cellular types, e.g. transfection of stem 

cells and primary cells. On a broader spectrum, the high specificity of PLN provides the 

possibility for membrane- and molecular-specific phototherapy with direct therapeutic 
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prospects extending into the fields of cancer, genetics, proteomics, virology, 

bacteriology, and cardiology. For PLN to find application in a clinical setting in the 

treatment of disease, a number of parameters, particle and optical, still need optimization. 

Let us next define possible parameter optimizations that will complement ongoing in-

vitro and in-vivo experiments to fully mature PLN.  

 

7.2 PARAMETERS FOR THE CLINICAL MATURATION OF PLN 
 

A variety of important parameters, listed in Table 1, still need attention in the 

development of PLN (and other PLP phototherapies).  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. 
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Table 7.1: Parameters important to understand for the application of PLP in a clinical 
setting 

1. Particle Dynamics 
 a. Stability: ability to circulate physiological system without removal from body 

b. Delivery: transport of particles to desired location through topical delivery or intravenous injection 

 c. Biocompatibility: no adverse chemical reactions with physiological environment 

 d. Optical: ability of particle to optimally absorb and scatter incident laser light 

 e. Clearance after therapy: particle removal through lymphatic system 

2. Particle Functionalization 
 a. Stability: dissociation of molecular specific bioagents from particle 

 b. Biomarker targeting: desired location of particle in tissue/cell and distance from choice target 

 c. 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 

 
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 at 4°C temperatures long enough to include time for 

shipment from place of generation and storage at site before use.  Additional animal 

studies are still needed to verify that bioconjugates are biologically inert: 

 
• Proteins within the bloodstream are not competitively displacing molecules 

adhered to the particle surface, imparting new particle functionality and 

subsequent random targeting 

• Functionalized particles only interact with its cognate receptor; for example, 

antibody functionalized particles do no invoke unwanted immunogenic responses 

• Particles are able to circulate the body without removal or nonspecific 

accumulation in various tissue systems.  
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In essence, the particle must be able to travel the blood system and seek out the choice 

target, while minimally interacting with other locations and proteins in the body. In our 

lab, we are currently working to develop bioconjugates in which directionally-aligned 

antibodies are covalent coupling of to the gold surface with near zero-length linkers 

(similar in technique to the cover slip functionalized of Chapter 4.4). We believe this will 

increase shelf life, inertness, and stability within the body without the need for long PEG 

linkers or glycosylated targeting antibodies [208, 209]. Here we are experimentally 

investigating a double ligand exchange process25 to replace electrostatically attached 

citrate molecules with a more stable covalently bound carboxylic acid or amine surface 

group (Figure 7.1; [210, 211]). Use of standard EDC and sulfo-NHS chemistry can be 

utilized on the antibody that permits its directional and covalent attachment to the particle 

surface groups. We believe this method will allow for the development of specific 

bioconjugates with the following advantages: 

 
• Use of standard chemicals allows for development at reduced costs 

• Use strong covalent bonds reduces possibility for reduced desorption of the 

antibody from the particle surface. Free antibodies can compete for antigen sites 

and lower the targeting of the molecule.  

• Without the need for large linker molecules, particles will be smaller and allow 

for more precise particle localization to the desired target 

 

                                                
25 Use of a double ligand exchange process reduced uncontrolled aggregation, which 
typically occurs in direct exchange processes. 
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Figure 7.1: Bioconjugate development process in which directionally-aligned antibodies are 
covalently coupled to the gold surface with near zero-length linkers. A double ligand 
exchange process is utilized to replace electrostatically attached citrate molecules with a more 
stable covalently bound carboxylic acid or amine surface group 
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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 in-vivo 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 not only affect not only the threshold energy, but will also affect the 

necessary degree of optical localization.  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 [208, 209]. 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 [212]. Typically these 

vessels are biodegradable or become part of the cellular membrane upon attachment to 

target of interest. 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 

may be necessary, which will dictate the laser wavelength. On the other hand, the type of 

tumor whether it is solid or scattered among the healthy cells, will determine the laser 

pulse duration necessary. Large tumor masses can be treated with longer pulse durations 
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or CW irradiation, where confinement in damage is minimal, providing greater treatment 

zones. On the other hand, perivascular invasion strands located along tumor margins are 

surrounded by healthy, normal cells; treatment of these strands requires short pulse 

durations to minimize collateral damage. 

