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Abstract 

Nanomaterial research has grown exponentially for biomedical applications in imaging, 

diagnostics and therapeutics. Within these areas laser nanoparticle heating uniquely 

enables important applications including molecular delivery or destruction, endosomal 

release of genes or siRNA, and selective cell or tumor destruction, with nano to macro-

scale spatiotemporal control and precision. While our studies were initially motivated to 

support in vitro and in vivo biomedical applications, further study of laser nanoparticle 

heat transfer at a fundamental level, suggested a further opportunity for use in point-of-

care diagnostics, in particular for gold nanoparticle (GNP) based lateral flow assays.  

 

The lateral flow immunoassay (LFA) is a point-of-care diagnostic test that has found 

broad applications in medicine, agriculture, and over-the-counter personal use such as for 

pregnancy testing. Within the LFA, antibody-coated GNPs are used as reporters due to 

accumulation (i.e. antigen-antibody recognition) on a test line that leads to a visually 

detectable signal due to a deep red color indicative of GNP accumulation. However, one 

universally recognized limitation of LFA is the low sensitivity of this visual readout. In 

this work, we developed a low cost solution to this sensitivity using laser GNP heating. 

Specifically, metallic nanoparticles generate heat upon optical (i.e. laser) stimulation.  

This in turn can be used to enhance detection of GNPs, creating a thermal contrast 

amplification (TCA). We have shown that TCA improves the analytical sensitivity on 

several existing, commercial LFAs. For instance, our results show a 32-fold improvement 

in analytical sensitivity using an FDA-approved cryptococcal antigen LFA. My 
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dissertation then describes the development of TCA devices and components that will 

ultimately allow clinical, laboratory and eventually lay people alike to use and benefit 

from the technology. In particular, a benchtop TCA prototype device is described and 

engineering efforts continue to place TCA in a number of clinical laboratories and 

eventually create a product for infectious disease detection.   

 

The absorption and heat generation from nanoparticles eventually determine the 

magnitude of TCA.  Thus, the use of higher heat generating nanoparticles can further 

improve the LFA sensitivity. Literature suggests that nanoparticle morphology plays an 

important role in the optical absorption, and nanorods absorb more light energy than 

nanospheres with the same amount of gold per particle based on previous calculations. 

Our study suggests that the optical absorption and extinction of gold nanorods are 

significantly reduced (more than 70%) by polydispersity (i.e. distribution of size and 

shape) while relatively unaffected for gold nanospheres (less than 10% change). This 

indicates that the expected enhancement due to absorption of gold nanorods over 

nanospheres may be greatly diminished by the presence of polydispersity in real 

nanoparticle samples.  Further work incorporating higher heating gold nanoparticles (i.e. 

larger gold spheres and well characterized gold nanorods) to improve existing lateral flow 

assays such as to one day rival the sensitivity of more costly, time and labor intesive 

laboratory testing is underway. 
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In summary, this dissertation describes the foundation of a new technology entitled:  

Thermal Contrast Amplication (TCA).  TCA has been patented and licensed by a start up 

that is pursuing commercialization and broader societal impact of the technology.  Future 

work including the development of a handheld TCA device for point-of-care diagnostics, 

and a next generation LFA optimized for TCA are underway.   TCA and LFA together 

represent a potential disruptive platform technology that can improve  early diagnosis of 

infectious diseases and general biomolecular screening in areas of medicine, agriculture, 

and biodefense where a quick and sensitive detection is needed.   
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Chapter 1. Review of Thermophysical and Biological 

Responses of Gold Nanoparticle Laser Heating 

 

This chapter reviews the thermophysical and biological responses of gold nanoparticle 

laser heating. This body of work has been published as a critical review in Chemical 

Society Reviews and a book chapter as listed in the follow. The Chemical Society 

Review publication is reproduced here.  
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Abstract 

A compelling vision in nanomedicine is the use of self-directed nanoparticles that can 

accumulate in areas of disease to perform designed functions, such as molecular delivery 

or destruction, endosomal release of genes or siRNA, and selective cell or tumor 

destruction with nano to macroscale spatiotemporal control and precision.  These 

functions are increasingly achieved by gold nanoparticles (GNPs, such as sphere, shell or 

rod) that can be activated with a laser “switch”. A defining aspect of this “switch” is GNP 

absorption of laser light and the ensuing heat generation and temperature change that can 

be confined or propagated through multiple scales from the nanoparticle surface up 

through bulk biological cells and tissues. In this critical review, we discuss the 

fundamental mechanisms of laser GNP heat generation, the measurement and modelling 

of the ensuing thermal response, and a number of the evolving biological applications 

dependent on this new technology. 

 

1.1 Introduction 

A variety of nanoparticles (NP) have been developed to simultaneously perform imaging, 

diagnosis, and therapy, especially for cancer theranostics
1
. Among them, sphere, shell 

and rod gold nanoparticles (GNPs) are increasingly used due to superior optical, 

chemical, and biological properties.  These include strong absorption for heating, easy 

surface chemistry for molecular attachment and enhanced biocompatibility over many 

other metals
2
. As a result GNPs have a long history of use in the human body and in 

medicine
3
 which is now expanding to a variety of GNP heating applications. 
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Fig. 1.1 Schematic for thermophysical responses of laser GNP heating including the 

phase diagrams. The top part shows that as the Laser power increases from left to right, 

the particle surface temperature increases and leads to different thermophysical 

responses. The bottom phase diagram schematic shows the equilibrium thermodynamic 

states with the solid lines and the spinodal curve of water (non-equilibrium) in the dashed 

line
4
.The solid (S), liquid (L), and vapor (V) states of water (H2O) and gold (Au) are 

marked with subscripts. The temperature and pressure of the thermodynamic states are 

listed in Table 1.2. The wedge indicates that the pressure may increase near the particle 

when laser energy is applied. The top part is redraw and modified from Pustovalov et al.
5
 

 

The unique interaction of GNP with light comes from surface plasmon resonance (SPR), 

i.e. the resonant oscillation of free electrons in the gold with light
6
. This interaction leads 

to a number of fundamental phenomena (thermal, optical and electrical) in and around the 

GNP that have fueled new imaging and therapeutic biological applications. Upon laser 

heating, the GNP and the surrounding medium experience a number of different 
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thermophysical responses depending on the laser power and GNP (Fig. 1.1), leading to 

many biological responses and applications at the nano, micro and macroscale as shown 

in Table 1.1.  These responses depend in part on the thermophysical properties of gold 

and water (Table 1.2). The enhanced absorption, scattering or emission of GNPs yields 

enhanced optical contrast and imaging (Tables 1.3 and 1.4), and the enhanced electrical 

field has been used for surface enhanced Raman spectroscopy(SERS)
7
. Finally, GNP 

laser interactions can also yield chemical effects through the release of reactive oxygen 

species which is an active and evolving area of investigation
8, 9

.  

 

There are many excellent reviews in the area of GNP design and use, including both 

broad reviews
10, 11

, and more specific reviews of GNPs covering the chemistry and 

synthesis
2, 12

,  physical, chemical and optical properties
2, 13

, biodistribution and safety
14, 

15
, heat generation

16
, and biological applications

17-19
 including cancer therapy

20-22
. 

However, we were unable to find work that systematically reviewed both the heat 

generation and thermophysical response of laser GNP systems. It is worth noting that 

there are other forms of heat generation with NPs, such as GNP under radiofrequency 

field
23

, carbon nanotube under laser
24

 and magnetic particles under alternating magnetic 

field
25

. The methodology introduced later should apply to these systems and will not be 

discussed in this review.   

 

In this review, we focus on the thermophysical and biological responses of aqueous 

media heated by laser activated GNPs. First, the important elements of heat generation 
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with GNP and laser are introduced including GNP optical properties and laser tissue 

interactions. Then the thermal, physical and biological responses from the heating are 

discussed in detail with special focus on the impact of heating at multiple scales, i.e. at 

the molecular (nano-), cellular and subcellular (micro-), and tissue (macro- or bulk) 

levels. Interesting biological applications at multiple scales are highlighted, as listed in 

Table 1.1 and discussed in detail in section 1.5. 

 

Table 1.1 Examples of biological applications of laser GNP heating 
 

Scale Interacting bio-system Example applications 

 

Ref.
a
 

Nano Macrmolecule 

 

Nanoscale membrane melting 
26-28

 

Ultrafast DNA melting assay 
29

 

Drug release from GNP 
30, 31

 

Selective protein denaturation 
32, 33

 

Sub-wavelength molecular surgery 

 

34
 

Micro Cell, cell organelle, 

liposome 

 

Transmembrane drug delivery 
35, 36

 

Liposome/Endosomal release 
37, 38

 

Single cell ablation 
39, 40

 

Macro Tissue, tumor 

 

Photothermal therapy 
41

 

Photothermal enhancement of drug 

targeting 

42
 

Photothermal enhancement of drug 

release 

19, 43, 44
 

Photothermal enhancement of radiation 

therapy 

45
 

GNP preconditioning for enhanced 

thermal therapy 

46
 

a
 Ref. is the short notation for reference. 

b
The tumor schematic was adapted from ref. 

46
 

with permission of Future Medicine Ltd 
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Table 1.2 Thermodynamic (A) and thermophysical (B) properties of gold and water.  

(A) Thermodynamic properties for gold and water phase change. The melting, 

vaporization, triple and critical points are listed with corresponding temperature (in 

Kelvin and Celsius) and latent heat. For triple point and critical point, the pressure is 

listed. The melting, vaporization, and spinodal points are taken at atmospheric pressure. 

All the data are taken from the NIST chemistry webbook 

(http://webbook.nist.gov/chemistry/) unless noted. 
 

Substance Phase 

transition 

 

T(K) T(°C) Latent 

heat/Pressure 

Position on Fig. 

1.1 

H2O Melting 273.15 0 334 kJ/kg 1 

Vaporization 373.15 100 2256 kJ/kg 2 

Triple point 273.16 0.01 610 Pa  

Critical point 647 374 220.6×10
5
 Pa 3 

Spinodal point 578 305 1.27×10
3
 kJ/kg 4 

Au Melting 1336 1063 64.5 kJ/kg 5 

Vaporization 2933 2660 1578 kJ/kg 6 

Triple point
a
 1336 1063 0.025 Pa  

Critical point
b
 7400 7127 5.3×10

8
 Pa 7 

a
 The triple point of Au was calculated from thermodynamic relations 

(http://oregonstate.edu/instruct/me581/Homework/F08/ME581Hmwk3.html). 
b
 

Reference
47

 

 

 (B) Thermophysical properties of water and gold including the thermal conductivity, 

density, specific heat, thermal diffusivity and mean free path. Unless specifically noted 

all properties are given at room temperature.
a
 

Properties Au (solid) H2O (liquid) Tissue
b
 

Thermal conductivity (k, W/(m·K)) 317 0.613 0.567 

Density (ρ, kg/m
3
) 19.3×10

3
 997 1050 

Specific heat (cp, kJ/(kg·K)) 0.129 4.179 1.5 

Thermal diffusivity (α, m
2
/s) 1.27×10

-4
 1.47×10

-7
 1.5×10

-7
 

Mean free path (λ, nm) 31 0.2 0.2
c
 

a
 Tissue thermal properties can vary with temperature and tissue type as shown around 

single GNP
48

 and reviewed for tissues
49

. 
b
 Human liver, data from Cooper et al 

50
. 

c
 Tissue mean free path is assumed to be that of water 

 

1.1.1 Heat generation of GNP with laser 

Perhaps the best known example of GNP laser heating is photothermal therapy of cancer.  

In this application GNPs introduced within the tumor significantly increase the 
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absorption of laser energy and thereby heat the tumor. Importantly, the temperature 

increase is due to the heat contributed by a large number of individual GNPs each 

generating a certain amount of heat (Qnano, W) under laser light.  This can be written as 

the product of absorption cross-section area (Cabs, m
2
) and laser fluence (I, W/m

2
) in 

equation (1). The absorption cross-section is an effective area that absorbs the light 

energy impinging upon the GNP and under resonant conditions (i.e. wavelengths tuned to 

the GNP) can be larger than the actual GNP cross-section due to SPR. 

  (1) 

 

With a certain concentration of GNP (N – number of NPs/ml), the heat generation, 

frequently referred to as specific absorption rate (SAR, W/cm
3
), is the sum of heat 

generated by all NPs, 

  (2) 

 

This equation contains important fundamental terms necessary for heat generation with 

GNPs and laser. First, the optical properties (Cabs and scattering properties) of GNP need 

to be obtained which, depending on the nanoparticle shape, can be a complicated 

experimental and theoretical exercise
13

. Second, the local laser fluence (I - W/m
2
), which 

is a function of laser and overall tissue properties (i.e. tissue with GNP), needs to be 

known in order to estimate the heat generation and thermal response.  Third, the number 
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and distribution of GNPs (N) needs to be known to determine the overall tissue optical 

properties and SAR. The following sections introduce concepts necessary to obtain 

optical properties of GNPs and laser fluence within the tissue for estimation of Cabs(and 

scattering properties) and I respectively.  Image contrast applications based on GNP 

optical contrast are briefly discussed while photothermal imaging, based on GNP heating, 

is highlighted. 

 

1.2. Optical properties of tissue and GNPs 

1.2.1 Tissue optical properties  

As NPs are often suspended in optically participating biological tissue, the overall optical 

response is determined by a combination of nanoparticle and tissue properties, thus tissue 

properties need also be understood. Tissue is comprised of various structures that 

combine to create a complicated optical property landscape.  For instance, the presence of 

multiple compartments such as cells, vasculature and interstitial space can each affect the 

optical properties of tissue and make the overall absorption and scattering far different 

from other bulk materials. Absorbers (i.e. chromophores) and scatterers in the tissue 

structure determine the light interaction with the tissue and hence local fluence. It is often 

convenient to treat tissue as an absorbing matrix with randomly distributed scatterers and 

then assess bulk optical properties
51

.   Experimental characterization of the tissue then 

yields a bulk absorption coefficient, scattering coefficient, and scattering phase function. 

The common chromophores that absorb in the tissue are water, hemoglobin, and melanin 

(Fig. 1.2A). The absorption of each component is dependent on the wavelength, and the 
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overall absorption depends on the tissue composition. For instance hemoglobin and 

melanin strongly absorb in the visible region, while water absorbs more in the infrared as 

shown in Fig. 1.2(A). The wavelength window between visible and infrared, which is 

around 700~1100nm, is often referred to as the therapeutic window
52, 53

, or the near 

infrared (NIR) window. This window represents a gap between absorbers that allows NIR 

wavelengths deeper penetration (i.e. centimeters) in biological media while tuned GNPs 

(i.e. with SPR at NIR wavelengths) can selectively absorb the light as it penetrates. 

 

In addition to absorption, tissue is also highly scattering, with an average path length of 

0.05~0.2mm between two scattering events
51

. Both the absorption and scattering, along 

with the laser type, determine the laser-tissue interactions, as discussed later in section 

3.2. 

 

1.2.2 GNP optical properties 

During laser GNP interaction, energy is transferred to the metal particle from the laser 

and is either absorbed or scattered.  More specifically the light is: (1) absorbed by the 

particle and dissipated as heat; or (2) re-emitted by the particle at the same frequency 

(Rayleigh scattering) or at a shifted frequency (Raman scattering)
54

. When light interacts 

with metallic particles, the electromagnetic field drives oscillation of free electrons in the 

metal and can achieve SPR when the frequency of light approaches that of electron 

oscillations
6
. Exciting the GNP at SPR is desirable as it enhances the laser GNP 

absorption and scattering over other wavelengths and absorbers (i.e. traditional dyes).  
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Fig. 1.2 Optical properties of tissue and GNPs. (A) Optical properties of tissue 

components (visible to near infrared).  Figure is plotted based on the data compiled by 

Scott Prahl at Oregon Medical Laser Center (http://omlc.ogi.edu/spectra/). (B) Optical 

properties of selected GNPs. Gold nanosphere, gold nanoshell, and gold nanorod with 

specific dimensions are shown. The absorbance is shown measured by UV-Vis 

spectrophotometer.   

 

GNP optical properties are determined by the size and shape of the particle
55-57

. Fig. 

1.2(B) shows the structure and the absorbance for three types of selected GNPs: gold 

nanosphere, gold nanoshell, and gold nanorod.  The SPR of the gold nanosphere is in the 

visible range and it shifts slightly with GNP size
58

.  By changing the GNP shape and 

composition, the SPR of the gold nanoshell and nanorod (longitudinal) are tuned to the 

http://omlc.ogi.edu/spectra/
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near infrared regime (700-900nm), which lies in the NIR window of tissue (Fig. 1.2A). 

For gold nanorod, the larger peak in the NIR is SPR along the longitudinal direction 

while the smaller peak in the visible spectrum is the SPR along the transverse direction.  

 

The terminology used to describe NP optical properties is the cross-section area. The 

amount of energy absorbed or scattered is equal to the absorption or scattering cross 

section area multiplied by the laser fluence (Qnano = Cabs I, Esca = Csca I). Extinction 

consists of absorption and scattering (Cext=Cabs+Csca). Table 1.3 gives a non-exclusive 

list of recently developed GNPs with different shapes and optical properties including the 

surface plasmon resonance (SPR) wavelength (λSPR), absorption cross sections (Cabs), and 

the ratio of absorption over total extinction (Cabs/Cext). The listed NPs all have SPR in the 

NIR region except the gold nanosphere. The Au/Si shell has the highest absorption cross 

section but the size is significantly larger than other particles. Gold nanorod and cage 

have good absorption cross-sections considering the relatively small size. A more fair 

way to compare the absorption is probably absorption efficiency, the absorption cross-

section normalized by geometric cross section (Qabs = Cabs/A). Among the list of GNPs, 

the gold nanorod has the highest absorption efficiency. Comparing the ratio of absorption 

over extinction (Cabs/Cext), the low value for Au/Si shell indicates significant scattering. 

In general, scattering increases as the GNP size increases
58, 59

. Comparing the absorption 

cross-section of these GNPs (10
3
~10

4
 nm

2
) shows 5~6 orders of magnitude increase from 

traditional dyes like indocyanine green (i.e. Cabs=1.66×10
-2

 nm
2
at ~800nm

21, 60
) which 

translates into substantial heat generation. 
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To use GNP for imaging and therapeutics, accurate methods to theoretically predict and 

experimentally measure the optical properties of GNPs are needed. An important tool for 

prediction of the optical properties of a given GNP is Maxwell’s equation. While the 

general solution of Maxwell’s equation can be difficult there are analytical solutions for 

simple geometries such as sphere and shell 
57, 59

. Note that size dependent material 

properties need to be considered for particles less than 10nm 
61

. For more complex GNP 

shapes numerical methods including boundary element method (BEM), discrete-dipole 

approximation (DDA), and finite difference in the time domain (FDTD) can be used to 

estimate optical properties as described elsewhere
13

. Experimental measurement of NP 

optical properties relies on UV-vis-IR spectrophotometry for optical extinction of NP 

suspension(sum of absorption and extinction) and electron microscopy (EM) for the size 

and shape of single NPs.  Combining theoretical and experimental characterization 

methods, the absorption and scattering properties are then obtained 
62

. New developments 

using dark field scattering and photothermal imaging to probe both the scattering and 

absorption directly at the single NP level have also been recently published 
63, 64

.This 

allows direct comparison of absorption and scattering between theoretical models and 

experimental measurements. In particular, the validity of theoretical models can be 

evaluated, especially for GNPs less than 10nm
55

. 

 

For more detailed discussion of GNP optical properties, readers are directed to the classic 

book by Bohren and Huffman 
59

 and several more recent reviews 
13, 57

. Finally, it is worth 
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noting that multifunctional NPs such as the gold shelled magnetic nanoparticles with both 

MR and optical contrast are also under development as reviewed by Melancon et al.
65

 

Table 1.3 Representative GNP embodiments (size and shape) and their optical properties 

Particle Sketch Size λSPR (nm) Cabs (nm
2
) Qabs Cabs/Cext Ref. 

Au sphere  r=20nm 528 2827 2.3 0.94 
58

 

Si core/Au shell 
 

r1=60nm 

r2=75nm 
800 45769 2.6 0.53 

20
 

Au2S core/Au 

shell  
r1=21nm 

r2=25nm 
~780 2750 1.4 >0.9 

66
 

Au rod 
a
  

L1=13nm 

L2=49nm 
797 5674 13.8 0.93 

58
 

Au cage 
b
  

L=36.7nm 

t=3.3nm 
800 7260 5.4 0.90 

67
 

Note: The terms in the table are surface plasmon resonance wavelength (λSPR), absorption 

cross-section (Cabs), absorption efficiency (Qabs= Cabs/A), and the ratio of absorption over 

extinction (Cabs/Cext). 
a
 L1 and L2 are the width and length of the rod. Effective radius (sphere with the same 

volume reff =11.43nm)  is used to calculate the geometric cross-section. 
b
 L is the outer length of the cubic and t is the thickness of the cage. The geometric cross-

section used is L
2
.  

 

 

Fig. 1.3 Photothermal imaging of gold nanospheres: (A) Photothermal images of 5 nm 

gold nanospheres embedded in a polyvinyl alcohol film. (B) Photothermal imaging of 

GNP distribution inside a single cell (i.e. contrast represents GNP heating and therefore 

location). Fig. A was  reprinted with permission  from ref. 
68

. Fig. B was reprinted from 

ref. 78. Copyright 2003 AAAS and 2011 American Chemical Society. 
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Table 1.4 Examples of optical imaging techniques based on the enhanced scattering, 

emission and absorption of GNPs. 

Imaging 

principle 
Imaging technique Description Ref. 

Scattering 

Coherent optical 

tomography (OCT) 

GNP changes the backscattering property of 

the embedded medium 
69, 70

 

Reflectance 

spectroscopy 
Similar to the above 

71
 

Emission 

Fluorescence 
Emission of light with wavelength longer 

than excitation laser 
72, 73

 

Two-photon 

luminescence 
Nonlinear fluorescence 

74, 75
 

Absorption 

Photothermal 

imaging 

The absorption of laser energy by GNP 

induces local temperature change that result 

in optical path length change. 

68
 

Photothermal OCT 
The above effect measured by phase 

sensitive OCT. 
76

 

Photoacoustic 

tomography 

The absorption of laser energy by GNP 

generates acoustic wave. 
77

 

 

1.2.3 Optical imaging of GNPs 

General imaging applications based on GNP contrast can be classified by scattering, 

emission, or absorption and are listed in Table 1.4 with references.  The application most 

directly relevant to this review is photothermal imaging, which shows superior stability 

over existing quantum dot and dye contrast (no blinking and photobleaching 

respectively)
68

. During a representative photothermal imaging session the temperature 

change on the GNP surface with pulsed laser was about 15 K as shown in Fig. 1.3(A). 

The change of medium temperature around the GNP causes a local variation of the 

refractive index and can be measured. However, the temperature decays quickly from the 

GNP surface as shown later in Section 4.2.  Thus, under conditions of imaging with few 

GNPs in the system and lower laser energies, little if any bulk thermal effect occurs
68

. 
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Hence, this technique can effectively map the GNP distribution in a single cell, as shown 

in Fig. 1.3(B)
78

. The principles of laser GNP interactions for either imaging or heating in 

tissue are discussed next. 

 

Fig. 1.4 (A) Laser-tissue interaction map; (B) The impact of GNP on the thresholds of 

laser parameters for thermal therapy, bubble formation, and plasma generation. Open and 

filled symbols are thresholds without GNP and with GNP, respectively. The dashed lines 

in the figure indicate the same amount of energy input in terms of J/cm
2
. Data are taken 

from literature to produce this figure
4, 41, 69, 79-82

. Note that thresholds in (B) are GNP size 

and shape dependent
82, 83

. Fig. A is reprinted from ref. 
84

 with kind permission from 

Springer Science+Business Media.  
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1.3. Overview of laser-tissue interactions with GNPs 

Fundamental principles and applications of laser-tissue interactions have been reviewed 

elsewhere
84

 and an excellent text with multiple editions exists on the subject
51, 85

.  Some 

of the topics covered in these reviews such as optical properties are relevant to laser 

interactions with GNP laden tissues and are introduced earlier. In addition, a laser-tissue 

interaction map outlining mechanism of interaction (such as photochemical, 

photothermal, or photoablative) based on laser fluence and pulse width in tissue is 

introduced and the important effects of GNPs on this map such as dramatically reducing 

power or time(i.e. total laser energy) for a given application are discussed. Lastly 

methods to model the laser fluence and energy deposition in tissues and recent studies 

incorporating the effect of GNPs within the tissue are discussed.  

 

1.3.1 Laser tissue interaction map with and without GNPs 

The mode of laser-tissue interactions depends on how the laser energy is applied as 

shown in Fig. 1.4(A). At low laser fluence and long exposure, lasers can lead to 

photochemical and photothermal interactions. By confining the laser into short pulses, 

large amounts of energy can be confined into a short time and space. This can cause 

intense heating followed by water phase change in biological systems, i.e. bubble 

formation and photoablation.  Further increasing the laser energy or using shorter pulses 

eventually leads to plasma-induced ablation and photodisruption. The mechanism of 

pulsed laser ablation in the absence of GNPs has been extensively reviewed by Vogel and 

Venugopalan
4
.  
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The introduction of GNPs increases local absorption thereby reducing the laser energy 

(i.e. fluence and/or pulse duration) needed to achieve the same effects, such as 

photothermal therapy, bubble formation, and plasma formation. This can be easily 

visualized in Fig. 1.4(B) where a comparison is made with laser parameters from the 

literature in systems with and without GNPs. The exposure time decreases as one moves 

towards the left (x-axis) and the laser power decreases as one move down (y-axis). Thus, 

the presence of GNPs can strongly reduce the power and energy necessary to achieve the 

same outcome as seen for bubble formation (circles), plasma generation (diamonds)and 

thermal therapy (squares) in Fig. 1.5B.  It can also shift the process from higher to lower 

power with an increase in pulse duration along the same energy line (1 J/cm
2
) as seen for 

plasma generation in Fig. 1.4(B).It is worth noting that the figure is plotted on a 

logarithmic scale and thus records order of magnitude changes.  Using laser tissue and 

laser GNP properties in modelling optical interaction within tissues will be discussed 

next. 

 

1.3.2 Laser fluence estimation in tissue with GNPs 

The introduction of GNPs alters the optical properties of the tissue and hence the laser 

fluence and ultimately the thermal response. In this section, the methodologies commonly 

used in modelling light transport and fluence based on known optical properties are 

reviewed, as listed in Table 1.5.The light transport is described by the radiative transport 

equation (RTE), given by 
51, 54
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  (3) 

where is the radiance in position  and direction  with units (W/m
2
/sr). The 

integration of  is the fluence (I).  Furthermore  is the absorption coefficient (1/cm), 

 is the scattering coefficient (1/cm),  is the scattering phase function (1/sr) 

describing the contribution of scattering from  direction to  direction, and  is the 

source term. The change in radiance (and hence fluence LHS) is determined by losses 

from the absorption (first term RHS) and scattering (second term RHS), gain from 

scattering (third term RHS) and energy source (last term RHS). RTE is an integro-

differential equation and is difficult to solve directly.  Several approximations for solving 

the RTE equation have been used for laser GNP heating and are compared directly to 

experimental results
86, 87

.  

 

By employing P1 approximation to RTE, Bayazitoglu and co-workers computationally 

studied the effect of NP scattering and absorption on SAR
88, 89

. It was shown that GNPs 

with high scattering (for example gold nanoshell with high Csca/Cext in Table 1.3) increase 

the internal diffuse radiation and create a more even specific absorption rate (SAR) while 

GNPs with high absorption produce a large amount of SAR at the entry region, i.e. the 

region near the laser source.  While instructive this approach was solved in a one-

dimensional geometry, thus higher dimensional study is warranted. 
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Another simplifying assumption to solve RTE is the diffusion approximation (DA), 

which is applicable for highly scattering medium
51

. The advantage of the diffusion 

approximation is its relative simplicity to solve numerically. In DA, the absorption ( ) 

and reduced scattering coefficients ( , where  is the anisotropy) are lumped 

into the optical diffusion coefficient (Dopt).  

  (4) 

Table 1.5 Summary of methods to model light transport 

Method Short description Pros Cons Ref. 

Radiative 

transport 

equation 

Fundamental governing 

equation for light 

transport based energy 

conservation 

Exact solution 
Difficult to solve 

directly 
51, 54

 

P1 

approximation 

and variations 

Taking first term of 

Fourier series of 

radiative intensity field 

Relatively 

simple partial 

differential 

equations 

Mathematically 

involved; large error in 

optically thin media 

with high anisotropy. 

54
 

Diffusion 

approximation 

Taking first two terms 

of energy radiance 

which is expressed as a 

series of spherical 

harmonics. 

Easy to 

implement 

with finite 

element 

software 

Only applicable to 

scattering dominant 

medium 

51
 

Monte Carlo 

Models the trajectory 

of a large amount of 

light rays 

Easy to 

implement 

with complex 

geometry 

Computationally 

expensive 
51

 

 

 

Elliott et al. 
87

 used DA to model the laser fluence in phantoms containing different 

concentrations of GNPs, and calculated the temperature distribution within the phantom 

using the finite element method. The calculated temperature was compared with 

measurements by magnetic resonance temperature imaging (MRTI), and showed 
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reasonable agreement at low gold nanoshell concentrations (1.19×10
9
 NPs/ml). A follow-

up study by Elliott et al. 
86

 showed that with higher gold nanoshell concentration (up to 

2.5x10
9
 NPs/ml), the predictions from DA give unsatisfactory results. Instead, the delta 

P1 approximation gave better prediction for both the lower and higher gold nanoshell 

concentrations investigated. Modifications to speed the calculation and increase accuracy 

of the RTE equation have also been proposed 
90

.  Note that all of these approximations 

should be used with care and special attention should be paid to the applicable conditions 

and desirable accuracy, for example the failure of DA for higher gold nanoshell 

concentration discussed here 
86

. 

 

Another approach to evaluate light transport or fluence in GNP laden tissues involves 

Monte Carlo ray tracing to directly simulate photon transport in tissues. Monte Carlo is 

easy to implement, but computationally expensive as a sufficient number of photons need 

to be launched and traced for the technique to be accurate. This method has been used to 

estimate laser fluence within gold nanoshell targeted tumors in near real time using 

supercomputers (averaging over 10 runs with 1 million photons per run)
91

. In another 

example Lin et al. 
92

 used Monte Carlo to explore the use of light interaction with gold 

nanoshells for early cancer detection. Specifically, a small number of gold nanoshells 

(<0.05% volume fraction) can induce a measurable change in tissue diffuse reflectance. 

 

To use light transport modelling methods described above, the optical properties of the 

NP laden tissue are fundamental inputs and need to be described accurately. Under 
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idealized conditions, for example the phantom gel used by Elliott et al. 
87

, the gold 

nanoshells are assumed to be uniformly distributed.  In this case, the optical properties of 

NP laden medium are obtained by the superposition of the NP ( , ) and medium 

properties ( , ) linearly 
92, 93

, where the optical properties of GNP suspension is 

given by 

  (5) 

  (6) 

  (7) 

  (8) 

However, GNPs are known to interact with biological systems, such as cells and tissue, 

leading to non-ideal and non-uniform conditions. These include (1) inhomogeneous 

distribution of NPs such as accumulation around blood vessels, as shown in Perrault et 

al.
94

; and (2) aggregation of NPs in cells upon internalization
95

. Thus, further studies to 

address these non-idealities and possible nonlinear effects on optical properties are 

needed.  

 

1.4. Laser GNP effects I – Thermal responses at multiple scales 

As emphasized earlier the ultimate laser GNP heat generation or SAR is dependent on 

three important variables: (1) the optical properties of GNP (Cabs and scattering 

properties),  (2) laser fluence distribution (I), and (3) GNP amount (N). Optical properties 
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and laser fluence have been discussed above, while GNP amount is related to the 

biodistribution
14, 15

briefly reviewed in section 5. This and the next sections assume 

knowledge of these three variables necessary to calculate SAR, and detail the 

thermophysical and biological responses of this heating at multiple scales. 

 

 

Fig. 1.5 Characteristic size and scaling of characteristic time for laser GNP heated 

systems.  Schematic of interacting components include scales at nano- (A -GNP and 

molecules), micro- (B -cellular and subcellular), and macro- (C -tissue). Note that GNP 

size is to scale except for the tissue (C). The characteristic times were calculated from 

equations 17, 19 and 20. Fig. C is was adapted from ref. 
46

 with permission of Future 

Medicine Ltd 

 

1.4.1 Scales and the concept of thermal confinement 

The conversion of laser light into energy within NP laden medium results in a local 

temperature increase central to a growing number of applications in biomedicine(Table 

1.1).   To analyze the thermal response in each case, it is important to clarify the length 

scales involved between the GNP and its adjacent medium. For instance, typical GNPs in 
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use are 10 to 200nm in diameter. When comparing with typical biological systems as 

shown in Fig. 1.5, GNP size is comparable to macromolecules, such as proteins, 

membranes and DNA. This establishes a number of NP-biomolecule interactions 

controlled by colloidal forces (e.g. attraction and repulsion) and dynamic 

biophysicochemical interactions (i.e. protein corona formation and cell membrane 

particle wrapping)
96

, underlying several nanoscale biological applications (Table 1.1). 

Further, the GNP is at least 2 orders of magnitude smaller than a human cell (~10µm), 

and over 5 orders of magnitude smaller than a tumor (cm). 

 

Fig. 1.6 The concept of thermal confinement. Circles are objects laden with nanoscale 

absorbers. Figure is redrawn and modified from ref. 
32

 with permission from SPIE. 
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In addition to length scale variation, time scales that rely on heat diffusion can be 

dramatically changed by using pulsed lasers. For instance, when the pulse duration is less 

than the diffusion or relaxation time of the irradiated volume, the response is said to 

experience thermal confinement
4, 32, 97

. Mathematically, the thermal relaxation time for a 

sphere with certain size diameter (d, m) is given by 

  (9) 

where α is the thermal diffusivity (m
2
/s). It is defined as the time for central temperature 

to decrease 50% in a Gaussian temperature profile. The implications of this equation are 

shown schematically in Fig. 1.6. Local and confined temperature change of a given 

volume is achieved by selecting a laser with suitable pulse length (i.e. left of or under the 

dashed line) and improving laser absorption by various approaches including adding 

absorbers such as GNPs.   This is important as achieving thermal confinement yields 

more selective and localized thermal response that can be critical for inducing damage in 

diseased cells and tissues before heat diffuses to the surrounding medium. 

 

The thermal relaxation time scales with the square of the target size and thus scales down 

rapidly as the size of the target decreases as shown in Fig. 1.6. Typical thermal treatment 

of a tumor takes several minutes up to one hour
41, 98

. When scaling down to microvessels 

(10 to 50µm) and melanosomes (0.5 to 1.0µm) which have endogenous absorbers, micro-

second (µs) and nanosecond (ns) lasers are used to achieve “selective 

photothermolysis”
97

. For single cell ablation (~10µm), ns (or shorter) lasers are usually 
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applied
40, 99, 100

. At the nanometer or macromolecular scale, pico-second (ps) to femto-

second (fs) pulsed lasers need to be applied.  For instance, it is now possible with GNPs 

to conduct thermal “nanosurgery” to macromolecules (<10nm) with fs pulsed lasers
32, 

34
.It is important to note that this length scale is beyond the diffraction limit of visible 

light (i.e. 250 nm) and not achievable by focusing with a laser "microbeam", opening the 

possibility of GNP assisted laser “nanosurgery”. 

 

Assuming thermal confinement the thermal response of several situations shown in Fig. 

1.6 can be more carefully scaled and analyzed. These biologically relevant examples 

include:(1) the heating of single NP and its immediate surrounding with biological 

molecules; (2) the heating of a single cell loaded with GNPs; and (3) the heating of a 

tumor loaded with GNPs. The governing equations are listed in Table 1.6 and discussed 

in the next section. The question of how a single NP heats and affects its immediate 

surrounding is the most fundamental question with impact on all three situations. 

 

1.4.2 Nanoscale heating and measurement (ΔTnano) 

1.4.2.1 Theory of nanoscale heating 

As previously mentioned, the absorption cross section is the property governing 

absorption of laser energy by a GNP.   This process has been studied at the atomic level 

by analyzing how light (photons) interact with metal (electrons and phonons) and the 

physics is well described in the literature 
2, 57, 101

as shown in Fig. 1.7 and summarized 

here.  Briefly, photons from the incoming laser excite electrons within the GNP to higher 
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electronic levels. The electrons then redistribute the energy over roughly 500 fs there by 

reaching a new equilibrium distribution, called the Fermi electron distribution.  The new 

electron temperature is higher than the lattice phonon temperature, thus the hot electrons 

transfer energy to the lattice phonons within a few ps, a process called electron-phonon 

relaxation. The energy from the heated phonons then dissipates to the surrounding 

medium by phonon-phonon scattering (within several hundred ps depending on GNP 

size). A schematic of the time scales of these events is shown in Fig. 1.7. It is worth 

noting that these processes are not sequential, for example electron-phonon relaxation 

happens before the hot electrons reach the equilibrium Fermi distribution, and for very 

small particles the quick energy dissipation to the surrounding medium occurs before the 

electron-photon thermal equilibrium within the GNP
57, 102

. 

 

 

Fig. 1.7 Schematic of transient events in pulsed laser activated GNP systems with 

schematic of time scales involved. 
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Table 1.6 Governing equations and scaling for nano-, micro-, and macro-scale heating of 

GNP systems 

Scale 
Model 

system 
Governing Equations SAR 

Steady state 

scaling 
a
 

Nano 

- GNP 
TTM/OTM/MD (Table 1.7) 

 

 
  

(12) 

- GNP-

medium 

interface 
                   (10) 

- 

Surrounding 

medium 
                        (11) 

Micro 

Cell / Cell 

organelle 

that take up 

GNPs  

                            (13) 

 
   

(14)  

Macro 

Tissue 

loaded with 

GNPs
b
 

 
                                              (15) 

 
   

(16) 

a
 Scaling is performed at steady state, i.e. laser pulse duration is significantly longer than 

the thermal relaxation time for thermal confinement. 
b
 Note the inclusion of a blood perfusion term and a metabolic heat term.  These are not 

present at smaller scales
49, 103

 

 

Table 1.7 Theoretical models for single GNP heating 

Model Physics Pros Cons Ref. 

Two-

temperature 

model (TTM) 

Electrons heat up 

first and then 

transfer energy to 

phonons yielding 

two coupled heat 

diffusion equations. 

Detailed 

description of 

electron-phonon 

interactions 

Only applicable to short 

times and pulses (fs) 

when electron-phonon 

coupling is active 

104, 

105
 

One-

temperature 

model 

(OTM) 

Treats the GNP as 

one system by 

assuming fast 

electron-phonon 

coupling. 

Applicable for 

longer time 

heating (ps, ns 

and longer). 

Predicts faster heating 

at fs scale due to the 

fast electron-phonon 

coupling assumption 

105
 

Molecular 

dynamics 

(MD) 

First principle 

approach 

Provides physical 

interpretation 

from first 

principles. 

Computationally 

expensive. Limited by 

available force fields 

for complex systems. 

106
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The complete description of the above thermal responses requires the thermal analysis of 

the GNP, solid-liquid interface, and surrounding medium, as listed in Table 1.6. For the 

thermal response of GNP, two-temperature model (TTM), one-temperature model (OTM) 

and molecular dynamics (MD) have been used as listed in Table 1.7 with the advantages 

and limitations
48, 57, 105

. TTM describes the transient heating behaviour of two coupled 

subsystems in the GNP, i.e. electrons and lattice phonons, as described above. In contrast, 

the OTM assumes one temperature in the GNP and is simpler compared with TTM. 

While TTM gives more detailed description of the short time kinetics for fs laser, it has 

been shown that it fails to predict laser heating for longer pulses (ps and ns).  On the 

other hand OTM is able to provide good description at longer time (ps and ns) laser 

heating
105

. In addition, the Biot number is extremely small thus making it is reasonable in 

most cases to assume uniform temperature within the GNP. However, it should be noted 

that molecular dynamic simulations of GNP heating in water does show small 

temperature variations across the particle under extreme cases
106

. An example of transient 

thermal response of GNP heating under fs pulsed laser is shown in Fig. 1.8(D).  