 

The physical delivery of laser light is of great importance. The clinical application of 

PLN requires the parallel development of a flexible miniature probe for the delivery of 

ultrafast pulses to intraoperative surgical sites. The development of probe-based 

technology that minimizes patient discomfort while effectively irradiating the entire 

region of interest is desired [213-215]. 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. With the rapid expansion of 

endoscopic technology, pulsed laser light can be delivered to most superficial regions of 

the body [213, 216]. The thesis of Dr. Chris Hoy from our lab demonstrates a proof-of-

concept fiber-coupled 9.6 mm endoscopic probe capable of delivering laser pulses for 

simultaneous imaging and photodisruption [217]. 

 

Additionally, 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 [105, 218-223] and that combine phototherapy 

with other therapies such as photodynamic therapy [224-228] are only just being realized. 

 

 

 

 

 



 153 

7.3. FUTURE PERSPECTIVES:  
 
In this section, we discuss two promising future applications of PLN. 
 

7.3.1. Towards Clinical Application of PLN using Endoscopes 
 

In this thesis, we provide a fundamental characterization of PLN. While clinical 

maturation of PLN requires further optimization of those parameters there is a need for 

developing clinically viable endoscopic probes that can provide realization of PLN in a 

clinical setting. Towards this goal, our lab has been developing miniaturized fiber 

delivered probes for femtosecond laser microsurgery and nonlinear microscopy [213, 

216]. In a more recent study, we explored the possibility to perform PLN using our latest 

probe that can fit in a 9.6-mm diameter housing. 

 

Here we summarize the preliminary results obtained in collaboration with Dr. Chris Hoy, 

Dr. Onur Ferhanoglu, Dr. Marica Ericson, and Darlene King towards exploring the 

capabilities for plasmonic imaging and surgery using the 9.6 mm probe. We refer the 

reader to Hoy et al. [213] for details on the experimental setup utilized (brief summary 

provided in Appendix B). Clinical endoscopy capable of image-guided plasmonics can 

provide physicians an approach that eases the degree of laser guidance necessary to 

induce photodamage of cancerous tissue while avoiding damage to healthy tissue. 

Additionally PLN in conjunction with MPL imaging can enable the use of a single laser 

for imaging and therapy, which reduces overall size, cost, and complexity of the clinical 

system, making it more attractive for clinical adoption.  

 
We first present representative endoscopic MPL image of cells labeled as a monolayer 

construct (Figure 7.2). Due to the long axial resolution of approximately 10 µm, the 

endoscope’s optically sectioning capabilities are reduced as compared to the tabletop 

setup.  Cells are visualized as more “filled-in” rather than as bright rings, as with Figure 

4.6a. Here, even if we select a plane within the cell, the long axial focal length will 

additionally excite labeling along the top surface of the cell, resulting in the appearance 
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of signal emanating from throughout the cell. As epithelial cells are typically within the 

size range of 10 to 20 µm in diameter, the system design constraints will fortunately not 

compromise therapeutic selectivity of single cell layer. 

 

 

Figure 7.2: MPL image of gold nanosphere labeled MDA-MB-468 epithelial breast 
cancer cells from 9.6 mm clinical endoscopic probe. Image is an average of 14 frames (2 
sec) obtained using 757 nm wavelength laser light. The images are initially displayed at 7 Hz 
rate where approximately 76% of the cells are sampled. Average imaging power at the 
sample plane was 16.5 mW. Scale bar corresponds to 10 µm. 

Our main goal in these experiments was to compare endoscopic and tabletop PLN results 

and mainly to determine the threshold condition at which the endoscope induces cellular 

death. In these experiments we probe the PLN optoporation threshold using the 

fluorescent probe FITC-Dextran (10 kDa, 25 mg ml-1) and tested the viability of these 

effected cells using calcein red-orange as described in Section 4.8 

 
Figure 7.3 shows epifluorescence images of intracellular FITC-Dex and calcein red-

orange after PLN with the 9.6 mm clinical endoscope probe. We observe that both 

cellular death and FITC-Dextran influx occurs after irradiation with an average power of 

12.6 mW (2 mJ/cm2). Approximately 10 % of irradiated cells are affected at this incident 

power. Below 12.6 mW, no FITC-dextran influx and cellular death is observed. This 

threshold value corresponds very well with our tabletop results.  Increasing the incident 
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power to 18.9 mW (3 mJ/cm2) results in nearly the entire FOV experiencing optoporation 

and subsequent cell death. Interestingly we find a 1:1 correspondence of FITC-Dextran 

uptake with cellular death. The long axial length most likely results in a greater number 

of particles along the cellular membrane being optically excited per pulse. Subsequently, 

a greater degree of membrane poration will result in irreparable membrane barrier 

dysfunction leading to necrosis. As with tabletop PLN experiments, cellular death is not 

100% within the irradiated region; a few cells remain unporated and viable. As these 

results are preliminary, further investigation is needed to finalize all these aspects. 

 

 
Figure 7.3: Epi-fluorescence imaging of PLN performed on !EGFR gold bioconjugate 
labeled MDA-MB-468 cells with 9.6 mm clinical probe. Region between dashed lines denotes 
experimental data set. Here labeled cells were scanned 14 times with laser light of varying 
fluence. Fiduciary marks (10 sec irradiation of 44 mW laser power) delineating the experimental 
series are found outside the dashed lines. (a) Cellular viability as probed with 14 µM calcein red-
orange, AM. (b) Overlay of intracellular retention of FITC-Dextran and viability images. The 
scale bar corresponds to 100 µm. 

 

The threshold power for cellular death is less than the required 16.5 mW average power 

necessary for high contrast imaging labeled cells. In post-processing of imaged areas, cell 

death within the FOV was consistently observed. Parallelized cellular death with imaging 

is not necessarily unacceptable in image-guided plasmonic phototherapy. From table-top 

experiments, we can predict that the high labeling concentration will result in the cellular 
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necrosis of labeled, cancerous cells without harming the viability of normal cells with 

low labeling concentration. As such, the current technique can provide, for example, a 

valuable tool for the eradication of perivascular invasion strands located along tumor 

margins. If diagnostic data were additionally required, design implementations to further 

increase probe collection efficiency would be required. 

 

7.3.2. Towards High-Throughput Non-Contact Gene Transfection 
 

Motivated by the need for a vector delivery method for cellular transfections 

without biocompatibility issues and/or phenotypic alterations typically associated with 

Lintivirus-mediated gene transfer [229], liposomal [10], and electroporation [230] 

transfection technologies, noncontact laser technology has become an indispensable tool 

for genetic transfections. Direct optical methods (i.e., laser optoinjection [1, 190, 231], 

optoporation using laser-induced stress waves or “LISW” [232, 233] and selective cell 

targeting with light absorbing particles) aim to produce tiny, rapidly sealing, submicron 

holes in the plasma membrane to facilitate the uptake of exogenous DNA into cells. 

Photochemical internalization, on the other hand, is an indirect method of assisting the 

transport and release of macromolecules via endosomes and lysosomes through the 

oxidation of these transport vesicles by photosensitizing agents, releasing their contents 

into the cytosol. [234, 235]. A comparison of noncontact laser technologies for genetic 

transfections is provided in Table 7.2. 

 

Laser optoinjection provides a means for high efficiency transfection, but remains rather 

slow, typically permitting only single cell manipulation. Recent work has achieved 

transfection speeds up to 1 cell per second, albeit with reduced transfection efficiency 

[236]. On the other hand, LISW provides the ability for high throughput transfection, but 

is limited by its low transfection efficiency. Photochemical internalization provides both 

high efficiency transfection and high throughput; unfortunately it is procedurally 

complex, where high efficiency transfection is highly dependent upon the appropriate 
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combination of photosensitizer and transfection vector used and the ability of the 

photosensitizer to be exogenously uptaken by the cell. Light absorbing particles also 

provide both high efficiency transfection and high throughput, but induced pore size 

limits the size of the transfection vector. 

 
Table 7.2: Summary of noncontact laser technologies for genetic transfections 

 Laser 
Optoinjection 

LISW Photochemical 
Internalization 

Light Absorbing 
Particles 

Laser 
Parameters 

NIR, fs pulses 
80 MHz 

Single to few 
ns pulses 

Visible CW 
laser light 

Single to few 
Visible, ns pulses 

Delivery 
Mechanism 

Low-density 
plasma 

mediated 
photodisruption 

of membrane 

Increased 
membrane 

permeability 
from incident 
stress-waves  

Oxidation of 
transport 

vesicles by 
photosensitizing 

agents 

Cavitation by 
explosive boiling 

leads to 
photodisruption 

of membrane 
Efficiency 50% 6% 50% 32% 

Speed Single cell at a 
time 

Thousands of 
cells 

Thousands of 
cells 

Thousands of 
cells 

Vector Size Performance 
up to 4. kb 

DNA vectors 

Performance up 
to 4.7 kb DNA 

vectors 

Performance up 
to 4.7 kb DNA 

vectors 

Performance up 
to 150 kDa IgG-

Antibodies 
Clinical 

Capabilities 
In-vitro Both in-vivo & 

in-vitro 
capabilities 

In-vitro Both in-vivo & 
in-vitro 

capabilities 
 
 