 

The heat loss from the GNP to the surrounding medium is usually characterized by a 

interface conductance (G, W/(K·m
2
)), which has been shown to be heating power 

dependent
106

. The rate of heat loss from the GNP to the surrounding medium is given by 

the product of the interface conductance with GNP surface area and the temperature 

difference between GNP surface and adjacent liquid (Equation 10 in Table 1.6). 
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Fig. 1.8 state and transient heating of single GNP heating and bubble formation. (A) 

Schematic of gold nanoparticle with surrounding medium (water). (B) The steady state 

temperature profile (t> >τnano) around the nanoparticle for two NPs with different sizes, 

30nm gold nanosphere (GNP) and 150nm gold nanoshell (GNS), laser fluence 10
4
W/cm

2
 

(Eqn.18 was used to generate the plot); (C) Schematic of vapor bubble formation around 

GNP; (D) Transient lattice temperature of different sized GNP measured by time-

resolved x-ray scattering after fs laser irradiation. The black solid lines on top of 

experimental data points are from numerical simulation by the two-temperature model 

(TTM). The lower blue lines (bold for 100nm, dashed for 36nm, and dotted for 14nm) are 

calculated temperature for water adjacent to the GNP. Note that the laser fluence is below 

the bubble formation in this figure and a finite value of interface conductivity was used 

(G=105MW/(K·m
2
)). (E) shows bubble volume evolution over time for 9nm and 36nm 

GNP. The red lines are fitted values from Rayleigh-Plesset equation as discussed in 

Siems et al.
107

. Fig. (B) is plotted with concept from Govorov et al.
16

. Fig. (D&E) were 

reprinted from ref. 
107

 with permission from IOP Publishing Ltd. 

 

The heating of the adjacent medium around the GNP is important to assess the impact of 

GNP heating in biological systems and can be described by continuum theory. To justify 

this assumption, the mean free path for water (also gold) is listed in Table 1.2 along with 
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other thermophysical properties. Importantly, the mean free path of water is about 0.2 

nm, which is two orders of magnitude smaller than the NP size (10~100 nm), so it can be 

safely treated as a continuum. The heat equation for the surrounding medium around 

GNP (r > rp) is given in equation 11 in Table 1.6. 

 

Goldenburg et al. is probably the first to work out heat dissipation from a sphere to its 

surrounding medium under continuum conditions (i.e. aqueous medium in a biological 

environment as shown in Fig. 1.8A) 
108

. The effect of thermal conductivity of 

surrounding medium was studied and shows that low thermal conducting material (e.g. 

tissue type) around the heat-generating sphere will give a high particle temperature. 

Pustovalov et al. theoretically investigated the thermal response of GNP and surrounding 

medium for better comparison with experimental results, such as the nonlinear 

temperature dependence of thermal conductivity
109

 and the importance of using correct 

GNP optical parameters
110

. With the development of computational methods, it is 

possible to solve the above equations numerically and investigate the effect of various 

parameters on the thermal response. For instance, Sassaroli et al.
48

 studied the effect of 

several temperature dependent properties, such as thermal conductivity, vapour formation 

and dielectric properties, on the temperature elevation of the particle and surrounding 

medium. It was concluded that these changes have a significant effect in the GNP heating 

microenvironment and need to be taken into account when designing applications. Ekici 

et al. 
104

studied the pulsed heating of gold nanorods with fs laser and found that the 

temperature change of gold nanorod can be modelled by a sphere with equivalent volume 
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with reasonable accuracy in their system. In addition, the pulsed heating at repetition 

rates as high as 80MHz (12.5ns interval) doesn't cause significant temperature elevation 

in the medium over time (1000ns), indicating highly localized effects can be achieved. 

 

Here we analyze the characteristic time scales and steady state temperature change by 

scaling. This reduces the mathematical complexity yet captures the important physics that 

are important for a variety of biological applications
111, 112

.The nomenclature of Keblinski 

et al.
111

 is used and the characteristic time of the transient heating process is described by:  

  (17) 

where  is the characteristic length and  is the thermal diffusivity. For nanoscale 

single GNP heating, the characteristic time ( ) can be calculated by substituting the 

particle radius (rp) into equation (17). This characteristic time  is a measure of the 

time for the temperatures of the GNP surface and surrounding medium to reach steady 

state given a steady continuous heat generation by the GNP. Assuming water as the 

surrounding medium, and the particle sizes of 10nm and 100nm, the characteristic time 

 is on the order of 1ns and 100ns respectively. This is also related to the thermal 

confinement concept introduced earlier and is schematically shown in Fig. 1.6. Note that 

the characteristic time is only a rough estimate of the time scale and one has to solve the 

governing equation to obtain more accurate estimations. In addition, it should be noted 

that this is a different time scale than was introduced earlier for thermal relaxation 

(defined earlier in equation 9), but they differ only by a constant. For simplicity, the form 

of equation (17) is used for scaling in this and subsequent sections.  
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After a short time (1 – 100ns for 10 and 100 nm diameter respectively), the temperature 

distribution around a single continuously heated GNP in an infinite medium reaches 

steady state and can be easily obtained. Applying the constant heat flux boundary 

condition at the GNP surface
111

 ( ) and negligible temperature change far away from 

the particle , the surrounding medium temperature due to the heated GNP is 

given by  

  (18) 

where  is the heat generated by the GNP, and  is the thermal conductivity of the 

medium. An example of the temperature profile of the medium around GNP is shown in 

Fig. 1.8(B). The maximum temperature occurs at the NP surface, given by equation 12 in 

Table 1.6. 

 

One can use the typical laser parameters for GNP photothermal therapy to calculate this 

nanoscale temperature increase . For example, Hirsch et al. 
41

 designed a gold 

nanoshell with , absorption cross section , and CW 

laser fluence I=4W/cm
2
. This yields  in water using properties in Table 

1.2. The reason for this extremely small temperature increase is because of the large 

surface to volume ratio of the NP that yields rapid heat dissipation. While a single GNP 

doesn’t provide enough temperature increase for photothermal therapy at the nanoscale, 

the macroscopic temperature increase is significant as shown later, due to the collective 

heating effect of many GNPs in a relatively large volume
111, 113

. Another way to generate 
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a nanoscopic temperature increase is to increase the laser fluence with CW or pulsed 

laser. Fig. 1.8 (B) shows several degrees of temperature increase for spherical GNP and 

gold nanoshell with a laser fluence of 10
4
 W/cm

2
. (Note that this is 3 orders of magnitude 

higher than the laser fluence used for in vivo photothermal therapy as shown and 

discussed later in Table 1.13.) With higher power ns and fs lasers, it is possible to 

generate significant temperature change within the GNP (hundreds as shown in Fig. 1.8C, 

up to thousands –Fig. 1.1), and leading to a series of thermophysical responses, as 

discussed later in section 5.1. 

 

1.4.2.2 Measurement of nanoscale heating 

Transient: To study the transient physics of GNP heating discussed above, i.e. photon-

electron-phonon interactions, time-resolved transient absorption spectroscopy can be 

used
57

. This involves a pump-probe laser system based on the principle that electrons 

with different energy distributions have different absorption spectrum. Although the 

interactions are extremely short (fs and ps), the use of fs probe laser is sufficient to probe 

these transient processes by setting different delays between the pump and probe lasers. 

The electron heating and electron-phonon relaxation have been studied for GNPs with 

different sizes and shapes
57

. 

 

Time-resolved transient absorption spectroscopy can also be used to study the heat loss to 

the surrounding from a GNP, i.e. phonon-phonon scattering
102

. This is a much longer 

process (ps to ns) compared with electron-phonon coupling and the electrons can be 
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treated in equilibrium with the phonons. In this case the temperature of the phonon is 

roughly proportional to the temperature of the electron distribution
102

.For instance, 

experimental measurements of heat dissipation from GNPs in aqueous solution showed 

that the thermal relaxation time is proportional to the square of the particle radius
102

, 

which agrees with the theoretical analysis ( , equation 17).  

 

With time-resolved x-ray spectroscopy, it is possible to measure the lattice (phonon) 

expansion upon heating and use this as a GNP thermometer. Plech and co-workers 

studied the heating of GNP under fs and ns laser excitation
83, 107

, and Fig. 1.8(D) shows 

the GNP temperature variation over time from x-ray measurement. In addition, it is also 

possible to monitor the bubble formation and growth around GNP with this technique 

Fig. 1.8(E). 

 

Steady state: While the ability to make transient measurements in and around the GNP is 

relatively difficult but evolving (see above) there are numerous indirect measurements 

that can probe the nanoscale temperature near the laser GNP activated surface at steady 

state (t>>nano). These methods include the use of phase change (such as ice
72

 and lipids
27, 

28
) and spectroscopic techniques

114-117
 as listed in Table 1.8. For example, Richardson et 

al.
72

 studied the heat generation of GNPs by embedding them in ice. In this study, the 

local number of GNPs was determined by using fluorescence from GNP and ice melting 

was determined by spectral shifts (of ice) within the spatial Raman signal. The power 

needed to melt ice at different ice temperatures was determined and compared with 
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theoretical predictions. It was also found that aggregated GNPs can generate more heat 

than a single GNP and melt ice at lower laser intensity. A reduced temperature 

ΔTred=ΔT/NNP
2/3

 (scales with R
2
eff~NNP

2/3
, where Reff is the effective radius of the 

aggregate and NNP is the number of GNPs in the aggregate) was used to account for this 

effect. Combining the theoretical calculations and experimental data, a quantitative 

measure of GNP heat generation can be made.  

 

Similarly to the studies in ice above, GNP heating was also studied by inducing the phase 

change in lipid bilayers by Oddershede and co-workers in 2D and 3D systems
27, 28

. This 

was accomplished by using fluorescent molecules that preferentially accumulate in the 

gel or fluid phase of the lipid bilayer thereby allowing a 2D measure of the lipid melting 

front. By quantifying the melted area, the temperature profile around the GNP was 

reconstructed and then correlated with the heat generation and surface temperature of 

GNP
85

. Later they studied the GNP heating by optically trapping GNP in a 3D system. 

For example, when the GNP is brought closer to a giant unilamellar vesicle (GUV), the 

temperature increase due to laser heating of the GNP causes a permeability increase to 

the GUV and dye leakage occurs at a threshold temperature. By measuring the distance 

between the GNP and the GUV, the temperature of the GNP during heating can be back 

calculated
86

. In both the studies, the effects of laser power and GNP size on the 

temperature increase were studied and the steady temperatures agreed with theory except 

for larger size GNP (>80nm), probably due to experimental limitations, i.e. the increased 

scattering force that repels the particles from the center of focus.  
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Table 1.8 Experimental efforts to measure single-GNP level heating. 

Method Working principle 
Transient/ 

Steady state 

Resolution 

and 

accuracy 

Re

f. 

Time-resolved 

spectroscopy 

Electrons with different energy 

distributions (temperature 

dependent) affect absorption 

spectrum. 

Transient NA 
102

 

Time-resolved x-

ray spectroscopy 

X-ray probes the lattice 

structure change (phonon) 
Transient NA 

83
 

Phase change - ice 

melting 

GNP heats and melts ice. The 

phase change is detected by 

Raman spectroscopy. 

Steady state NA 
72

 

Phase change - 

Lipid bilayer (2D) 

GNP heats and melts a lipid 

bilayer decorated by fluorescent 

molecules with preferential 

affinity to gel or liquid phase. 

The melting front is tracked by 

the fluorescent density. 

Steady state 

No spatial 

resolution, 

several ˚C 

accuracy 

27
 

Phase change –

lipid vesicle (3D) 

GNP heats up a closely 

associated lipid vesicle thereby 

changing its permeability 

measured by fluorescent dye 

leakage. 

Steady state NA 
28

 

SERS 

nanothermometer 

SERS measures the chemical 

structure of probe molecules 

which are dependent on 

temperature 

Steady state 

No spatial 

resolution, 

10s˚C 

114
 

Fluorescence 

polarization 

anisotropy 

Increasing temperature causes 

faster rotation of molecules that 

can be measured by polarization 

anisotropy. 

Steady state 
300nm, 

0.1˚C 
115

 

Photoluminescence 

The photoluminescence signal 

of Erbium doped AlGaN is 

temperature dependent 

Steady state NA 
116

 

QD fluorescence 
QD emission is temperature 

dependent. 
Steady state 0.5˚C 

117, 

118
 

 

Spectroscopic techniques can also be used to quantify temperature change by spectral 

shifts. For instance, the SPR itself can be used to study GNP heating.  Recently, Rycenga 
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et al. 
114

 studied the use of SERS spectrum to measure the temperature change by 

functionalizing 1-DDT with the gold surface of a nanocage. It was found that the carbon-

carbon stretch spectra (ratio of G – 1080cm
-1

 and T – 1125cm
-1

) correlated well with the 

GNP temperature from 0-100˚C by both experiment and molecular dynamic simulation. 

In addition, the spectrum of many fluorescent molecules is temperature dependent and 

can be used non-invasively for temperature measurement of GNP heating. For instance, 

Baffou et al.
115

 used fluorescence polarization anisotropy for temperature measurement, 

which is related to the rotational diffusion induced by molecular Brownian dynamics. 

Using this technique temperature mapping of gold nanorod agglomerates was studied. 

Diffraction limited spatial resolution and 0.1˚C sensitivity was reported. Recently, 

Carlson et al.
116

 designed Er
3+ 

doped AlGaN thin film to determine the local temperature 

change of gold nanostructures (GNPs and lithographically prepared dots), by correlating 

the Er
3+

 photoluminescence spectrum with temperature. In this case, the high laser 

intensities used(10
9 
- 10

10
 W/cm

2
) actually melted gold (phase change) which was used to 

validate the measured temperature. In addition, new super-resolution spectroscopic 

techniques have shown the ability to exceed the diffraction limit for spatial resolution of 

fluorescent signals
119, 120

.  Future studies may be able to use these techniques to improve 

spectroscopic information in GNP heating especially for probing the steep temperature 

gradient at the nanometer scale near the GNP surface (Fig. 1.8). 

 

Other novel approaches to measure temperatures using fluorescent agents, such as 

thermally sensitive fluorescent molecules
118

 and semiconductor quantum dots have been 
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reported
117, 118

. For instance, Gupta et al.
117

 used the thermal sensitivity of quantum dots 

in bulk and conjugated to NP surface to probe if there are measurable temperature 

differences during NP heating. It was concluded that no significant temperature 

difference between NP surface and bulk was found for their conditions of heating, which 

is consistent with scaling. This study was performed with radiofrequency field but can be 

easily translated to laser activation studies. 

 

1.4.4 Macroscale heating and measurement (ΔTmacro) 

1.4.4.1 Theory of macroscale heating 

The Pennes bioheat equation is arguably the most widely used predictive model of 

temperature change during thermal regulation and therapies in blood perfused tissue
121

. 

Although more sophisticated models incorporating the vasculature of the tissue are 

available, they require more parameters that are usually not readily available
103

. The 

Pennes bioheat equation is given in Table 1.6. The terms on the right hand side (W/cm
3
) 

are heat diffusion, blood perfusion (denoted by ‘b’), metabolic heat generation (denoted 

by ‘m’) and external heat source (specific absorption rate – SAR), respectively.   The 

blood perfusion usually dominates the metabolic heat term and characteristic values for 

these terms can be found in the literature
49

.  The use of this equation along with more 

advance models have been reviewed elsewhere in great detail
98, 103, 122

.  Importantly, this 

model incorporates heating  through a SAR term and can be applied to many cases 

relevant to laser GNP heating in tissues.  Some modification of the equation is necessary 

(i.e. temperature dependent properties, latent heat, vaporization etc.) should heating 
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exceed a few °C and/or begin to induce phase change (for example protein denaturation 

or vapour formation) within the tissues. 

 

Complete solution to the Pennes bioheat equation typically requires numerical 

computation. Here we present the scaling analysis for the diffusion time and macroscopic 

temperature change as previously for the nano- and micro-scale heating. As the length 

scale increases for bulk systems so does the characteristic time to reach steady state. The 

macroscopic characteristic time in a macroscopic biological system like a tumor ( ) 

can be given by substituting the radius of the tumor ( ) into equation (17). This 

calculation results in a diffusion time  of  about7s and 12 min for a 1mm and 1 cm 

diameter tumor respectively. Using a modification of the analysis the temperature 

increase at the center of the tumor can be estimated by equation 16 in Table 1.6
111, 

112
.Using the typical values for the photothermal therapy from Hirsch et al, consider 

tumor size   and gold nanoshell number density  (10
9
/mL), 

the corresponding temperature increase is 
 

, which is sufficient for 

thermal therapy. One can perform this scaling easily given the NP’s absorption cross-

section, concentration and applied laser intensity (i.e. fluence) as shown in Table 1.13. 

 

1.4.4.2 Measurement of macroscale heating 

The measurement of macroscale heating and temperature change are relatively easy 

compared with nanoscale measurement. Many mature and commercially available 

techniques are available, such as thermocouples, fluoroptic probes, and infrared cameras. 
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However, it is still a challenge to noninvasively map the 3D temperature in real time, 

which is important for monitoring photothermal therapy in vivo. 

 

Table 1.9 Noninvasive thermal imaging techniques  

Method Mapping Spatial resolution Sensitivity Speed Ref. 

Infrared Surface ~18 µm ~0.1°C 60Hz 
123

 

MRTI
a
 3D ~0.16mm -0.01 ppm/°C 0.2Hz 

41, 124
 

Photoacoustic 3D ~50 µm ~0.16°C
b
 >10Hz 

125
 

Ultrasound 3D ~0.3mm ~0.05°C >10Hz 
125-127

 

Note: the parameters are estimated from the references listed.  
a
 Magnetic resonance temperature imaging. The spatial resolution f MRTI depends on 

magnetic field strength.  
b
 The resolution of photoacoustic temperature imaging depends on the stability of pulsed 

laser used. 

 

 

Table 1.10 Predicted laser intensity needed for 10°C of heating for different scaled 

systems at steady state.  

System Size (diameter) Laser intensity (W/cm
2
) 

Single GNP 30nm 8.8×10
4
 

Single cell 10µm 2.1×10
6
 

10 cells
a
 22µm 4.4×10

5
 

100 cells 46µm 9.5×10
4
 

10
3
 cells 100µm 2.5×10

4
 

10
6
 cells 1mm 2.1×10

2
 

10
9
 cells 10mm 2.1 

Note: Equations (12), (14) and (16) in Table 1.6 are used for the scaling. GNP with 30nm 

diameter was used (Cabs = 1.3×10
-15

m
2
) and a weight concentration of 5µg/g (i.e. 

1.83×10
10

 NPs/ml) was assumed for cellular loading of GNP. Blood flow is neglected for 

this analysis. 
a
 Multi-cellular volumes (i.e. tumor) are achieved by direct summation of single cell 

volumes. 

 

Recently, noninvasive or minimally invasive methods, such as magnetic resonance 

temperature imaging (MRTI), ultrasound thermometry, and photoacoustic thermometry, 

have been proposed to guide and monitor thermal therapy. Typical attributes of these 

methods, including 3D mapping, spatial resolution, temperature sensitivity and speed, are 
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listed in Table 1.9. Among these methods, Shah et al. 
125

 showed that simultaneous 

ultrasound and photoacoustic temperature measurements give results with accuracy 

estimated within 0.5°C with photoacoustic thermal imaging showing a higher signal to 

noise than ultrasound. MRTI is also a promising technique that is undergoing clinical 

trials to monitor laser thermal treatment although response times are slower than other 

techniques
128

. These techniques offer exciting opportunities for in vivo treatment 

monitoring, SAR and injury assessment during laser GNP bulk heating. 

 

1.4.5 Summary of scaling analysis 

To summarize and compare the nano-, micro-, and macro-scale heating, the equations in 

Table 1.6 are used to generate Table 1.10 – the predicted laser intensity needed for 

10°Ctemperature rise for different sized biological systems From single cell to 10
9
 cells 

(correspond to 10mm tumor).  For comparison a uniform GNP concentration of 5µg Au/g 

is assumed in all systems, which is a common value that can be achieved by systemic 

delivery
14, 129

. In this scaling, it is also assumed that the GNP laden systems are in an 

infinite medium. In order to target and kill single cells, very high laser intensity, i.e. 

usually pulsed laser, is needed. For larger systems such as a 1cm tumor, continuous wave 

laser can be applied with fluence (i.e. intensity) 6 orders of magnitude smaller than that 

required for heating a single cell to the same temperature.  An important note is that the 

scaling indicates the intensity, but not the time of laser heating (i.e. CW vs. pulsed) to 

raise the system by 10 °C.  For thermal destruction at higher intensities it will be 

necessary to accumulate injury for times longer than the pulse of most lasers in which 
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case either higher temperatures during the pulse will be needed or CW lasers need to be 

used over many minutes (see section 5.2.2 Thermal injury kinetics). 