We believe PLN has the potential to provide high throughput transfection with high 

efficiency. The use of scanning or microfluidics will allow for rapid irradiation of large 

swaths of cells. Additionally the “gentle” ultra-low fluence photodisruption, resulting 

from reduced mechanical and thermal effects, should maintain high cell viability. Due to 

the small pores sizes generated with PLN, we believe PLN will be limited in the size of 

transfection vector. Here we discuss our initial results demonstrating PLN as a delivery 

method of siRNA into cells. 
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Preliminary results show fluorescently-tagged siRNA mimic26 uptake in MDA-MB-468 

cells after PLN. Figure 7.4 shows epifluorescence images of intracellular fluorescently-

tagged siRNA mimics and calcein red-orange after exposure to an average power of 2 

mW. We find that nearly 100% of irradiated cells incur siRNA influx, which suggests 

that siRNA is more easily able to permeate the cell during PLN than 10 kDa FITC-

Dextran. Even though a large degree of cellular death was found in this experiment, an 

optoporation efficiency of 40% was still achieved. These results are encouraging, as they 

provide similar transfection efficiencies as laser optoinjection and photochemical 

Internalization. Additionally, we were able to optoporate approximately 100 cells in less 

than 10 sec. 
 

 
Figure 7.4: Epi-fluorescence imaging of fluorescently tagged siRNA retention and cellular 
viability to determine the PLN optoporation efficiency. Labeled cells were scanned 30 times 
with 2 mW average power laser light. Images show (a) intracellular retention of fluorescently 
tagged and (b) cellular viability as probed with 14 µM calcein red-orange, AM. The scale bar 
corresponds to 25 µm. 

Next we monitored the influx dynamics of siRNA. Figure 7.5a presents the time 

dependent variation of extracellular and intracellular fluorescence signal levels as 

measured from the MPM images of irradiated cells. A 20 pM molecular concentration of 

siRNA mimics was added to the extracellular solution prior to the irradiation. We probed 

                                                
26 Mimics (Dharmacon) have a molecular weight of 14.9 kDa and sequence  
p-GUCAUUGCCACCCAGCUACUGG-fl 

!"#$ !%#$
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the influx of the fluorescent probe after cellular irradiation with 30 scans of 1.5 mW 

incident power. siRNA uptake was monitored for approximately 3 min after PLN. We 

find a concentration of 9.9 ± 4.0 pM siRNA mimics influx into the cell27, which is 

approximately 2.5-fold higher than the relative concentration of 10 kDa FITC-Dex influx 

reported at 2 mW irradiation power in Chapter 5.3.3. We associate this increase in 

diffusion rate with the change in probe geometry, i.e. FITC-Dextran molecule is spherical 

whilst the siRNA mimic is rod-like. Intracellular concentration of siRNA mimics reached 

steady state in approximately 160 sec, which correlates well with the previously found 

transient pore duration. 

 

 
 
Figure 7.5: Passive diffusion and cellular viability provide important measures to the 
success of PLN as a transfection tool. (a) Uptake kinetics of siRNA was monitored after 
irradiated by 15 scans of 1.5 mW laser light. The shaded region and arrow indicate the time of 
irradiation and start of MPM imaging, respectively. (b) 24 hr viability measurements after PLN. 

 

In addition to the ability to passively diffuse exogenous materials into cells during PLN, 

it is equally important that cells are able to survive and divide after treatment. Figure 7.5b 

provides 24 hr cellular viability data after PLN with 15 scans at different laser powers. In 

these experiments, we again utilized 10 kDa FITC-Dextran to monitor which cells were 

optoporated. All Irradiation powers up to 15 mW maintain some percentage of viability. 
                                                
27 Analysis was performed similar that described in Chapter 5.3.3. 
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As expected, lower powers generally resulted in greater 24 hr viability numbers. 