 

1.4.6 SAR and photothermal conversion efficiency 

1.4.6.1 SAR estimation 

In order to predict and model GNP laser heating it is important to obtain the amount of 

SAR within different GNP loaded biological systems. The simplest approach is to predict 

SAR when all parameters are known.  However, in some cases not all the parameters can 

be obtained and SAR needs to be measured which can be approached two ways: (1) 

characterizing the laser fluence and absorption; or (2) directly measuring the temperature 

change within laser NP heated systems.  By obtaining the optical absorption and local 

fluence rate, the SAR can be calculated by the product of the two parameters. This 

requires the measurement of , the absorption coefficient of the tissue (laden with NPs), 

and local fluence rate. Unfortunately, direct measurement of the absorption coefficient 

and local fluence typically requires an invasive measurement with an optical fiber which 

poses experimental challenges
51

. The second approach to measuring SAR takes 

advantage of thermal confinement discussed earlier and uses local temperature change 

during short time periods before thermal diffusion becomes important.  This approach has 

the advantage that measuring temperature is easier than measuring local laser fluence. 

Importantly the following must hold: (1) heat loss by other mechanisms (i.e. 

radiation/convection) is negligible, (2) thermal properties are constant, and (3) heat 

diffusion is negligible. The SAR (W/cm
3
) can then be obtained by measuring the initial 
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slope of the local temperature change usually over a matter of seconds (for ≥ mm sized 

regions):  

  (19) 

With the techniques listed in Table 1.9, infrared, photoacoustic and ultrasound 

thermography should work to quantify SAR.  Although MRTI may work in some cases, 

the response times may be too slow in others. 

Table 1.11 Theoretical ( ) and experimental ( ) photothermal conversion efficiencies 

from literature 

GNP type   Experiment setup Ref. 

20nm sphere 99% <10% 
Small sample cell in the vacuum 

chamber 
130 

20nm sphere 99% ~100% Water droplet containing GNP 113 

Au core/Si shell ~12% 30% 
Magnetically stirred cuvette in vacuum 

chamber 
66 

Au core/Au2S 

shell 
>90% 59% Same as above 66 

Au nanorod >90% 55% Same as above 66 

Au nanorod/ 

nanobipyramid
a
 

Varies Varies Magnetically stirred cuvette in air 131 

a
 Other factors, such as wavelength, nanoparticle size, shape, and shell coating were 

systematically studied by Chen et al.
131

. See discussion in text. 

 

1.4.6.2 Photothermal conversion efficiency 

While SAR is the most direct way to measure and use GNP heat generation in biological 

systems, it is also important from a design and optimization point of view to study how 

effectively specific GNPs convert laser light to heat. Several studies of temperature 

change in NP laden liquid droplets 
113, 130

, or stirred NP laden liquid in cuvettes 
66, 131

 

have reported photothermal conversion efficiencies for different sized and shaped 

particles. However, discrepancies exist as shown in Table 1.11. For example, Richardson 



 

44 

 

et al.
113

 and Roper et al.
130

 obtained very different photothermal conversion efficiencies 

in droplets vs. cuvettes even for the same type of GNP. It is important to make the 

distinction between the experimental photothermal conversion efficiency ( ),based on a 

bulk energy balance, with the theoretical conversion efficiency of a single NP ( ), given 

by the absorption cross section over extinction cross section(See Table 1.3). 

Mathematically, these conversion efficiencies are given by 

  (20) 

  (21) 

These two efficiencies can be different due to a variety of reasons
66, 131

. For instance in 

radiative transport, i.e. light scattering and re-absorption by NPs, Chen et al. 
131

 observed 

that the theoretical efficiency is greater than the experimentally measured efficiency, and 

the difference becomes larger as the NP size increases. This is because scattering is larger 

for larger GNPs, and the re-absorption of scattered light by other particles increases the 

measured efficiency. This could also explain the higher efficiency measured vs. predicted 

for the Au/SiO2 nanoshell from Cole et al. 
66

. It is expected that dispersing the GNPs in 

strongly scattering medium will further increase the measured photothermal efficiency
132

. 

On the other hand, GNP defects from synthesis and the change in GNP 

microenvironment during heating, for example water vapour formation, will reduce the 

absorption and the measured efficiency
66

.  
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In summary, the measured photothermal conversion efficiency is a bulk property that 

depends not only on the NP, but also on radiative transport and environmental factors 

(e.g. measurement setup), while the theoretical efficiency is dependent only on the NP, 

predicted by Maxwell's equation. It is also worth noting that while the photothermal 

conversion efficiency is a useful tool to compare heat generation ability among different 

NPs it has limited use for in vivo applications. This is because when correctly accounted 

for it gives information on the total/average heat generation in the GNP system but not 

the distribution, and the laser energy trapped in tissue will eventually dissipate into heat 

after multiple scattering events. The more useful quantity is the SAR distribution as 

discussed above, i.e. the amount and position of heat generation. With SAR distribution, 

the temperature increase and thermal injury can be predicted and used to plan and 

monitor photothermal therapy by incorporating SAR into the bioheat equation as 

discussed next. 

 

1.5. Laser  GNP effects II - Physical and biological responses at multiple scales 

Depending on the degree of temperature change by GNP heating, different physical and 

biological responses can occur that drive an increasing number of biomedical 

applications as listed in Table 1.1. In this section, the thermophysical responses at the 

nanoscale around GNPs are discussed first followed by biological applications at multiple 

scales (nano-, micro-, and macro-). 

 

1.5.1 Nanoscale effects 
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1.5.1.1 Thermophysical effects around GNP under laser heating 

The temperature increase of a GNP is dependent on the energy input as discussed earlier. 

With high power pulsed laser, the temperature of the GNP can increase over a thousand 

degrees within a very short period of time (electron-phonon relaxation within a few ps – 

Fig. 1.7).  Depending on the energy input, different responses in the surrounding medium 

and GNP occur. These include the phase change of the medium (melting ice and 

polymer) 
72, 133

, selective protein denaturation around the GNP
32, 35

, acoustic wave 

formation because of the particle expansion
134

, vaporization of the water around the 

particle
40

, melting and vaporization of GNP 
135

, optical breakdown and plasma 

formation
81

, and eventually particle fragmentation and degradation
135

. These processes 

have been recently summarized by Pustovalov et al. 
5
, and are shown schematically in 

Fig. 1.1, along with the phase diagrams of water and gold (refer to phase change 

properties in Table 1.2). Both theoretical
5, 106

 and experimental efforts have been 

undertaken to understand these processes, however, the complexity of the problem and 

difficulty of measurements at short time and length scales have limited our complete 

understanding. Each of these processes have important applications, for example acoustic 

wave formation for photoacoustic imaging
125

, and bubble formation around the GNP for 

enhanced image contrast
82

, enhanced cancer cell destruction
136

, endosomal escape
38

 and 

liposomal release
37

 for drug (siRNA and gene)delivery. 

 

Among all the thermophysical responses of laser GNP heating, one of the most 

extensively studied is bubble formation, i.e. water vaporization around the GNP (Fig. 
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1.8). Under pulsed laser irradiation, especially ns and fs lasers, the surface temperature of 

GNP can easily surpass the boiling point of water and the liquid water around GNP 

becomes strongly superheated
83

, probably due to the strong curvature of the interface that 

inhibits vapour formation
106

. Plech and co-workers systematically studied the 

thermodynamics of the nanobubble formation with GNPs excited by ns and fs lasers
83, 107

. 

It was suggested that the bubble may form from explosive boiling during spinodal 

decomposition, which is a spontaneous process when thermodynamically unstable liquid 

relaxes towards equilibrium. The spinodal line for superheated liquid water is 

schematically shown in Fig. 1.1 (dashed line). The experimental data were well explained 

by a bubble formation threshold at 85% of the critical temperature of water (Table 1.2A). 

Lower laser fluence is needed for fs lasers than ns lasers to generate nanobubbles because 

of thermal confinement. In addition, the laser fluence threshold for bubble formation is 

not only dependent on the GNP size, but also on the GNP aggregation state as shown by 

Lapotko and co-workers
82

.The lifetime of the nanobubbles was found to be a function of 

GNP size, aggregation state, and laser fluence, ranging from sub-ns to several hundred 

ns
82, 83, 107

.   

 

1.5.1.2 Biological applications of nanoscale heating 

Nanoscale heat generation and temperature increase around single GNPs provide a 

unique tool for localized manipulation and investigation of macromolecules within 

biological systems. Compared with traditional microscopic methods for molecular 

manipulation (for example atomic force microscopy - AFM), GNP heating provides the 
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advantage of high speed and parallelization
34

.  By using targeting (i.e. ligands on the 

surface)GNPs can be used to selectively bind and probe macromolecules of comparable 

size including lipids(i.e. membrane), proteins and DNA (Fig. 1.5) within the heated 

region (Fig. 1.8B). Here we discuss several example applications as listed in Table 1.1 

and shown in Fig. 1.9. 

 

 

 

Fig. 1.9 Examples of biological application of Laser GNP nanoscale heating: (A) 

Nanoscale membrane melting; (B) Ultrafast DNA melting assay; (C) Molecular release 

from GNP surface; (D) Molecular release from gold nanocage; (E) Selective protein 

denaturation; (F) Sub-wavelength surgery on DNA. See text for detailed discussions. 

Reprinted with permission from ref. 
26

, 
29

, 
137

, 
138

, 
32

 and 
34

, respectively. Copyright 2009 

American Chemical Society, 2008 American Chemical Society, 2010 American 

Chemical Society, 2009 Nature Publishing Group, 2003 SPIE and 2007 American 

Chemical Society, respectively.  

 

 Nanoscale membrane melting: The heating of GNP by CW laser can cause phase 

change to the surrounding medium including lipid membranes as shown in Fig. 1.9(A). It 

has been used as a thermometer (by knowing the lipid melting temperature) to study GNP 
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heating as discussed earlier in section 4.2
27, 28

. Further, Urban et al.
26

 showed that a 

heated GNP creates a circulator zone within the membrane where gel phase phospholipid 

turns into the fluid phase.  It was observed that the motion of GNP is fastest in the central 

fluid phase zone and slows down as the GNP moves away from the center. When located 

within the gel phase, the GNP doesn’t move. The diffusion coefficient of GNP was 

measured and found to increase with input laser power, indicating that the membrane 

viscosity reduces with temperature increase. When moving the laser spot, the GNP is 

found to follow. Thus, GNP positioning could be potentially controlled with nanometer 

precision creating opportunities for optical GNP patterning within membranes.  

 

Ultrafast DNA melting assay: By tuning the laser energy input, the heat generation can 

be used for gentle, controlled and reversible heating of macromolecules. For instance, 

Stehr et al.
29

 showed that DNA bound GNP aggregates can be used as a DNA melting 

assay with 300ns pulsed lasers. Specifically, the thermal energy is used to cause double-

stranded DNA to melt within microsecond timescales. The perfectly matched single base 

pair DNA can tolerate higher temperature than the mismatched ones and the recovery 

kinetics after the heating is different. Thus the different DNA types can be distinguished 

by observing the recovery of the DNA-GNP complex after heating as measured by 

UV/vis spectroscopy (Fig. 1.9B).This interesting observation allows rapid and high-

throughput DNA analysis. 
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Molecular release from GNP: When pulsed laser is used, the high local temperature 

change near the GNP can be used to break chemical bonds between the GNP and 

attached ligands and release the ligand payloads without damage.  For instance, Jain et 

al.
30

showed that thiolated DNA strands can be desorbed from GNP surfaces by breaking 

the gold-thiol bonds with femtosecond pulses. Further this process can be monitored with 

fluorescent dyes as gold quenches fluorescent molecules in close proximity as shown by 

Bakhitiari et al.
31

. Specifically, this work demonstrated that fluorescent dyes attached to a 

gold nanoshell (Si-core 180nm, 10nm thick gold-shell) or a gold nanosphere (16 nm core) 

can be efficiently released without bulk temperature increase by the application of pulsed 

light near the plasmon resonant wavelengths of shell and spherical particles, i.e. NIR 

(800nm, 1kHz, 700mW, 100fs) and visible (532nm, 10Hz, 100mW, 4ns)respectively. 

This process proves far more efficient than control experiments in 60°C water bath for 

30min. It was further suggested that the release mechanisms between GNPs was 

different.  For instance, from gold nanosphere the release is governed by gold-thiol bond 

breaking while the gold nanoshell release is governed by the retro-Diels-Alder reaction, 

i.e. breaking a chemical bond further away from the gold nanoshell. Similarly, a 

systematic study on the photothermal release of DNA from GNP suggested that the gold-

thiol bond breaking is not the only mechanism for molecular release as shown in Fig. 

1.9(C) – Path B)
137

. When changing the laser and medium conditions, molecular release 

by DNA melting can be dominant, as shown in Path A in Fig. 1.9(C). 
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 Extensions of this work have been recently achieved with gold nanoshells for siRNA 

release and nanocage to release encapsulated molecules. Specifically, the photothermal 

molecular release was recently extended by Braun et al.
38

by showing that gene silencing 

can be temporally and spatially controlled by releasing small interfering RNA (siRNA) 

from hollow gold nanoshell surfaces with NIR pulsed laser. As expected the extent of 

release is higher with increased laser power and pulse repetition rate.  Further, when the 

molecule is encapsulated in a hollow and porous structure, it can also be remotely 

released by pulsed laser heating, as shown in Fig. 1.9(D) for gold nanocage
138

. As shown 

in Table 1.3, gold nanocage has SPR in NIR regime with high absorption efficiency. By 

covering the gold nanocage with smart polymer, the pre-loaded molecules can be release 

in a controlled manner with ns pulsed NIR laser. The photothermal release of anti-tumor 

drug (DOX) and enzyme (lysozyme) was demonstrated. 

 

Selective protein denaturation: In addition to molecular release, GNP bound molecules 

such as proteins can also be irreversibly denatured using higher power pulsed lasers. 

Protein denaturation/inactivation is an important process that affects cell function and is 

of great interest and importance to fundamental biological study and more broadly in the 

field of thermal therapy. As GNPs have much stronger absorption and better 

photostability under laser irradiation compared with dyes
68

 they have been functionalized 

to attach with proteins for thermal denaturation studies. For instance, Huettmann et al.
32

 

showed that for 15 nm diameter heated GNPs the adherent protein within a few tens of 

nanometers of the particle surface can be inactivated while proteins that are not attached 
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or attached via two antibody to the GNP (further away) maintain high enzyme activity, as 

shown in Fig. 1.9(E).  Pitsillides et al. reported similar results
35

. This builds upon earlier 

studies in the 1980s on chromophore-assisted laser inactivation (CALI) of protein 

function proposed by Jay et al.
139

. In this study, chromophores were bound to a ligand or 

antibody which were attached to the protein. By using short pulses of high-intensity laser, 

it was shown that the chromophore bound protein was selectively inactivated while other 

proteins were unaffected. These outcomes suggest the possibility of overcoming 

limitations in the field of genetics where inhibitors do not exist for all proteins, but highly 

absorbing and tunable GNPs can be used and targeted to essentially any protein. New 

molecular dynamics modelling of protein structure change during denaturation at high 

temperature and short time scales
33

 may also help develop and refine this technique for 

unprecedented spatial and temporal control of protein denaturation. 

 

Sub-wavelength molecular surgery: An important addendum to laser GNP 

macromolecular heating is the extension to molecular surgery on DNA at resolutions well 

below the excitation wavelengths of light.  For instance, Csaki et al.
34

 demonstrated that 

streptavidin-GNP conjugates can be positioned specifically on given biotinylated genes. 

By applying femto-second laser pulses, dramatic structural changes at subwavelength 

dimensions were achieved within the DNA to which the GNP was attached while 

preserving the overall chromosome structure, as shown schematically in Fig. 1.9(F). 

 

1.5.2 Microscale cellular effects 
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1.5.2.1 GNP biodistribution in vitro 

Understanding the interactions of GNPs with cells is necessary to effectively target 

contrast agent and therapeutics within the cell. Depending on size and surface chemistry, 

GNPs will either remain on the cell surface, or follow different intracellular uptake 

pathways and intracellular fates with concomitant biological responses
15

. It has been 

shown that the cellular uptake of GNP is size- and shape-dependent, and an optimum size 

exist for maximum GNP cellular uptake
140

. Recent work has further suggested the need to 

include sedimentation and diffusion of GNPs in determining the GNP uptake
141

.Cellular 

response is shown to be NP size-dependent, and can alter cell signalling processes for 

basic cell functions including cell death
142

. Detailed discussion of NP – cell interaction 

and intracellular delivery are reviewed in Chou et al.
15

.   Here we will review the impact 

of GNP heating on cells once attached or internalized. 

 

1.5.2.2 Thermal injury kinetics 

Selective cell destruction can be achieved by targeting GNPs to the cancer cells thereby 

increasing the absorption and thus heat generation within a given cell. However, the 

ensuing cellular damage process is highly temperature and time dependent. As estimated 

in the previous section, the characteristic time for thermal relaxation of single cells is 

sub-millisecond, and temperature elevation is small for most CW lasers for a single cell. 

However, pulsed lasers can induce significant temperature increase albeit over shorter 

times, which need to be better connected and understood in the context of cell death. 

Under some conditions “nanophotolysis” is achieved and a bubble forms and collapses 
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which is hypothesized to rupture cellular membranes by mechanical means reviewed a bit 

later.  However, under less powerful heating injury may occur by primarily thermal 

means.  To further guide the use of GNP heating for this purpose, it is therefore important 

to further study the kinetics of thermal injury at higher temperatures and shorter times 

(order of laser pulses). 
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Table 1.12 Example of studies on in vitro laser and nanoparticle doses for cancer photothermal therapy and scaling of temperature 

change. 

GNP 

type 
GNP dose 

GNP 

#/cell 
Cell type Laser dose Outcome ∆T (°C) Ref 

Sphere 

Anti-EGFR 

conjugated, 

incubated with 

0.2nM GNP for 

40min 

NA* 

Benign and 

malignant 

epithelial 

cells 

514nm CW, 

19~76W/cm
2
, 

1mm laser spot for 

4min 

Threshold of injury: (1) 

Without GNP, >76W/cm
2
; 

(2) With GNP, 57W/cm
2 

for benign and 19~25 

W/cm
2
 for malignant 

∆Tnano= 

0.003~0.012 (with 

19~76 W/cm
2
); 

Tmacro=70~80 for 

threshold injury 
a
 

143, 

144
 

Anti-IgG 

conjugated, 

incubated for 

30min 

100~500 

Peripheral 

blood 

lymphocyte 

565nm, 20ns 

pulsed, 100 pulses 

at 0.5J/cm
2
 

54% cell death with 100 

GNP/cell and 95% with 

500 GNP/cell; 5% and 8% 

for untargetted cells under 

same condition 

∆Tnano = 2500 
b
 

35
 

PEG and 

transferrin coated, 

25nm 

NA 

Ductal 

carcinoma 

cells 

530nm, ns pulsed, 

10Hz, 1.3mm 

beam for 5min 

Cell injury occurs at 7~14 

W/cm
2
 with GNP 

Similar to above 
c
 

145
 

Shell 

PEG coated, 

R1=55nm, 

R2=65nm, 

incubated for 1hr 

NA 

Human 

breast 

epithelial 

carcinoma 

820nm CW, 

35W/cm
2
 for 7min 

Significant cell death in the 

laser irradiation region 
∆Tnano =0.03 

41
 

Anti-HER2 

conjugated, 

R1=60nm, 

R2=70nm, 

incubated for 1hr 

NA 

Human 

breast 

epithelial 

carcinoma 

820nm CW, 

80W/cm
2
 for 7min 

Significant cell death in the 

laser irradiation region 
∆Tnano =0.06 

146
 

Rod 

Anti-EGFR 

conjugated, 

incubated for 

NA* 

Benign & 

malignant 

epithelial 

800nm CW, 

5~25W/cm
2
, 1mm 

beam for 4min 

Cell death occurs at 

10W/cm
2
 with nanorods 

∆Tnano =0.01 
d
 

147
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30min cells 

PEG coated, apply 

laser immediately 

after immersing 

cells with nanorod 

containing 

medium 

0 or 

small 

Human 

prostate 

cancer cells 

800nm CW, 

25W/cm
2
, 2mm 

beam for 4~20min 

Cell injury is temperature 

and time dependent 

∆Tnano =0.02 
e 

Tmacro= 45~50 for 

injury 

148
 

Folate conjugated NA 

KB cells and 

NIH/3T3 

cells 

765nm CW, cells 

were scanned with 

focused beam 

under microscope, 

0.75~60mW (i.e. 