Unfortunately, we have so far been unable to determine whether optoporated cells are 

dividing after photodisruption. Though all irradiation FOVs are again filled with cells 

after 24 hr, the low percentage of fluorescing cells suggests reduced growth rates after 

PLN. Assuming each optoporated cells divides once in the 24 hr time period after PLN, 

we would expect to see approximately 40-60% viability. As Lintivirus-mediated gene 

transfer is currently the only transfection method not reliant on cell division, it is 

extremely important that future studies determine growth rate after PLN. 

 

7.4. SUMMARY 
 

We began our discussion with a fundamental characterization of PLN. We next 

discussed how the biological limits affect the optical and particle parameters. In initial in-

vitro studies, PLN has demonstrated enhanced therapeutic qualities for the increased 

efficacy in cancer treatment. For example, the use of pulsed, NIR laser light allows for 

deep propagation of pulses into tissue and photodisruption of abnormal cells with high 

selectivity and minimal collateral damage. We also discussed how the physical properties 

of bioconjugates must further be understood to develop the next generation of smart 

phototherapeutic particles. Here we propose the development of bioconjugates in which 

directionally-aligned antibodies are covalent coupling of to the gold surface with near 

zero-length linker. These bioconjugates will provide improved spatial localization to the 

target of interest in addition to the use of simple chemistry techniques for their 

development. 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 provide a strong 

clinical impact. Even though PLN has a long way to go towards clinical maturation, it is 

still important to continue work on exploring the clinical capabilities of PLN. To that end, 

we provide preliminary results demonstrating use of PLN with a clinical-sized endoscope 

and cellular transfections with siRNA mimics.  
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APPENDIX A: MATHEMATICAL TREATMENT OF 
MIE’S FORMULATION 

 
 

In this Appendix, a mathematical description of Mie’s formulation using 

Poynting’s Theorem will be presented [11, 237].  The treatment is subjected to a few 

limitations: 

 

(a) Coherent scattering - light scattered from the particle is of the same frequency 

as the incident light. 

(b) Independent scattering – the homogeneous medium of refractive index n0 in 

which the nanoparticles are embedded is not highly scattering. 

(c) Single scattering - spherical particles of radius a much smaller than the optical 

wavelength $ are well isolated.  The effects of multiple scattering are 

neglected. 

 

In our derivation, we consider a spherical particle of diameter 2a and size dependent 

refractive index 

! 

m = "1 #( ) "m , which is the ratio of the vacuum refractive index to the 

medium refractive index.  Illumination is by a plane wave propagating along the z-axis, 

polarized along the x-axis, and of vacuum wavelength $.  The particle is embedded in a 

nonabsorbing host medium. 

 

Assuming the resultant electromagnetic field outside the sphere results from the 

superposition of the incident field and scattered fields, we can determine the power rate 

for absorption: 

 

! 

Wabs =W0 +Wext "Wsca             (A1) 
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Here W0 is the rate of energy absorption in the medium, Wext the extinction rate, and Wsca 

the scattering rate. W0 vanishes from Eqn. A1 because no energy is lost to the 

surrounding, nonabsorbing medium. Applying Poynting’s theorem, 

! 

S =1 2Re E "H#( ), 

to the resulting rate equation, we find: 

 

! 

Wabs = "
1
2
Re Einc #Hinc

$( )eRR2 sin%d%d&
0

'

(
0

2'

(

"
1
2
Re Einc #Hsca

$ + Esca #Hinc
$( )eRR2 sin%d%d&

0

'

(
0

2'

(

"
1
2
Re Esca #Hsca

$( )eRR2 sin%d%d&
0

'

(
0

2'

(

        (A2) 

 

Here Re indicates the real part and the asterisk the complex conjugate.  

 

For the purposes of this dissertation, instead of the rate equations, it is more practical to 

express the electrodynamic properties of an optically excited nanoparticle as a set 

nondimensional efficiency terms, specifically those for scattering and extinction. 

Transformation of Eqn. A2 into efficiency terms occurs in two simple steps: (1) the rate 

equation is normalized by the incident wave intensity I0 to obtain the optical cross section 

! 

" abs and then (2) the optical cross section is normalized against the geometrical cross 

section 2a of the spherical particle. This simplifies the complex power rate for absorption 

into the simple nondimensional absorption efficiency term: 

 

! 