6.3×10
5
 ~ 

5.05×10
7
 W/cm

2
), 

1.66s per scan for 

39.3×39.3µm area 

Membrane blebbing 

threshold:  (1)Membrane 

bound nanorod and 6mW 

power; (2) Internalized 

nanorod and 60mW 

∆Tnano = 3400 and 

34000 °C, 

respectively 
e
 

39
 

Folate conjugated NA 
Same as 

above 

765nm, 200fs laser 

with repetition rate 

77MHz, same scan 

as above 

Membrane blebbing 

threshold: Membrane 

bound nanorod and 

0.75mW 

∆Tnano is high 
f
 

39
 

a
 This value is clearly much higher than reported in the hyperthermia literature (43°C and above) and ref. 

148
. 

b.
 Calculated in ref. 

35
. 

c.
 

The pulse duration is not provided in the paper to calculate the laser intensity. The energy level is similar to ref.
35

 and this leads us to 

draw this conclusion. 
d.
 Estimated with equivalent radius; 

e.
 The absorption cross section in Table 1.3 was used for scaling although the 

nanorod in ref.
39

 was slightly different. 
f.
 The scaling can't be applied since the GNP is not in equilibrium for fs laser. *The relative 

GNP number was observed with micro-spectrometer.  
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The mechanism and kinetics of thermally induced cell death at high temperatures above 

50 °C are under active investigation and have been recently reviewed 
33, 98, 149

. According 

to the Arrhenius kinetic model, the heat induced cell injury (Ω) or survival (S) can be 

described as  

   (22) 

where A is the frequency factor (s-1), ΔE is the activation energy (J mol-1), R is the 

universal gas constant, T(t) is the temperature history the cell experiences, and t is the 

time. The kinetic parameters, A and ΔE, are cell type (and thus tissue) and assay 

dependent
149-151

. The thermal injury of cell (or tissue) accumulates faster at higher 

temperatures. According to the clinically used thermal isoeffective dose (TID) model, a 

derivative of the Arrhenius model, it takes roughly half the time to induce the same injury 

for every degree increase in temperature.  Not surprisingly, the TID model and the 

Arrhenius model predict similar injury in various urologic cell and tissue systems (i.e. 

kidney, BPH and prostate tumor) between 43.5 and 50 °C, however, the TID model is 

less accurate than the Arrhenius model at higher temperatures
149

.  For instance, TID 

predicts a longer time to accumulate injury at temperatures above 50 °C than the 

Arrhenius model (i.e. 25% longer for kidney and BPH).  Computational and experimental 

studies to explain how thermal injury kinetics scale at higher temperatures (i.e. near 

boiling) is of continuing interest in the field of thermal injury and directly relevant to 

laser tissue and laser cell GNP therapies
33

. Importantly, thermal injury kinetic studies all 

presume that the cell is experiencing a uniform temperature which may or may not be 
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true based on the GNP uptake and laser conditions as reviewed for various experimental 

studies below. 

 

Much of the pioneering work in photothermal therapy used CW laser and showed that 

laser treatment is more effective for cells that have taken up GNPs versus cells without 

GNP (Table 1.12) 
41, 143, 146, 147

. For instance, using antibody conjugated gold nanorods, 

El-Sayed and co-workers showed that the treatment of malignant oral epithelial cells after 

incubation with gold nanorods requires about half the energy versus cells that did not take 

up nanorods 
147

. The CW laser treatment usually takes several minutes, which 

corresponds to a steady state macroscopic temperature increase instead of just local single 

nanoparticle or cell heating (Table 1.12). However, without quantifying the amount of 

GNP cellular uptake, it is difficult to estimate the temperature change and thermal injury 

kinetics under these conditions. A recent study by Huang et al. modelled and 

characterized the spatio-temporal changes of temperature for a laser beam irradiating the 

monolayer of cells with extracellular gold nanorods
148

. The cell viabilities at different 

positions relative to the laser beam were then predicted and compared with experimental 

measurement. Future studies in this area need more careful characterization of the 

thermal response and thermal injury kinetics.  

 

Pulsed laser has also been used for photothermal therapy and show advantages of lower 

exposure and more selective cell injury
97, 100, 136

. For example, in a mixed cell suspension 

Kalambur et al. showed that a nanosecond pulsed laser can selectively destroy malignant 
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tumor cells loaded with NPs while leaving normal cells intact (without NPs)
99

. However, 

with pulsed laser, nanoscale bubbles can be generated and non-thermal injury (for 

example mechanical stress) is involved (often named selective nanophotothermolysis) as 

discussed next. 

 

1.5.2.3 Non-thermal injury (mechanical and chemical) 

If the absorbed energy is high enough, phase change (i.e. boiling of water around the 

GNP) occurs leading to bubble formation that can lead to injury or destruction of cancer 

cells.  This cavitation induced acoustic wave can be detected
40

 and is shown 

schematically for reference under equilibrium conditions (i.e. phase diagram) in Fig. 1.1 

and 8 and is shown destroying a cell membrane in Fig. 1.10 and reported by others
35

. 

Detailed heat transfer analysis showed that bubble generation and cavitation damage 

were responsible for cell killing
35

.  Zharov and co-workers developed a photothermal 

imaging technique 
152

 such that the micro-bubbles generated under pulsed laser 

irradiation can be imaged 
100

. Recently, Lapotko and co-workers showed that the bubbles 

generated by GNPs can be tuned for imaging and therapeutic purposes 
82, 153

. Small 

photothermal bubbles serve also as sensitive image contrast agents in target cells without 

significant damage to the cell, while bigger bubbles lead to disruption of cellular structure 

and cell death. 

 

The mechanical injury is highly localized and different GNP distribution can lead to 

differential outcome. For instance, Tong et al. showed that it requires much less energy to 
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lyse the cell with membrane bound gold nanorods than when these nanorods are in the 

cytoplasm 
39

. Zharov et al. reported similar observation and showed that the 

microbubbles overlapping on the cell membrane synergistically enhance the 

photothermolysis of targeted cancer cells 
40

. These studies speak to the ability of laser to 

heat GNPs in the membrane without bulk heating leading to selective cell destruction. 

Similar principles of cavitation bubble induced membrane rupture are at work for 

liposomal and endosomal release (see next section), however, these events can occur at a 

sub-cellular level without damaging the cell
38

. 
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Fig. 1.10 Photothermal therapy (in vitro) by CW and pulsed lasers. (A) shows the cells 

irradiated with CW laser with and without gold nanoshell. Cell viability was assessed by 

calcien AM uptake. (B). Pulsed laser causes bubble formation with GNPs as shown in B1 

and B2 (GNP targeted to bacteria). B3 and B4 show that the membrane-bound gold 

nanorods (red to enhance contrast) are more effective to lyse the cell than internalized 

gold nanorods. This schematic is drawn according to experimental data from Tong et 

al.
39

. It was shown that membrane blebbing was observed with low power fs laser 

(0.75mW) for membrane-bound gold nanorod, while the cell remains viable after high 

power fs laser irradiation (4.5mW) for internalized gold nanorod. Fig. A1 and A2 were 

reprinted with permission from ref. 
41

 and Fig. B1 and B2 were reprinted with permission 

from ref. 
100

. Copyright 2003 National Academy of Sciences, U.S.A. and 2006 Elsevier. 
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In addition to mechanical injury, it was recently shown that the presence of GNP under 

low power laser irradiation also increases the intracellular reactive oxygen species (ROS) 

level, which causes damage to the endosomal membranes
6
 and mitochondria

9
, and leads 

to apoptosis of the cell. The detailed mechanism of the ROS generation with GNPs 

requires further studies. 

 

Fig. 1.11 Pulsed Laser GNP heating for transmembrane drug delivery, siRNA release and 

gene silencing. (A) Pulsed laser GNP heating for transmembrane drug delivery at 

relatively low dose of laser energy and GNP; (B) Pulsed laser GNP heating induced 

liposome/endosome membrane rupture for drug delivery presumably by bubble formation 

and cavitation; (C). Laser GNP heating induced endosomal release for selective gene 

silencing in vitro. The green fluorescence protein (GFP) expression is only blocked by 

with the laser on. Scale bar: 100µm.  Fig. A, C and D were reprinted with permission 

from ref.
35

 and 
38

. Copyright 2003 Elsevier and 2009 American Chemical Society. 
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1.5.2.4 Sub-cellular manipulations with GNP heating 

Highly selective subcellular manipulations can be achieved with remote laser activation 

when a GNP is targeted to a subcellular structure. Examples for this topic (listed in Table 

1.1 and shown in Fig. 1.11) include permeabilizing the cell membrane
35, 36

 and 

endosomal
38

 barriers for drug delivery. These are achieved with relatively low laser 

energy to preserve cell viability. With higher energy, single cell ablation can also be 

achieved as discussed above. 

 

Transmembrane drug delivery: It is often desirable to deliver large molecules such as 

drugs, proteins and genes to the cell, however, the cell membrane is a major barrier one 

must first overcome. The cell membrane can be perforated with high intensity light (10
12

 

W/cm
2
) by focusing the laser beam on the desired site

154
. However, this process is limited 

by low throughput as only one cell can be perforated at a time. If GNPs are targeted and 

bound to the cell membrane, increased cell membrane permeability can be achieved with 

pulsed laser without focusing thus allowing in theory many cells to be processed at 

once
35, 36

.   Using this approach Pitsillides et al.
35

 showed a 350% increase in molecular 

uptake in viable cells with a collateral loss of only 14.5% of the cell population. The 

fraction of cells that lost viability was an immediate effect of laser irradiation and 

apoptosis did not occur in the population at a later time. Yao et al.
36

 performed a 

systematic study on the laser parameters (pulse duration, irradiation mode – broad beam 

vs. scanning, irradiation frequency, and irradiation number) on permeabilization 

efficiency and cell viability. It was shown that the laser parameters can be optimized to 
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obtain desirable permeabilization efficiency while maintaining acceptable cell viability. It 

is postulated that cavitation bubbles and photoacoustic waves are at least partially 

responsible for increased cell membrane permeability while not strong enough to lyse the 

cell (Fig. 1.11A)
35, 36

 

 

Liposome/Endosomal release (for photothermal transfection): An important cell uptake 

mechanism is receptor-mediated endocytosis, where drugs and NPs (including liposomes) 

are taken up and wrapped in the endosome. This encapsulation represents another barrier 

to drug and gene delivery into the cytoplasm. Different methods have been proposed to 

overcome the endosomal barrier, for example by changing the pH (“proton-sponge” 

effect) as reviewed by Chou et al.
15

. An interesting approach by Gu et al.
37

 showed that 

fluorescent molecules can be released from liposomes with encapsulated hollow gold 

nanoshell irradiated by NIR pulsed lasers. Applying this concept to endosomal release, 

Braun et al.
38

showed the siRNA (attached to hollow gold nanoshells) can be released 

from the endosome to the cytoplasm with NIR laser pulses thereby blocking mRNA for 

GFP expression (Fig. 1.11 B&C). The escape mechanism is attributed to cavitation 

bubbles created during selective GNP heating which lyse endosomal and liposomal 

membranes, but leave the cell membrane and therefore cell viability intact.  The gene 

silencing efficiency was comparable to the standard gene transfection but has the 

advantage of being implemented simply by throwing a laser “switch” giving vastly 

improved temporal and spatial control. This was later translated in vivo by Lu et al., 
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demonstrating the tumor site-specific silencing of a specific siRNA - NF-κB p65
155

, 

which is an important regulator of gene expression in tumor formation and progression. 

 

1.5.3 Macroscale in vivo tissue effects 

1.5.3.1 Overview of GNP biodistribution in vivo 

One of the most compelling clinical applications of laser GNP heating is tumor thermal 

therapy and destruction.  In order to successfully heat a tumor by this method, the tumor 

must be loaded with GNPs.  These can be intravenously delivered followed by vascular 

mediated uptake in the tumor relying on the so-called “enhanced permeability and 

retention” (EPR) effects due to leaky tumor vasculature.  As the NPs are circulating in the 

blood stream, they penetrate the leaky vessels and accumulate in the tumor. 

Biodistribution studies show that the reticuloendothelial system (RES) organs, such as 

liver and spleen, take up the majority of the NPs injected 
94, 129

. Thus, it is critical to 

increase the blood circulation time of GNPs to enhance the NP delivery to the tumor. 

Some controversy remains as to the importance of size and targeting of GNPs for 

maximal accumulation in the tumor 
156

. Mechanistic models may facilitate the 

understanding of tumor targeting
157

 due to the difficulties associated with performing 

comprehensive in vivo studies of all GNP variables. 

 

After penetrating the leaky vessels, NPs will diffuse away from the micro-vasculature. 

This process is size and charge dependent. Larger NPs diffuse slower and tend to stay 

near the micro-vasculature compared to smaller NPs, while smaller NPs diffuse faster 
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and distribute more uniformly throughout the tumor tissue over time 
94

. The surface 

charge of NPs also affects the transport of NP where positively charged NPs tend to 

internalize in cancer cells more rapidly, and negatively charged NPs diffuse deeper into 

the interstitium of the tumor
158

. These fundamental studies can help the engineering 

design of NPs for different purposes. For example, small negatively charged NPs would 

be favorable for delivery of attached drugs or contrast agents into deep tissue.  

 

Comprehensive reviews on biodistribution
14

, toxicity 
14, 159

, and immune response of 

GNPs
160, 161

 are available for the interested reader. After delivering GNPs and 

understanding the biodistribution, one can assess the impact on tissue optical properties 

change as discussed earlier in sections 2 and 3, and perform photothermal therapy as 

discussed next. 

 

 

Fig. 1.12 The first demonstration of photothermal therapy by CW NIR laser and gold 

nanoshell. Shown in the left is laser heating of a hind limb tumor with injected gold 

nanoshell while the control (without gold nanoshell) is shown on the right. Insets are 

MRTI showing the temperature distribution. Reprinted with permission from ref. 
41

. 

Copyright 2003 National Academy of Sciences, U.S.A. 
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Table 1.13 Example of studies on in vivo laser and nanoparticle doses for cancer 

photothermal therapy and scaling of temperature change.  

 

GNP 

type 
GNP info. 

GNP dose 
a
 

GNP 

conc. at 

tumor
b
 

Laser dose 
ΔTmacro 

(K) 

ΔTexp 

(K) 
Ref. 

Gold 

nanoshell 

110nm Si 

core 

/10nm Au 

shell, PEG 

20~50µL 

interstitial 

injection, 

1.5×10
10

 

NPs/ml 

5-13 

µg/g 
d
 

820nm, 

4W/cm
2
, 

5mm 
e
, <6min 

20 ~ 

50 
28~60 

41
 

 

110nm Si 

core 

/10nm Au 

shell, PEG 

100µL, 

2.4×10
11

 

NPs/ml 

NA 

808nm, 

4W/cm
2
, 

5mm, 3min 

NA 20
 f
 

162
 

 

119nm Si 

core/ 

12nm Au 

shell, PEG 

150µL, 

1.5×10
11

 

NPs/ml 

12.5µg/g 

at 20hr 

808nm, 

4W/cm
2
, 

5mm, 3min 

30 NA 
69

 

 
35/55nm 

Au/Au2S 

75µL, 

7.7×10
11

 

NPs/ml 

40 µg/g 

at 24hr 

808nm, 

4W/cm
2
, 

5mm, 3min 

50 
16~30

 

f
 

163
 

Gold 

nanorod 

14×47nm, 

PEG 

20mg 

Au/kg 

1.4 µg/g 

at 72hr 
5
 

810nm , 

2W/cm
2
, 

5mm, 5min 

20 40 
80

 

 
14×45nm, 

PEG 

6ml/kg at 

2.5×10
12

 

NPs/ml 

NA 

808nm,3.5W, 

3min, diffuse 

fiber 1cm tip 

NA 30 
164

 

 

Note: The temperature obtained through scaling is just a rough estimate of the magnitude 

of temperature increase using equation 16 in Table 1.6. 
a
 The administration of NP is systemic unless otherwise noted; 

b
 The unit µg/g is similar 

to µg/mL as the tissue density is ~1g/mL; 
c
 PEG means that the particle is coated with 

polyethylene glycol; 
d
 Assumptions include the tumor volume of 0.5cm

3
 and uniform 

GNP distribution Assumptions include the tumor volume of 0.5cm
3
 and uniform GNP 

distribution; 
e
 Laser beam size; 

f
 The mouse skin temperature of 30°C is assumed. 

 

1.5.3.2 GNP photothermal therapy (doses, outcome, and kinetics) 
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After delivering the GNPs to the tumor, heating and photothermal therapy can be 

performed with much less laser energy than in traditional photothermal therapy. For 

example, using the same interstitial laser fiber only 3.5W was required for 3min to treat a 

tumor after systematic injection of gold nanoshells 
124

, while over 10W for 10min was 

required without GNP 
79

. This leads to an order of magnitude reduction in the laser 

energy needed to treat a tumor due to enhanced absorption of GNPs as shown in Fig. 

1.4(B).  This has important implications in meeting medical safety requirements and 

improving the efficiency and selectivity of photothermal therapy in tumors.  Direct 

illumination is usually used for surface tumors (for example in vivo model systems
41, 69

, 

Fig. 1.12) and optical fibers are applied for deep tumors (for example brain
124

).  

 

In order to achieve optimal GNP photothermal treatment, it is important to select and 

apply the appropriate doses of GNP and laser fluence to achieve a given SAR and 

thermal response. Typical distribution of GNP and fluence of laser for small animal 

models are shown in Table 1.13. In principle, the GNP amount and location should be 

obtained based on biodistribution data that determines the spatial distribution and amount 

of GNP in the tumor, and the applied laser energy should be designed to generate a SAR 

distribution that yields the desired temperature increase and duration for the thermal 

therapy. From Table 1.13, one can see that the doses of GNP vary significantly among 

different studies. Therefore, the accumulation of GNP in the tumor covers a wide range 

from several µg/g to as high as 40 µg/g. The laser dose variation is smaller, with laser 

intensity between 2-4 W/cm
2
 and duration 3-6 minutes. Specifically, the temperature 
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change can be roughly estimated by using the scaling method discussed in section 4, to 

20-50K from Hirsch et al.
41

 which compares favorably with experimental measurements 

(Fig. 1.12 and Table 1.13). The higher temperature with gold nanoshells (Fig. 1.12) also 

reduces the heat shock protein production as shown recently
165

. Successive heating of the 

tumor for several minutes under these conditions leads to necrosis and tumor 

regression
41

. It is worth noting that scaling only provides a rough estimate of the 

laser/GNP dose and the resulting temperature change. Detailed numerical simulation is 

still needed for treatment planning. 

 

While photothermal treatment with GNP has been demonstrated in vivo, no systematic 

study of thermal injury kinetics for GNP photothermal therapy has been conducted. In 

other words, it is still unknown if the presence of GNP (especially with targeting agents) 

will affect the kinetics of cell death in vitro or in vivo (See section 5.2.2 Thermal Injury 

Kinetics) although in vitro toxicity studies show that some GNP surface functionalities 

can cause acute cytotoxicity, ROS generation, and DNA damage
166

, and high doses of 

GNP cause viability drop
167

. In addition to the heating effects for the cells and tissues 

under in vitro conditions, in vivo conditions often show enhanced injury due to thermally 

induced vascular effects
98

. Specifically, normal tissues respond to heat by increasing 

blood perfusion sometimes up to an order of magnitude from nominal control conditions. 

When heating finally over stresses the tissue blood perfusion drops and ultimately 

vascular stasis will occur. Interestingly for tumor tissues, the initial increase of blood 

perfusion prior to vascular shut down is small, predominately due to the incomplete and 
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leaky vasculature of the tumor
168

 making tumor vasculature a good target of heat and 

other treatments by lasers and combinatorial approaches (see next section). 

 

It is worth noting that CW laser is predominately used for in vivo photothermal therapy 

although pulsed lasers were investigated for in vitro studies. Under CW laser, the tumor 

tissue experiences a bulk (macro-) heating effect that leads to tumor necrosis. However, 

with pulsed laser, the damage is very localized (subcellular or cellular) with bubble 

formation.  Importantly, in vivo work shows that GNPs are largely deposited in the 

perivascular region of tumors
94

.  As a result, it is possible that only a fraction of tumor 

cells will be killed by direct cell destruction and other mechanisms such as vascular 

effects will need to be further exploited. Nevertheless, the direct cellular destruction 

afforded by pulsed laser GNP heating appears promising for some in vivo applications 

such as the detection and elimination of circulating tumor cells
169

, and as a micro-surgical 

tool for physical some tissues associated with the vasculature(for instance atherosclerotic 

plaque)
82

, and photothermal transfection as discussed earlier (Fig. 1.11C)
155

. 

 

In summary, both the thermal response from SAR and the injury kinetics associated with 

biological impact of GNPs within laser irradiated tumors are needed for optimal GNP 

photothermal therapy.  In order to plan GNP laser thermal therapy, the thermal response 

scaling can be used as shown, however, more precise computational modelling will be 

needed in the future to more accurately predict SAR and GNP doses necessary for 

selective and complete tumor destruction in a patient specific manner.   Additionally, 
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there is an urgent need to define the altered thermal injury kinetics associated with 

cellular and vascular effects in GNP loaded tumors to best plan the required thermal dose 

prior to a treatment. 

 

1.5.3.3 Combinatorial approaches with GNP photothermal heating 

Although thermal therapies are used extensively as monotherapies, new combinatorial 

approaches are increasingly being used with GNP photothermal therapy and other 

therapies to improve outcomes and reduce recurrence
46

. Examples include  using GNP 

photothermal hyperthermia for enhanced (1) drug targeting, (2) drug release and 

(3)radiation therapy, or using GNP preconditioning for enhanced thermal therapy (e.g. 

with GNP-TNF), as shown schematically in Fig. 1.13. 

 

Photothermal enhancement of drug targeting: It has been shown that hyperthermia 

(Tmacro>42°C) changes the local microenvironment and enhances NP (liposome) 

extravasation in tumors
170, 171

. A recent modification of this concept was introduced by 

Park et al. 
42

 who used gold nanorod (activated by CW NIR light) to induce hyperthermia 

(Tmacro ~45°C) in tumors. This upregulated stress-related proteins (i.e. p32) on the surface 

of tumor-associated cells in addition to the enhanced NP extravasation. By conjugating a 

second NP with peptide that binds to p32, the delivery of the second targeting NP 

(magnetic nanoworms and liposomes loaded with doxorubicin) in tumors was 

significantly amplified. Later von Maltzahn et al.
172

 found that the targeting can be 

further enhanced by locally inducing coagulation by photothermal heating (“signalling”). 
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By conjugating the therapeutic cargo with a peptide substrate for the coagulation 

transglutaminase FXIII (“receiving”), over 40 times higher doses of chemotherapeutics 

can be delivered to the tumor than controls. The enhancement of macromolecule delivery 

with gold nanorod photothermal heating was also recently demonstrated
173

. 

 

Photothermal enhancement of drug release: Thermally controlled drug release is an 

active area of research
174

. One of the most actively studied approaches uses temperature 

sensitive liposomes loaded with anti-tumor drugs.  GNPs can further localize the heat 

necessary for both extravasation and drug release, making it “optically addressable” 
19

. 

Note that in this case the liposome experiences phase transition to allow drug release 

because of the bulk heating effect under CW laser. The mechanism is different from 

previous discussed pulsed heating, i.e. drug release from GNP surface by thiol bond 

breaking
30

 and endosomal escape by bubble formation and cavitation
38, 82

. Further, West 

and co-workers
43

demonstrated that gold nanoshells can be used to control the phase 

transition of thermally sensitive composite hydrogels for drug release. Li and co-workers 

demonstrate the synthesis and in vivo photothermal release from injectable microsphere 

for combined photothermal and chemotherapy
44

. The microsphere is made by 

poly(lactide-co-glycolide) (PLGA) copolymers with anti-cancer drug paclitaxel (PTX) 

and hollow gold nanosphere. Applying the CW NIR light leads to macroscopic 

temperature change, triggering the drug release from the microsphere. Enhanced anti-

cancer activity was observed in the in vivo system studied. 
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Fig. 1.13 Combinatorial therapies with Laser GNP heating.  First the GNP is delivered to 

the tumor (I). Then two paths can be followed: (A). Photothermal heating can be 

performed first (II.A) and causing effects (III.A) including (1) increasing vascular 

permeability and stress receptor expression, leading to enhanced secondary NP delivery; 

(2) controlling the drug release from GNP-drug composite, leading to synergistic 

treatment outcome; (3) increasing tumor perfusion thus decreasing the tumor core 

hypoxia and enhancing subsequent radiation therapy. (B) Concept of nanoparticle 

preconditioning for laser GNP photothermal therapy: GNP functionalized with tumor 

necrosis factor (TNF- α) can lead to tumor physiological changes (II.B: increased 

vascular permeability and reduced blood perfusion) which preconditions the tumor for 

enhanced thermal treatment (III.B). The drawings in this figure are adapted from ref. 
46

 

with permission of Future Medicine Ltd.. 
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Photothermal enhancement of radiation therapy: Hyperthermia has also been shown to 

enhance radiation treatment of cancer by improving tumor oxygenation and 

radiosensitization
175

. Diagaradjane et al.
45

 showed that the gold nanoshell mediated 

hyperthermia (activated by laser) induces an initial perfusion increase. This reduces the 

hypoxic fraction especially in the tumor core and also causes a subsequent tumor micro-

vasculature disruption. Both effects enhance the efficacy of radiation therapy. 

 

GNP preconditioning for enhanced thermal therapy: The concept of preconditioning is 

to use nanoparticles with attached bio-active ligands to alter the tumor environment and 

enhance the outcome of subsequent thermal therapy
46

. GNP has been shown to be a 

promising drug delivery scaffold, for instance 7-10 fold increase in tumor accumulation 

of TNF -α is achieved when bound to gold nanospheres than free protein
176

 while 

simultaneously greatly minimizing systemic toxicity.   The delivered TNF-α leads to a 

number of vascular and immunological responses, and significantly enhances the 

outcome of the following thermal treatment
177

. 

 

1.5.3.4 Clinical studies 

Photothermal therapy for cancer treatment is actively being translated into clinical use 

with publications in this area rising dramatically within the past five years
178

.   A clinical 

trial is underway by Nanospectra Biosciences with gold nanoshells (AuroLase
TM

) for 

refractory and recurrent head and neck cancer as survival rates have improved little 

during the past 50 years for these cancers
179

.  In this treatment, the gold nanoshells are 
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infused into the blood stream and then accumulate in the solid tumor and a diffuse tip 

laser fiber is inserted into the solid tumor and NIR laser light is applied to activate the 

particles. No evidence of systemic toxicity due to the GNPs were found in animal 

studies
132

.It should be noted that previous clinical studies for rheumatoid arthritis (RA) 

and drug delivery show safety and biocompatibility of gold.  For example gold has been 

shown to be well tolerated for the treatment of RA since the 1920s in compound form 

(injectable gold) 
180

.  Further, the nanoparticle form of gold has successfully completed a 

Phase I clinical trial as a drug delivery agent (TNF bound to the surface of GNP (CYT-

6091)
176

.Further clinical studies on combinatorial therapies, and other applications listed 

in Table 1.1 including drug, siRNA and gene delivery can be expected. 

 

1.6. Conclusion and outlook 

The area of GNP laser heating has attracted intense research in recent years due to 

unprecedented spatial and temporal control of biological processes at the molecular, 

cellular and tissue level ranging from drug and gene delivery to photothermal treatment 

of cancer (Table 1).  In this review we have discussed many of the important GNP 

thermophysical and optical properties (Tables 2 and Table 3) that yield unique thermal 

and physical responses within biological systems surrounding GNPs heated by laser.  

Specifically, we have shown that there are important differences in nano, micro and 

macroscale temperature response that yield both biological heating including 

macromolecular phase change, water phase change (bubble formation and collapse); and 

particle heating including melting and fragmentation.  While many compelling results for 
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biological process activation or deactivation have been achieved with unprecedented 

spatial and temporal control in vitro, the kinetics of these processes need further study 

and challenges still exist for in vivo translation. Specifically, recognizing that NIR laser 

light attenuates in vivo and is expected to penetrate only on the order of centimeters, the 

specific conditions necessary to deliver drugs, turn genes on and off, and destroy cells in 

vivo are certainly within reach, but will require careful study. Future attractive 

possibilities to augment this theranostic window by using deeper penetrating 

electromagnetic fields (e.g. radiofrequency)
23

 and combinatorial approaches with GNP 

photothermal therapy are also underway. In summary, based on the principles of laser 

GNP heating reviewed here, it is increasingly possible to control biology at the 

molecular, cellular and tissue level by simply turning on a laser “switch”. 
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Chapter 2 Thermal Contrast Amplification 
 

This chapter describes a new biosensing modality, Thermal Contrast, to significant 

improve the analytical performance of lateral flow immunoassays (LFA). This body of 

work has been published in the following article and is reproduced here with permission 

from John Wiley and Sons.  

  

 Qin, Z., Chan, W.C.W., Boulware, D.R., Akkin, T., Butler, E.K. & Bischof, J.C. 

Significantly Improved Analytical Sensitivity of Lateral Flow Immunoassays by 

Using Thermal Contrast. Angew. Chem. Int. Ed. 51, 4358–4361 (2012).  
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2.1 Introduction 

The ability to rapidly identify diseases enables prompt treatment and improves outcomes.  

This possibility has increased the development and use of rapid point-of-care diagnostic 

devices capable of biomolecular detection in both high-income and resource-limited 

settings.
181-184

 Lateral flow assays (LFAs) are inexpensive, simple, portable, and 

robust,
185

 making LFAs commonplace in medicine, agriculture, and over-the-counter 

personal use such as for pregnancy testing. Although the analytical performance of some 

LFAs are comparable to laboratory based methods,
181

 the sensitivity of most LFAs is in 

the mM to µM range,
185, 186

 which is significantly less sensitive than other molecular 

techniques such as enzyme-linked immunoassays (ELISA). As a consequence, LFAs are 

not particularly useful for detection early in a disease course when there is low level of 

antigen. Due to the increasing need for highly sensitive molecular diagnostics, 

researchers have focused on developing microfluidics,
181, 182

 biobarcodes,
183, 184

 and 

enzyme-based immunoassay technologies
187

 to fulfill the need since these technologies 

have nM to pM detection sensitivity for protein analysis and can potentially be 

miniaturized as handheld point-of-care diagnostic devices.
183

 These emerging 

technologies are still early in development and are not yet ready by the end user. 

 

With LFAs, antibody-coated gold nanoparticles (GNPs) are moved within a 

nitrocellulose membrane through capillary action after the strip has been dipped in 

clinical specimen. When present, the target analyte binds to monoclonal antibody-coated 

GNPs. This bound complex stops wicking up the membrane when capture antibody on 
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the membrane recognizes the antigen-antibody-GNP complex.  This recognition event 

leads to accumulation of GNPs at the test line of the LFA, creating a visually positive test 

result, shown in Figure 2.1.  GNPs are traditionally used for LFAs because their size can 

be designed to easily migrate through the pores of the membrane; GNPs can be coated 

with antibodies easily; and GNPs have a high molar absorptivity of light and thus 

produce a deep color that is easily visualized. In this report, we show a low cost, creative 

solution to improve sensitivity of LFAs. Metallic nanoparticles generate heat upon optical 

stimulation.
16

 This heat generation results from surface plasmons at the metal-dielectric 

interface during transition from an excited to ground state.
188

  The amount of heat 

generated by GNPs can be described by the following equation:
16, 189

 

  (1) 

where the total heat generation (Q, W/m
3
) is the combined contribution of single GNP 

(Qnano , W), written as the product of GNPs concentration (N, nanoparticles - GNPs/m
3
), 

GNP absorption cross section (Cabs, m
2
), and laser intensity (I, W/m

2
).  As is now well 

known the optical,
55

 thermal
190

 and electrical
191

 properties of  materials change 

dramatically in the nanoscale.  In particular, the enhanced photothermal signature of 

metal nanoparticles have been utilized for: thermal destruction of malignant tumors,
41, 80, 

192, 193
 detecting circulating tumor cells,

194
 photothermal molecule release

31
 and gene 

transfection,
38, 155

 enhancing the therapeutic efficiency of chemotherapeutics,
195

 and for 

tracking the transport of nanoparticles within cells.
78

 Here, we determined whether 

thermal contrast could improve the analytical sensitivity of existing, commercial LFAs. 

Our results show a 32-fold improvement in analytical sensitivity using a FDA-approved 
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cryptococcal antigen LFA with the potential to increase the sensitivity 10 000-fold by 

engineering the design of the LFA substrate and nanoparticle. 

 

 
 

 

Figure 2.1. Concept of thermal contrast for immunochromatographic lateral flow assays 

(LFAs). Monoclonal antibodies conjugated to gold nanoparticles (GNP) bind the target 

analyte. This GNP-antibody-antigen complex binds with monoclonal antibodies attached 

to the dipstick substrate, retaining the GNP in the test region and leading to visible color 

change (visual contrast) at the test band. Under low antigen conditions when there are 

insufficient bound GNPs for visual contrast, thermal contrast can detect the presence of 

GNPs in the test band (inset), with low-cost laser or light-emiting diode (LED; shown in 

green) and an infrared temperature gun (shown as blue box), which is available over-the-

counter. The control band ensures the success of the assay. 

 

2.2 Results and Discussion 
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First, we compared the thermal contrast versus visual contrast of GNPs in solution. A 

series of different concentrations of GNPs were prepared. 10 µL of the GNP solution was 

placed on a microscope slide. For visual analysis, a picture was taken by a digital camera 

and analyzed later with Image J. For thermal analysis, the GNP solution was irradiated 

with laser (0.5W, 532nm) and the temperature change was recorded by an infrared 

camera. Our results show that we can detect down to 2.5×10
9 

GNPs/mL of GNPs using 

thermal contrast in comparison to 2.5×10
11 

GNPs/mL by visual contrast. This clearly 

demonstrates that thermal contrast for detection can improve the overall analytical 

sensitivity by 100-fold (Figure 2.2B). We also compared thermal contrast of GNPs with 

optical density measurement using a standard micro-volume plate reader, the principle of 

which is widely used in microfluidic ELISA.
187

 With the same sample volume (10µL), 

the thermal contrast displayed 50-fold improvement over the optical density measurement 

(Supplementary Figure S2.1). Further improvement in thermal contrast sensitivity may be 

possible by using higher powered lasers and/or tuning the laser power for different 

concentrations of GNPs to extend the dynamic range of thermal contrast. 
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Figure 2.2. Thermal contrast enhances the detection of gold nanoparticle (GNP) solution. 

(A) Examples of visual and thermal images of GNP solution and pure water.(B) 

Experimental demonstration showing 100-fold increase in the limit of detection with a 

CW laser (0.5W, 532nm wavelength). With higher laser power, lower concentrations of 

GNPs can be detected. 
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Figure 2.3. Thermal contrast enhances the detection of existing immunochromatographic 

lateral flow assays for cryptococcal antigen. (A) Examples of visual and thermal images 

of dipsticks used for CrAg diagnosis. (B) Quantitative measurement of the thermal and 

visual detection of LFA at two-fold serial dilutions. Thermal contrast (laser power 

0.01W, 532nm) shows extended dynamic range versus visual contrast.  The drop of 

signal at high concentrations is due to the high dose hook effect inherent with the LFA. 

The short horizontal dashed line shows background from the control samples (water). 

 

Next, we assessed the analytical performance of thermal contrast versus colorimetric 

detection (i.e. visual contrast) using FDA-approved LFAs (Immy, Inc) for detecting 

cryptococcal antigen (CrAg). Cryptococcosis is among the leading causes of death among 



 

84 

 

all AIDS-related opportunistic infections and is the most common cause of meningitis in 

adults in Africa causing >500,000 deaths worldwide annually.
196, 197

 Cryptococcal 

meningitis (CM) is classically diagnosed by a combination of culture, India ink, or CrAg 

testing with semi-quantification by serial two-fold dilutions (i.e. CrAg titer, defined as 

the last positive test when performing two-fold serial dilutions). We compared by LFA 

serial two-fold dilutions of a patient serum specimen with asymptomatic cryptococcal 

antigenemia,
198

 positive at 1:32768 titer by latex agglutination (Immy, Inc.). Our results 

show that thermal contrast was indeed more sensitive than colorimetric visual detection 

on the LFA (Figure 2.3A). Figure 2.3B shows thermal contrast produced a 32-fold greater 

improvement in the analytical sensitivity than colorimetric detection with a log-linear 

slope up to an equivalent concentration of 1:1024 CrAg titer (S3 in Figure 2.3B) by latex 

agglutination (R
2
 =0.98). Above this 1:1024 titer, there was a high dose “hook” effect 

with decreased visual intensity and a plateau of thermal intensity. This effect can be 

overcome either by changing the dilution of the assay, or changing the engineering of the 

assay. We have further validated thermal contrast in 158 clinical cerebral spinal fluid 

(CSF) samples with known CrAg titers from patients with and without Cryptococcus 

from a previously published cohort.
199

  These results show a strong correlation between 

traditional (i.e. titer) and the new thermal contrast technique (R
2
=0.88, data not shown) 

without any loss in specificity.  In addition, the inter-assay precision of the assay can be 

improved by standardizing the size of these nanoparticles to decrease the coefficient of 

variance (Supplementary Figure S2.3). For comparison, the median CrAg titer observed 

in patients with cryptococcal meningitis is often 1:1024 to 1:2048.
200, 201

  However, there 
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is a sub-acute onset over weeks to month. CrAg titers >1:8 in asymptomatic persons with 

subclinical disease are predictive of later development of cryptococcal meningitis with 

100% sensitivity and 96% specificity despite HIV therapy.
202

 Serum CrAg screening and 

preemptive antifungal treatment in persons living with advanced AIDS aborts the clinical 

progression to symptomatic meningitis.
198

 Non-invasive screening is possible with CrAg 

being detectable in urine, but urine has 22-fold lower CrAg concentration than blood.
203

 

Thus, improvement in LFA sensitivity by thermal contrast would enable non-invasive 

screening of asymptomatic persons with AIDS and quantification of CrAg burden to 

stratify future risk of symptomatic disease. 

 

Finally, we explored how to further improve the analytical sensitivity of LFAs. While 

spherical gold nanoparticles are conventionally used for LFAs, a new generation of 

nanoparticle structures has been synthesized with much higher absorption cross-sections 

than gold nanospheres.  These new generation of nanoparticles include gold nanorods,
193

 

nanoshells,
41

 and gold nanocubes.
192

 For instance, at the equivalent laser power and 

nanoparticle concentration, typical nanorods and nanoshells generate 4.6-fold and 36-fold 

more heat than gold nanospheres, respectively, shown in Figure 2.4A (with size specified 

in figure caption). To eliminate the particle size effect, the absorption cross section (Cabs) 

is normalized by particle volume (V) to give a better assessment of the heat generation 

capability. Using this normalization, gold nanorods are about one order of magnitude 

more efficient in heat generation than the gold nanospheres and nanoshells
16, 58

 (Figure 

2.4A inset). In addition, current LFAs (i.e. thin nitrocellulose membranes with thick 
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backing material) absorb significant amounts of laser energy (at 532 nm) creating 

background heating or noise, shown in Figure 2.4B.  Thus, use of low absorbing (i.e. high 

transmitting or reflective) backing materials (e.g. glass shown in Figure 2.2 and plastic 

used in microfluidic ELISA
187

) will allow the use of higher laser intensities (I).  The 

combination of higher-absorbing nanoparticles and low absorbing LFA backing materials 

should lead to a further improvement in sensitivity.  We should be able to produce a 

1000-fold increase in thermal contrast by increasing the power density by 100 times (i.e., 

increase in laser power from 0.01 to 1 W) and using a nanoparticle with a 10-fold 

increase in absorption (Cabs).  Considering this and the 32 fold improvement already 

shown in cryptococcal LFA (0.01 W laser and spherical GNP), an improvement in the 

range of four orders of magnitude is possible.   