Qabs =
" abs

#a2
                         (A3) 

 

At this point, all electromagnetic fields contained within the absorption expression are 

expanded according to their vector spherical harmonics.  The solution is developed 

according to two boundary conditions: 
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(1) the electric potential is continuous at the sphere surface and 

(2) the normal component of the electric displacement is continuous, 

 

which are applied to solve for the unknown expansion coefficients of the scattered and 

interior wave.  All expanded fields are inserted back into Eqn. A3 and it is then integrated 

along a finite 2R region located in the particle far-field, R >> a.  To keep the solution 

relatively simple, Debye introduced the Riccati-Bessel function 

! 

"n kR( ) and a Riccati-

Hankel function 

! 

" n kR( ) [238]. Using the simple relationship:  

 

scaextabs QQQ != ,             (A4) 

 
the absorption efficiency is separated into extinction and scattering efficiencies given in 

explicit form by: 

 

 

! 

Qext R( ) =
2
x 2

2n +1( )Re an + bn( )
n=1

"

#

$ Im % n kR( ) & ' n kR( )( ) & % n kR( )'n kR( )(( ) + Im an + bn( )

$Re % n kR( ) & ' n kR( )( ) & % n kR( )'n kR( )(( )
        (A5) 

 
and 

 

 

! 

Qsca =
2
x 2

2n +1( )
n=1

"

# an
2

+ bn
2{ }$ Im % n kR( ) & % n kR( )'( )         (A6) 

 

where 

! 

x = ka  is the size parameter and

! 

k = 2"m #  is the wave number outside the 

particle.  an and bn are the scattering coefficients of the sphere, given by: 

 

! 

an =
" # n mx( )#n x( ) $m#n mx( ) " # n x( )
" # n mx( )% n x( ) $m#n mx( ) " % n x( )

           (A7) 
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and 

 

! 

bn =
m " # n mx( )#n x( ) $#n mx( ) " # n x( )
m " # n mx( )% n x( ) $#n mx( ) " % n x( )

           (A8) 

 

Using the relationship 

! 

" n kR( ) =#n kR( ) + i$n kR( ) , where %n is a Riccati-Neumann 

function, Eqn. A5 and A6 can be written in terms of %n.  Since all solutions of kR will be 

real for which the Neumann and Bessel functions are real, the following statement can be 

made: 

 

! 

" # n " $ n
% & " # n$n

% = &i 'n " $ n &$n " ' n( )            (A9) 

 
Independent of kR, the value of the Wronskian of real functions will always equal 1.  

Using the same line of reasoning, 

! 

Im " n # " n
$( ) =1 for all kR.  This allows then for Eqn. A5 

and A6 to be reduced to [239]: 

 

( ) ( )!
"

=

++=
1

2 Re122
n

nnext ban
x

Q          (A10) 

 
and 

 

! 

Qsca =
2
x 2

2n +1( )
n=1

"

# an
2

+ bn
2{ },         (A11) 

 

! 

Qext  and 

! 

Qsca  provide a measure for the ability of sphere to extinct and scatter an incident 

electromagnetic wave $.  

 

For a measure of the relative near-field intensity as a function of particle size and incident 

wavelength the near-field efficiency 

! 

QNF  is introduced [21]. 

! 

QNF  provides a measure for 
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the ability of the sphere to convert the incident electric field intensity to a near-field 

intensity. 

! 

QR  is the contribution of 

! 

QNF  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. The explicit calculations of 

! 

QNF  and 

! 

QR  yield the following 

expression in terms of the scattering coefficients of a sphere at the particle surface (R = 

a): 

 

! 

QNF = 2 an
2 n +1( ) hn"1

2( ) ka( )
2

+ n hn+1
2( ) ka( )

2# 
$ % 

& 
' ( + 2n +1( )bn

2 hn
2( ) ka( )

2) 
* 
+ 

, 
- 
. 

n=1

/

0     (A12) 

 
and 

 

! 

QR =
2
x 2

2n +1( ) n +1( )n an
2 hn

2( ) ka( )
2

n=1

"

# ,                   (A13) 

 
where 

! 

hn
2( ) is the Hankel function of the second kind.  

 

The above formulation of the near- and far-field efficiencies provides a complete picture 

of the scattering and absorption properties of an individual sphere of arbitrary size. 
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APPENDIX B: EXPERIMENTAL METHODS FOR 
COMBINED PLN AND ENDOSCOPY 

 
 

We refer the reader to the thesis of Dr. Chris Hoy for a complete understanding of 

the fiber-coupled 9.6 mm endoscopic probe used in these experiments [217]. Briefly we 

provide a description of the system. Linearly polarized, 757 nm wavelength laser pulses 

from a Ti:Sapphire laser system (80 MHz repetition rate) are delivered by a 3 m long air-

core photonic bandgap fiber (Air-6-800, 753 minimum dispersion wavelength; Crystal 

Fibre) to a 500 µm diameter collimating gradient index (GRIN) lens. A 500 µm right 

angle prism affixed to the GRIN lens directs the laser onto a gimbaled two-axis 

microelectromechanical system (MEMS) scanning mirror. The 750 µm x 750 µm mirror 

surface is electrostatically driven at its mechanical resonance frequencies to deflect the 

laser beam in a Lissajous pattern (visualized in Figure 6). The scanned beam is imaged to 

the back aperture of an aspherical objective lens (0.55 NA) through a 3 mm outer 

diameter relay lens pair. Use of the relay lens allows for optimized collection of scattered 

light, since the dichroic mirror and collection fiber (large 2 mm core size) can be placed 

with close proximity to the objective lens. Emission light is epicollected, transmitted 

through a dichroic mirror, and delivered via 1 m of fiber to a 6.33 mm outer diameter 

aspheric coupling lens, laser filter (BG-39, Schott, blocks > 700 nm), and a cooled 

GaAsP photomultiplier tube (H7422-40, Hamamatsu). 

 

The optical scanning and collection system are packaged entirely within a polymer 

housing fabricated using three-dimensional printing (ProJet HD 3000; Ember Surge). The 

housing has an outer diameter of 9.6 mm and a rigid length of 23 mm with all fibers and 

wires exiting in-line with the axis of the probe (Figure 6.6). At these dimensions, the 

probe can be delivered through the insertion tube of most commercial colonoscopes and 

provides a design for flexible delivery of the device into body cavities, e.g. oral cavity, 

and anywhere along the outer portions of the body. 
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Figure B.1: Characterization of 9.6 mm clinical endoscopic probe. Schematic of system with 
resulting IPSF2 images for 500 nm fluorescent bead and Lissajous scanning pattern. 
Characterization of the spatial resolution was performed by Dr. Chris Hoy. 

 
The spatial intensity distribution at the focal volume was estimated by measuring the 

IPSF2 with 500 nm diameter fluorescent beads embedded in agar. Fitting Gaussian 

functions to the profiles along the centroids of 12 beads, yielded lateral and axial 

FWHMs of rFWHM = 1.32 ± 0.03 µm and zFWHM = 9.92 ± 0.40 µm. The corresponding 1/e2 

intensity widths are 3.17 ± 0.07 µm and 23.8 ± 0.96 µm, in the lateral and axial directions 

respectively. The temporal duration, measured in the same way described in Chapter 4.5, 

is 280 ± 10 fs at the sample plane. 

 
GNS530 anti-EGFR gold bioconjugates and MDA-MB-468 cells were prepared and 

maintained/platted as described in Chapter 4.3.1 and 4.4.1, respectively. We then labeled 

cells at 25 ± 2 °C for 20 min using a concentration of 2 x 104 GNS530 gold bioconjugates 

per cell. Before PLN, we imaged an 80 µm x 90 µm field of view (FOV) of labeled cells 

with 757 nm wavelength laser light at a 16.5 mW (2.5 mJ cm-2) average power. Image 
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contrast was enhanced by acquiring images for 2 sec. To perform PLN, we scanned the 

laser spot along a Lissajous pattern [240] in the x-y plane across the entire FOV for 2 sec. 

The Lissajous scanning pattern reaches a maximum speed at the center of the FOV and 

slows significantly at the periphery, where it changes directions. Considering the 

measured 1/e2 beam spot size of 3.17 ± 0.07 µm and a constantly varying scanning speed, 

we can estimate that approximately 520 consecutive pulses are overlapped per spot at the 

FOV center and that there is a RMS number of 735 consecutively overlapping pulses 

across the image. For each case, irradiation zones were separated by 200 µm, center-to-

center, and ordered in decreasing fluence. A high fluence fiduciary mark for experimental 

identification was performed on either end of the data set. When necessary, the 

fluorescent probe, FITC-Dextran (25 mg ml-1) was injected into the extracellular solution 

before irradiation; else, cells were immersed in a solution of DPBS. Due to the large axial 

resolution, we were unable to monitor probe influx after PLN. After PLN, cells were 

incubated with 14 µM calcein red-orange, AM, to probe for cellular viability. 
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