 

Aside from the improvement in the analytical sensitivity, these LFAs can also be 

archived for future analysis. Unlike fluorescence detection, we did not observe any loss 

of signal through continuous excitation (Supplementary Figure S2.3). In fluorescence 

measurements, organic fluorophores experience photobleaching.  In some colorimetric 

measurements, the dyes may lose their signal over time through photodestruction. When 

repeating thermal contrast readings at two weeks, the intra-assay reading is near identical 

(R
2
=.99, data not shown). This signal consistency could allow for processing point-of-

care LFAs in the field and referral to a central lab to process for thermal contrast 

readings.  
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Figure 2.4. Strategies to improve thermal contrast by several orders of magnitude.(A) 

Thermal contrast can be improved by increasing the absorption per nanoparticle. Particle 

parameters (D=Diameter, L=Length): sphere D=30nm, nanorod D=12.7nm by 

L=49.5nm, and nanoshell Dcore = 120nm (silica), Dshell=150nm (gold). The thermal 

contrast (∆Tsignal) and nanoparticle concentrations are normalized. Inset shows the typical 

range of the absorption cross section per particle volume (Cabs/V) as calculated by Jain et 

al.
58

. The filled circles indicate the particular particles chosen for the plot. (B) Thermal 

contrast generated by different substrates with varying laser power (P, Watts). Reduction 

of the background absorption would:  1) increase the signal-to-noise ratio, and 2) allow 

the use of higher intensity laser excitation to increase the sensitivity and dynamic range 

of the thermal contrast measurement. 
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In conclusion, thermal contrast can be used on clinically-available LFAs to extend the 

analytical sensitivity by 32-fold. With further modification of the assay (e.g. light source, 

nanoparticle absorption, and substrate) a 10, 000-fold improvement in sensitivity can be 

expected. This improvement would bring the detection within the range of an ELISA 

assay. Due to the low cost and simple handheld nature of LFAs, this technology has 

applicability in resource-limited and non-laboratory environments with the “disposable 

LFAs with a reader” model
181

.  An inexpensive and portable thermal contrast reader 

could be built requiring only a low cost laser or light-emitting diode (LED) and infrared 

temperature gun, which is available over-the-counter or thermochromic ink that can be 

printed on paper.
204

 Thus we conclude that the use of thermal contrast is a promising 

novel detection mode for improving the analytical sensitivity of biomolecular point-of-

care diagnostics and for expanding the use of LFAs. 

 

2.3 Experimental Section 

Gold nanoparticle (GNP) synthesis: 30nm GNPs were synthesized by citrate reduction 

of chloroauric acid and then coated with polyethylene glycol (PEG) to maintain stability 

in aqueous solutions. Characterizations of GNPs by UV-Vis spectrophotometer, atomic 

emission spectroscopy, dynamic light scattering and TEM were performed to ensure the 

success of the synthesis and quantify concentration and size (SupplementaryFig.S2.3).  

 

Thermal contrast imaging of GNP solution: Titrated concentrations of GNP water 

solutions were prepared and 10µL of each solution was transferred to a glass slide as a 
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drop. Laser beam from a CW Laser (532nm, Millennia Vs, Diode pumped) then 

irradiated the drop for 1 minute thereby inducing GNP heat generation. An infrared 

camera (FLIR ThermoVision
TM

 A20) mounted at an angle above the sample measured 

temperature change remotely during laser irradiation. The maximum temperature change 

for each sample was determined from the thermal images and plotted.  

 

Thermal contrast imaging of LFAs: Cryptococcal antigen LFA (Immy, Inc. Norman, 

OK), which was FDA-approved in July 2011, detects the capsular polysaccharide 

antigens of Cryptococcus species complex (Cryptococcus neoformans and Cryptococcus 

gattii) in serum and cerebrospinal fluid (CSF). A serum sample from a patient with 

cryptococcal meningitis had 2-fold serial dilutions performed to assess the limits of 

detection, as the CrAg titer. The test was conducted following the manufacturer's 

instructions. Thermal contrast was performed by irradiating the test line by laser for 1 

minute and recording with an infrared camera. Three spots on each horizontal test band 

were irradiated and the average maximum temperature change was measured.  At each 

concentration, three separate LFA dipsticks were run. 

 

Visual contrast quantification: For the GNP droplets, images were taken by a digital 

camera. The dipsticks were scanned by a flatbed scanner (Model: Visioneer Onetouch 

7400). The mean grey intensity for regions of interest (ROI), i.e. droplet and the test band 

for dipsticks, was analyzed. The same volume of GNP solution (10µL) was also 
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measured by a spectrophotometer at 530nm, with a Take3 micro-volume plate and 

Synergy HT Multi-Mode Microplate Reader (BioTek, Winooski, VT).  

 

Substrate absorption: A blank dipstick and plastic and glass cover glasses were 

irradiated with 532nm laser for 1 minute each. The temperature change during laser 

irradiation was measured by infrared camera and the maximum temperature change 

determined and plotted.  
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Figure S2.1. Thermal contrast enhances the detection of gold nanoparticle (GNP) 

solution. Thermal contrast is compared with standard optical density measurement with 

the same sample volume (10 μL) and shows a 50-fold improvement. 
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Figure S2.2. Characterization of GNPs in lateral flow assays (cryptococcal meningitis - 

CM) and synthesized in lab. Representative TEM images of GNPs used in CM LFA (A), 

and synthesized in the lab (B). (C) shows the histogram of the GNP sizes for the two 

cases indicating that the polydispersity of GNPs in LFAs are higher than the lab 

synthesized ones. More than 300 GNPs are counted to obtain the histogram.  
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Figure S2.3. Stability of thermal contrast induced by GNP. Thermal contrast shows long 

term photostability under laser excitation whereas fluorescence quickly bleaches. Here 

the normalized thermal contrast is defined as ∆T(t)/∆Tmax, and the normalized time 

τ=t/(10min).Statistical significance: * p<0.05; paired student's t-test. 

 

 

 

Table S2.1. Nanoparticle parameters used in Fig 2.4A.  

 

Particle Size Cabs (µm
2
) V (µm

3
) Cabs/V 

Sphere D=30nm 1.27×10
-3

 1.41×10
-5

 90.00 

Shell Dcore = 120nm, Dshell=150nm 4.58×10
-2

 1.77×10
-3

 25.90 

Rod D=12.7nm, L=49.5nm 5.69×10
-3

 6.27×10
-6

 907.09 
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Chapter 3 Device Development for Thermal Contrast 

Amplification 

 

This chapter describes the development of instrumentation for thermal contrast 

amplification. Part of this work was performed by Wladislaw Scheychon, an exchange 

master student from Leibniz Universität Hannover, and I directly supervised and continue 

this study during and after his stay.  



 

94 

 

Abstract 

Lateral flow assay (LFA) is an immunochromatographic assay and can be interpreted by 

human eye or an automated reader. Using an automated reader can potentially reduce 

human errors, digitize and send results to remote databases. Currently there are many 

optical readers available to interpret LFA results and they give equivalent results 

compared with reading by human eye. Thermal contrast amplification (TCA) 

significantly enhances the sensitivity of the lateral flow immunoassay (LFA) and its 

clinical use eventually depends on the device development. This chapter describes the 

strategies, designs, and outcomes of device development for TCA. A benchtop TCA 

device is operational and clinical studies with this device are presented. While we are 

focusing on a benchtop TCA device at this stage, initial idealization and design for a 

portable TCA device is also discussed. In conclusion, the device development is an 

important step to translate TCA technology to advance the point-of-care diagnosis for 

infectious and other diseases. 

 

3.1 Introduction 

Lateral flow assay (LFA) typically uses colored or fluorescent particles as a reporter 

mechanism and gold nanoparticle is mostly frequent used in current LFA 

manufactures.
185

 Visual reading of LFA (by human eye) is convenient and low-cost to 

perform; however, it is also subject to human errors especially when reading LFAs with 

very weak lines.
205
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Optical readers have been developed to reduce human errors, record and send results to 

remote databases.
206-209

 Most optical readers are based on cameras to take a picture of the 

LFA, with CMOS camera (for example Deki reader by Fio Corporation, Toronto, 

Canada.
206, 207

) or smart phone camera (i.e. Holomic 
209

 and MobileAssay™ 
208

). The 

reader then analyzes the image within built-in programs and reports qualitative or 

quantitative results. Optical readers give equivalent results compared with visual 

reading
206, 207

  and do not offer advantage in terms of sensitivity and specificity. 

However, the ability to rapidly collect diagnostic data along with location is potentially 

useful to monitor the spatial distribution and spread of infectious diseases. 
206, 207

 

 

Thermal contrast amplification (TCA) represents a new method to significantly improve 

the sensitivity of the lateral flow immunoassay (LFA) and its clinical use eventually 

depends on the device development. This chapter describes the strategies, designs, and 

outcomes of device development for TCA. Firstly, the overall considerations in 

developing TCA devices are discussed. Then the development and prototyping of a 

benchtop TCA system is presented, followed by validation and pre-clinical studies. 

Finally, the concept of the handheld system is discussed with future perspectives. The 

device development is an important step to translate TCA technology to advance the 

point-of-care diagnosis for infectious and other diseases. 

 

3.2 Design Strategies and Overall Device Structure 
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Here, we envision three stages of TCA technology development: research, benchtop and 

handheld as shown in Figure 3.1.  The research system represents the high-end 

instrumentation, which consists of components including infrared camera and laser. In 

particular, the laser used in the research system (Spectra-Physics, Millennia Vs) requires 

a water cooling system (chiller) which is not feasible in many clinical settings. While 

used in our original development,
210

 it is used here as a reference standard to develop 

lower cost and portable systems such as the benchtop and handheld versions.  

 

 

Figure 3.1 Strategies for TCA instrument development. Three versions of TCA 

instrument are envisioned: research, benchtop and handheld. Their respective 

components and purpose/use are outlined.  
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The benchtop system consists of lower cost and smaller components. For instance, the 

laser is air-cooled and thus can be applied in more versatile settings. All the components 

of the benchtop system will be enclosed in a “box”, and can be installed and tested in 

hospitals and central referral laboratories.  

 

The handheld system attempts to use smaller and lower-cost components to construct a 

portable system. This system can be used in a wider range of environmental settings and 

will fulfill the need of point-of-care diagnostics. Coupled with lateral flow immunoassays 

(LFA), the handheld system may eventually allow highly sensitive diagnostics and 

screening for a variety of infectious and other life-threatening diseases.  

 

 

Figure 3.2 Design and architecture of the software controls and integration for benchtop 

TCA system. 
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The integration of all the components and automation of the measurement will reduce 

human errors and increase reliable measurement. Figure 3.2 shows the schematic design 

and hierarchy of all the components and how they are interconnected. All the components 

will be controlled and automated by the PC along with the data acquisition and analysis. 

Calibration curves will be developed for specific manufactured LFAs to translate the 

temperature measurement to antigen burden in the case of a specific disease. 

 

 The basic components of TCA consist of a light source (along with supporting optical 

components), a temperature recording unit (e.g. an infrared camera), a sample holding 

unit, and integration of all components as shown in Figure 3.2. A green light source will 

work best for current LFAs since it matches the maximum absorption wavelength of gold 

nanospheres used in LFAs (D~40nm).
58, 189

 A laser or LED that emits at 532nm should 

work well to excite existing GNPs in LFAs. To ensure optimal performance, detailed 

characterization of the light source including the beam profile, size, and stability is 

needed. These characterizations will form the basis for selection of the light source which 

untimately determines the performance for TCA. Supporting optical components include 

a shutter to control the passage of laser light and optical lens to focus the laser light onto 

the target,will be discussed.  

 

For the temperature recording unit, an infrared (IR) camera will be used to measure the 

temperature change from thermal contrast since it provides a non-invasive measurement 
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and doesn't interfere with the optical heating of the LFA. The wavelenght of IR (6~10 

µm) does not overlap with the excitation wavelength (532nm) so there is no interference 

between the excitation and measurement. Currently, many different IR cameras are 

available, with different specifications and interfaces. To find the best fitting IR camera 

for our application we will compare them by the sensitivity, resolution, stability and 

interface for data acquisition and analysis. To perform the customized real-time data 

acquisition and analysis necessary to TCA, dedicated software programs will be needed 

and written (for instance in LabVIEW, National Instruments, Inc).  

 

To allow accurate thermal contrast measurement, a sample holding unit will be designed 

to position the LFA for thermal contrast measurement. Other supporting components 

include a stepper motor which will be incorporated to perform measurement at multiple 

points on the LFA including on the test line and the background. 

 

3.3 Methods for Light Source Characterization 

The objective of light source characterization is to gain a better understanding of the 

optical spectrum and its stability, power and its stability, and beam (size and shape) of the 

light source. Specifically, desirable qualities of the light source for TCA include (1) 

stable spectrum at around 530nm; (2) Stable power output up to 50mW; and (3) beam 

that can be focused down to around 100µm. Specifically, the methods to characterize 

these parameters will now be addressed in more details. 
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Figure 3.3 Beam size with knife-edge method. (A). Experimental setup, schematic 

adapted from Khosrofian et al.
211

 (B) Representative result from knife-edge 

measurement.   

 

(1) Spectrum characterization:  

The distribution and stability of the light source spectrum are tested. For this experiment, 

a spectrometer (Thorlabs, model CCS200) with corresponding software (Thorlabs, 
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SPLICCO application software) was used. The wavelength is continuously recorded such 

that any shift or changes in the spectrum can be detected and analyzed.  

 

(2) Power stability characterization:  

The output power of the light source is typically dependent on the control signal (such as 

the current flow or voltage input). Specifically, we characterize whether the output power 

is stable over extended period of time (upto 4 hours). The light power is measured by 

using a power meter with analog output (Spectra physics, Model 407A). To automatically 

record the power level over time we connect the analog power meter to a shielded 

connector block, which converts the analog signal to a digital one and allows interface 

with a PC. A dedicated LabVIEW program (National Instruments, Version 8.2) was 

written to acquire, save and present the measured power level.  

 

(3) Beam size characterization:  

We adapted the knife-edge method and data analysis algorithm from Khosrofian et al. to 

measure a Gaussian laser beam diameter.
211

 For this experiment we fixed a razor blade on 

a translation stage in front of the laser and a photodetector behind the razor blade. The 

experimental setup is illustrated in Figure 3.3A.  By moving the knife-edge, part of the 

laser beam is blocked creating a position dependent power curve (Figure 3.3B).  

 

To calculate Gaussian beam diameter, one can integrate the theoretical Gaussian 

distribution along one direction and obtain a theoretical representation of the Knife edge 
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experiment. As a first estimate one can identify the locations where the beam intensity 

falls to 10% ( ) and at which the intensity reaches 90% ( ) of the total power.  A 

simple relation (later referred to as 10-90% method) can be then used to calculate the 

beam diameter shown below: 

      (Equation 3.1) 

        (Equation 3.2) 

where  is the radius where the intensity falls to 1/e of the maximum value, and d is 

the beam diameter where is the diameter where the intensity falls to 1/e
2
 of the maximum 

value.  

 

The 10-90% method above has intrinsic disadvantages as pointed out by Khosrofian et 

al.
211

 First, there is random error of the translational stage which leads to inaccurate 

predictions since only two data points and positions are used. Second, it doesn’t provide 

the information on how the intensity profile resembles the Gaussian distribution. An 

improved approach is to perform a least square fit to obtain the beam size as proposed by 

Khosrofian et al. We were fortunate to obtain the original code (written in BASIC) from 

the Dr. Bruce Garetz who is the corresponding author on the paper and rewrote in 

MatLab to perform the calculations. The full MatLab code is attached in the Appendix A. 

 

(4) Beam profile characterization:  
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A pinhole (Diameter = 10µm) is mounted on a translational stage (X-Z) in front of a 

power meter. By moving the pinhole horizontally (X direction) and vertically (Z 

direction), the laser beam profile can be mapped. This was further analyzed and 

compared with the standard Gaussian profile.  

 

3.4 Results and Discussion 

In this section, we will first discuss the results of the light source characterization and 

report our selection. Then we will discuss the selection of IR camera, supporting 

components, and integration of the TCA device. Lastly, the clinical assessment and 

preliminary design of the handheld TCA device are discussed.  

 

3.4.1 Light Source Selection 

Four different light sources were characterized including the research laser (Millennia Vs, 

Spectra-Physics), LED (M530L2-C1, ThorLabs), DPSS (LRS-0532, Laserglow), and a 

laser pointer (green laser pointer, QQ Tech). The results of characterization are 

summarized in Table 3.1. The spectrum width of all the lasers (Full width at half 

maximum – FWHM~1nm) is narrower than the LED (FWHM~50nm). The spectrum of 

the laser pointer is not stable and the green output (532nm) diminishes after extended 

time of operation probably due to thermal management issues (over-heating) and a near 

infrared peak (from the pump laser) starts to show up (810nm). The stability of laser 

pointer is low and thus they are not suitable for TCA application. For the remaining two 

options (LED, DPSS laser), the output power is sufficient (up to 50mW).  
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Further examining the beam size, the DPSS laser can be focused with a plano-convex 

lens to a size smaller than 100µm as shown in Figure 3.4. The shape of the beam is close 

to a Gaussian beam as shown in Figure 3.5. On the other hand, the LED has a large beam 

size (Figure 3.6) that cannot be focused down to a very small spot (ca. 100 µm). We have 

further tested the use of LED for thermal contrast reading and it does not give enough 

temperature change due to the large beam size (results not shown). The result of this 

characterization suggests that the DPSS laser satisfies the criteria of our investigation and 

will be used for the benchtop TCA system. 
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Table 3.1 Performance comparisons of the Lasers and LED examined for benchtop TCA device. The spectrum, power stability, and 

power tunability were compared. 

 Spectrm Power stabiity Power tunability 

Research 

laser 

  

0-0.2W by changing current 

0.2 – 5.5 W continuously 

LED 
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DPSS laser 

 
  

Laser 

pointer 

  

Not performaned since unstable 
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Figure 3.4: Beam size characterization for the DPSS laser after focused with a plano-

convex lens. (A) Schematic of the setup; (B) Measurement results: The black curve 

represents the estimate by the 10-90% method, and the red curve illustrates the diameter 

calculated with the MatLab code.
211

 The correlation between the curves is R
2
=0.9992. 

(N=3) 
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Figure 3.5 Beam profile for DPSS low-cost laser measured with the pinhole setup. (a) 

Beam profile of the DPSS low-cost laser at position of x=7.7 cm. (b) Gaussian beam 

profile created with MatLab. The X-position and Y-position represent the quotient of 

relative measuring positions in µm divided by 1  in µm.  
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Figure 3.6 Beam profile of the LED (input current at 200 mA). This plot shows a square 

shape profile in the center area (red). This shape agrees with the shape of the diode 

(square)s that emits the light. The scale on the right illustrates the recorded power (µW). 

 

3.4.2 Infrared camera  

To ensure that the temperature measurement is non-invasive to the laser heating of gold 

nanoparticles, we chose contactless measurement of the temperature change. Infrared 

(IR) thermometry is one of the most reliable and mature thermal measurement techniques 

currently available. It measured the infrared emission of the object and this emission is 

temperature dependent. There are two types of IR detectors available, one for single point 

measurement (IR sensor) and the other allowing temperature mapping (IR camera). For 
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the benchtop TCA, we chose to use the IR camera since it allows online monitoring of 

the temperature change and better sensitivity with high spatial resolution. 

 

Comprehensive comparison of the IR cameras available was performed. There are a 

number of entry level IR cameras available, however they don’t provide a real time 

computer interface. For the benchtop TCA, it is desirable to have the ability to interface 

with a computer for online data acquisition and analysis. We identified two IR cameras, 

the FLIR E30 and FLIR A20 camera, with the intention to use E30 since it is only one 

third of the cost for the A20 we have been using in the research system. However, the 

connection of E30 to the computer is not reliable as we wanted and A20 has been the 

main working camera for the prototype benchtop TCA. Technical details of the A20 and 

E30 models are presented in Table 3.2. 

 

Table 3.2 Infrared cameras for TCA. Technical data for FLIR A20 and E30 IR camera 

according specifications stated by the manufacture (FLIR). *Spatial resolution refers to 

the viewing angle of the pixel size at minimum focusing distance. 

 

Specification FLIR A20 FLIR E30 

Resolution 320 x 240 pixels 160 x 120 pixels 

Thermal sensitivity < 0.1°C < 0.1°C 

Spatial resolution* 2.7 mrad 2.72 mrad 

Image frequency 60 Hz 10 Hz 

Object temperature 

range 

-20°C to 250°C 

120°C to 900°C 

-20°C to 120°C 

0°C to 350°C 

Accuracy ±2°C, or ±2% of reading ±2°C, or ±2% of reading 

Interfaces 
FireWire, composite video 

output 

USB mini, composite 

video 
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Figure 3.7 Schematic and picture of the sample holding unit for LFA. (a) 3D model 

created with the computer aided design program INVENTOR. (b) Sample holding unit 

mounted on a translation stage with Cryptococcal meningitis LFA.  

 

For accurate temperature readouts, the IR camera requires calibration that is performed 

by the manufacturer. During the calibration process, the detector response signal is 

characterized by comparison to a series of “blackbodies” with known temperatures. 

Details of the characterization were not disclosed by FLIR. For the data acquisition and 

analysis, the infrared camera was connected to a computer (via firewire for A20) and the 

data was collected with custom-written LabVIEW program.  

 

3.4.3 Other supporting components 

The supporting components for the benchtop TCA include a sample holding unit, a 

stepper motor, a shutter and optomechanical components. These components are 

important to automate the measurement process to yield reproducible and accurate laser 

focusing and temperature recording. A prototype sample holding unit is shown in Figure 
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3.7, which can accommodate a range of lateral flow assays from different manufactures 

(different thickness, size and test/control line positions).  

3.4.4 Integrated TCA system 

After characterization of individual components, they were then integrated into a 

functional alpha prototype TCA system as shown in Figure 3.8.  Important during the 

integration are the alignment, accurate positioning, and synchronization of the 

components. The synchronization was particularly important when designing and 

implementing the LabVIEW software. The LabVIEW software was written in a way that 

is flexible for adjusting a number of experimental parameters including the scanning 

distance and step, duration of laser irradiation, pre and post waiting times (for 

background recording and cooling after laser heating).  

 

After recording the data, the thermal contrast, specifically the temperature change at each 

point scanned, was analyzed and plotted as shown in Figure 3.9. While one can easily 

read the peak on the test line from thermal contrast data on S1 (false negative by visual 

reading), further peak detection algorithm is needed for automated analysis and 

quantification of the thermal contrast data.  
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Figure 3.8 Integrated TCA system. (A) External view of the alpha prototype unit. (B) 

Components of the TCA (inside the alpha prototype box). (C) LabVIEW interface which 

automates all the devices, data acquisition and analysis.  

 

 

Figure 3.9 Representative data from TCA reading of LFA for malaria diagnosis. 

BinaxNOW malaria LFA is used in this case. Neg. Ctrl – negative control; S1 – positive 

sample at lower parasite density (100 parasites/µL); S2 – positive sample at high parasite 

density (500 parasites/µL).  

 

3.4.5 Clinical Assessment 

Validation of the benchtop TCA system was performed against the research TCA system 

as discussed earlier. Here the sample samples were read by both systems and the results 

are similar to each other as shown in Figure 3.10. It is worth mentioning that the LFAs 

were read at dry state and the gold nanoparticles on LFA are stable. For example, these 
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tests were read 6 to 9 months after the original test and can continue to be stored without 

degradation of the information by TCA.  

 

Figure 3.10 Validation of benchtop TCA system. Cryotococcal meningitis LFA used in 

Chapter 2 were read by both the research and benchtop TCA system and yield similar 

results.  

 

Table 3.3 Summary of pre-clinical studies of TCA. Sources of LFA: Fisher HealthCare 

Sure-Vue Urine hCG Test Kits; IMMY CrAg
®
 LFA (Cryptococcal Antigen Lateral Flow 

Assay); Alere BinaxNOW
®
 Malaria test; Quickvue Dipstick Strep A Test by Quidel; BD 

Veritor™ System Flu A+B. 

Disease/ 

Condition 

Fold 

Improvement 
Quantification Collaborator 

Pregnancy 20 Yes - 

Cryptococcus 32 Yes 
Dr. David Boulware 

(UMN) 

Malaria 8 Yes Dr. Chandy John (UMN) 

Group A Strep. 9 Yes Dr. Patricia Ferrieri (UMN) 

Flu A/B 27 Yes - 
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With the prototype benchtop TCA system, a number of pre-clinical studies were 

performed in collaboration with physicians at the University of Minnesota as listed in 

Table 4.3. Among all the different LFAs tested (pregnancy, Cryptococcus, malaria, group 

A. strep and Flu A/B), 8 to 32-fold improvement in detection of disease was observed. 

This demonstrates the broad applicability and potential impact of the thermal contrast 

technique.  

 

3.4.5 Conceptualization and initial assessment of handheld TCA 

While the benchtop TCA system is an important step and can find applications in 

hospitals and clinics, a portable handheld TCA system will allow point-of-care diagnosis 

in resource limited settings. The proposed handheld system utilizes smaller and cheaper 

components while maintaining desirable performance, as shown in Figure 3.11. For 

example, the benchtop laser, infrared camera and desktop computer will be replaced by 

handheld laser, infrared sensor, and integrated circuit (for instance Arduino board), 

respectively. It is expected that the simplicity of the system will make it more robust and 

portable than the bench-top system. An integrated circuit (IC) chip is used and 

programmed to perform the control of laser, data acquisition and analysis from the 

infrared temperature sensor. The temperature change will be converted to clinically 

useful information using a pre-calibrated relation between the temperature measurement 

and antigen burden. As a result, this portable handheld TCA can give the readout in terms 

of positive/negative and if positive, the quantitative antigen burden, providing guidance 

for medical treatment in the field. 
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Among the initial testing of the basic components for the handheld TCA system, the 

power stability of the laser is critical since it is expected to work in a variety of 

environmental conditions (temperature and humidity). A preliminary test was performed 

with a miniaturized laser and the result demonstrates a good stability at room temperature 

for extended period of time (> 10 min, Figure 3.12) sufficient to read one or more TCA 

tests.  

 

 

Figure 3.11 Concept of handheld system and example of a handheld visual reader (BD 

Veritor
TM

). 
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Figure 3.12 Power stability of miniaturized laser (TECGL-30G-520, World Star Inc.) 

This laser is stable over 10 min under room temperature. Further experiments have shown 

that good stability (<5%) was obtained for more than 20 min at room temperature.  

 

 

3.5 Conclusions  

Device development is an important step to translate thermal contrast amplification 

(TCA)s technology to advance the point-of-care diagnosis for infectious and other 

diseases. In this chapter, the strategies, designs, and outcomes of device development for 

TCA were discussed. A benchtop TCA device is operational and clinical studies with this 

device are presented. While we are focusing on a benchtop TCA device at this stage, 

initial idealization and design for a portable TCA device is also discussed. Further work 

on the handheld TCA device is needed.  
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Chapter 4. Polydispersity Significantly Reduces The 

Spectroscopic Performance For Gold Nanorods But Not Gold 

Nanospheres 

 

This chapter describes our effort to evaluate the use of gold nanorod for thermal contrast 

in lateral flow assays. Specifically, we reconciled the optical properties of gold 

nanoparticles between experiment and prediction, and found that the polydispersity 

significantly reduces the absorption and extinction of gold nanorod but not gold 

nanospheres. This body of work is being prepared for publication.  

  

    Qin, Z., Randrianalisoa, J., Lipiński, W., & Bischof, J.C. Polydispersity 

Significantly Reduces The Spectroscopic Performance For Gold Nanorods But 

Not Gold Nanospheres. (2014)  

 

 



 

119 

Abstract 

Gold nanoparticles (GNPs, including sphere, rod, and shell etc.) are increasingly used in 

biomedical applications due to unique optical properties, established synthesis methods, 

and biological compatibility. Understanding the optical properties of GNPs requires the 

reconciliation of experimental measurement and theoretical predictions. Previous studies 

either theoretically study or experimentally report the optical properties of GNPs, with 

few efforts quantitatively reconciling the two efforts. In this study, we compare the 

optical properties of GNPs from experimental measurement (UV-Vis) and theoretical 

prediction (Mie theory and Discrete Dipole Approximation – DDA), and demonstrate that 

experiment matches prediction for gold nanospheres but not gold nanrods if the average 

size is used for prediction. Polydispersity, i.e. the distribution of the size and shape within 

a given GNP population, has to be incorporated in the prediction in order to match the 

experimental measurement for gold nanrods. We further reveal that polydispersity has a 

larger influence in the optical properties of gold nanorods compared with nanospheres, 

specifically 20% polydispersity leads to <10% change in optical extinction for gold 

nanospheres while >70% reduction for that of gold nanorods. This work suggests the 

importance to further understand the impact of polydispersity, and thus establish quality 

control and characterization for the synthesis of nanostructures for biomedical 

applications. 

 

4.1. Introduction 

Advances in material synthesis have produced a library of nanomaterials with different 

size, shape and composition. 
2, 12, 212, 213

 These nanostructures have found many 
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biomedical applications in the areas of disease diagnosis 
17, 184, 214

 and treatment.
3, 189

 For 

diagnostics, nanoparticles have been used for either fluorescent quantum dot bio-

barcodes for multiplexed bio-detection,
215

 or labels for colorimetric bioassays including 

aggregation assay
216

  and dipstick test.
185

  For therapeutics, nanomaterials have been 

studied to serve as drug nanocarriers,
217

 and photothermal agents for tumor ablation once 

delivered to the tumor cells.
41

 For all of these applications, it is important to assure 

reproducibility and quality control on the nanoparticles used for reproducible biosensing 

and effective therapies.  

 

For nanomaterials, the size and shape controls their optical properties and their 

interactions with biological systems. For instance, gold nanoparticles changes color from 

clear pink (30nm) to muddy brown (100nm), and the plasmon resonance of gold 

nanorods can be tuned from 600 nm to 1400 nm by changing their aspect ratio. 
193, 212

  

The biological responses, including cellular uptake,
140

  internationalization pathway,
218

 

peri-vascular distribution in tumor 
94

 and cytotoxicity, 
219

 also demonstrate a size- and 

shape-dependent behavior in recent studies. As these interactions depend directly on size 

and shape, it is reasonable to suppose that polydispersity, the variation of size and shape 

within a given population of nanomaterials, may also be important.  

 

Unfortunately, the impact of polydispersity on optical properties and biological responses 

is not clear in the literature. For instance, previous studies either theoretically 
58, 220-222

  or 

experimentally
212

 reported the optical properties of GNPs, with few efforts quantitatively 

reconcile the two efforts.
220, 223

  This study attempts to reconcile theoretical prediction 
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and experimental measurement of the GNP optical properties. We found that while good 

agreement was obtained for gold nanospheres utilizing average size for prediction, the 

polydispersity (measured by TEM) has to be incorporated in the predicted optical 

properties of gold nanorods such that agreement with UV – VIS measured spectrum is 

possible. Interestingly, we demonstrate a higher impact of polydispersity on the optical 

properties of gold nanorods versus nanospheres. In both cases, the need for careful 

characterization and reporting of polydispersity (along with size and shape) during 

synthesis of GNPs becomes clear.  

 

4.2. Materials and Methods 

Experimental and computational approaches to study GNP properties are discussed in 

this section. First, the synthesis and characterization of GNPs are discussed including the 

synthesis of gold nanospheres and gold nanrods. Next, the computational framework for 

GNP optical properties is discussed including the input parameter (dielectric function) for 

the Mie theory and discrete dipole approximations (DDA). Mie theory is only applicable 

for simple geometries such as spheres and thus is used as analytical benchmark for the 

DDA calculation which can handle complex geometries including nanorod.  

 

4.2.1 Gold nanoparticle synthesis and characterization 

Gold Nanosphere Synthesis: Gold nanospheres were synthesized according to 

established protocols with a modification of the Frens method.
224

 Basically, 1% sodium 

citrate (Sigma-Aldrich) was used to make 15nm gold nanoparticles by boiling gold 

chloride (Sigma-Aldrich). For larger nanospheres, hydroquinone reduction was used to 
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synthesize 30nm, 60nm, and 100nm particles. Particle stability was maintained by adding 

Tween 20 during centrifugation and purification. Gold nanoparticle reference materials 

(RMs) from the National Institute of Standards and Technology (NIST) were also 

compared including primary particle diameters of nominally 10nm, 30nm, and 60nm 

(NIST RMs 8011, 8012 and 8013).  

 

Gold Nanorod Synthesis: GNRs were synthesized with standard protocols in previous 

publications 
167

 developed by the Murphy group 
212

 and the Liz-Marzan group
225

. Briefly, 

gold seed precursor solution was prepared by adding 375 μL of 0.01 M chilled sodium 

borohydride to 0.9 mL of 0.1 M gold chloride solution in 14.625 mL of 0.1 M CTAB 

surfactant. A second precursor solution is made by combining 48 mL of 0.01 M gold 

chloride and 9.8 mL of 0.01M silver nitrate into a 1 L Erlenmeyer flask containing 933 

mL of rapidly stirring 0.1 M CTAB. GNR growth is then initiated by aliquoting 6.86 mL 

of 0.1 M ascorbic acid and 12 mL of gold seed precursor solution into the flask and 

stirring overnight.  

 

GNP Characterizations: The gold nanoparticles were characterized by UV-Vis 

spectroscopy (Synergy HT, BioTek) for extinction spectrum, and transmission electron 

microscopy (TEM, Tecnai G2, FEI, 120kV) for size distribution. For TEM, a drop of 

gold nanoparticle solution was placed on a TEM grid for 15min and then dried with filter 

paper. After acquiring the TEM images, the size parameters (diameter for sphere, 

diameter and length for rod) were analyzed using imaging processing software Fiji 
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(ImageJ with plugins). For NIST GNPs, the optical properties and size distributions data 

were obtained from NIST Report of Investigation documents. 

 

4.2.2 Modeling of GNP Optical Properties 

Dielectric Functions and Their Size & Directional Dependence  

For bulk properties, Johnson and Christy,
226

 Palik,
227

 and Weaver et al.
228

 reported 

experimental data for gold. In this work, the complex dielectric functions for gold ( ) 

was taken from Johnson and Christy
226

 although studies have shown that the choice of the 

dielectric functions can affect the predicted outcome.
220

 The dielectric functions from 

these sources are close in UV and visible spectrum, and diverge in near infrared (NIR) 

domain especially for the imaginary part. However, we selected the Johnson and 

Christy
226

 data as it has been frequently used
220

 and enables estimation of both gold 

nanospheres 
229

 and nanorods optical properties.
223

  

 

Based on earlier investigations,
61

 the size effect on dielectric functions can be captured by 

using a damping constant, , to account for electron scattering with particle 

boundary: 

        (1) 

where  is the electron collision frequency in bulk material,  is the Fermi velocity, 

A is a scattering parameter (~ 0.33 
64, 230

), and  is the mean free path (or effective 

length) of electron-boundary scattering. Given that Leff refers to the average geometrical 

path of electrons from surface to surface of the particle, it is known from other fields of 
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physics that such mean geometric path can be given by “the mean-beam-length of a 

radiation bundle in gas filled cavity”, 
54

 

          (2) 

where V is the volume and S is the surface area. Eq. (2) was first used by Coronado et al.
231

 to 

account for the size effect on dielectric function of spherical GNPs and leads to:  

with a the particle radius. According to the Drude permittivity model, the size dependent 

dielectric function can be written as   

     (3) 

where  is the dielectric function of bulk sample measured from experiment,  is 

the bulk plasmon frequency of gold. 

 

Note that Eq. (2) corresponds to the direction averaged paths within the nanoparticles. 

For nanorods, the surface scattering in the transverse direction is intuitively expected to 

be more pronounced than that in the longitudinal direction, leading to a directionally 

dependent dielectric function. To estimate the surface scattering lengths in longitudinal 

and transverse directions and thus to quantify the effect of anisotropy on the dielectric 

function, we use a ray-tracing stochastic approach. In this approach, the effective lengths 

for transverse  and longitudinal directions , can be estimated by following 

relations respectively:  

   and       (4) 

where li,cyl and li,caps are the path lengths of an electron “i” started from the cylindrical 

surface and end cap(s) to any other surface of the nanorod respectively. NS is the number 
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of electron samples chosen as ten of thousand here. The initial position and direction of 

each electron sample are chosen in a random manner as detailed elsewhere. 
232, 233

  

 

Mie theory 

The Mie theory provides exact values of the far-field extinction, absorption and scattering 

efficiency and asymmetry factors for a spherical particle suspended in a non-absorbing host 

medium illuminated by an incident plane wave
59, 234

 

      (5) 

      (6) 

         (7) 

   (8) 

,     (9, 10) 

where x is the particle size parameter (=2πa/λ), , m is the ratio of complex refractive index 

( ) of the sphere to that of the surrounding medium (nm),   and  are spherical 

Bessel functions, and the asterisk (*) and prime (  ) indicate complex conjugate and derivative 

with respect to the argument x or mx, respectively. 

 

Discrete Dipole Approximation (DDA)  

Discrete Dipole Approximation (DDA) is a discrete solution method of the integral form 

of Maxwell’s equations and allows the prediction of nanostructure optical properties with 

complex geometries beyond Mie theory.
235

 Basically, the target structure is discretized 

into a finite array of dipoles (N) with each one located at position rj (j=1,N). After solving 
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3N complex linear equations with unknown dipole moments,
235

 the extinction, absorption 

and scattering cross sections and asymmetry factor can by calculated by 
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where z  is the direction of the incident plane wave of amplitude Einc, n  is a unit vector 

of the scattering direction, d is the differential solid angle around of n , Einc,i is the 

incident electric field vector on the dipole i, Pi is the dipole moment vector,  ( = 2/) 

is the wave number, and i is the polarizability of the dipole i. 

 

In this study, the DDA package DDSCAT 7.2 developed by Draine and Co-workers
235

 

was implemented. To generate spherical particles and rods with hemispherical end caps, 

we use the DDSCAT predefined programs, which create the target objects as regular 

arrays of dipoles of spacing d. The discrete dipole spacing should be small as compared 

to any structural length in the target geometry, and the wavelength of the electromagnetic 

wave (). A convenient “rule of thumb” developed to satisfy these criteria is 
[41]

 

5.0dm           (15) 

 

Orientation averaged optical properties 
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For spherical GNPs, Eq. (11~14) is valid for any orientation of the GNP with respect to 

the incident wave direction due to isotropy of spheres. However, these parameters have to 

be computed for various nanorod orientations and then averaged since nanorods are 

generally randomly oriented in an aqueous solution. DDSCAT code allows us to compute 

the cross-sections in a set of directions and then determine the minimum number of 

directions for the orientation-averaged extinction, absorption, and scattering cross-

sections. 

 

Polydispersity  

The nanoparticle size distribution was discretized into a number of bins (i.e. intervals) 

and then weight-averaged to obtain the ensemble optical properties. 




ypN

i
iByp,rod

N

i
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Rod

i
Rod

ik
1

,
1

,, )(1  k = ext, abs, sca (16) 

With NRod the number of bins for rods; NByp the number of bins for byproducts whose 

shapes are close to spherical according to TEM image analysis; wRod = NRod/( NRod + 

NByp) the number fraction of rods; nRod,i = NRod,i/NRod where NRod,i is the number of rods 

whose sizes are inside the bin i; nByp,i = NByp,i/NByp where NByp,i is the number of 

byproducts whose sizes are inside the bin i; Rod
ik ,C orientation-averaged k (i.e. extinction, 

absorption, or scattering) cross-section of a rod of size inside the bin i; and 

Sph

ik ,C corresponding cross-section of a spherical byproduct of size inside the bin i. Note 

that Eq.  (16) is identical to those used elsewhere
223

 to compute size-averaged optical 

properties of nanorods. For spherical GNPs for which wRod = 0, only last term on the right 

hand side of Eq. (13) subsists. 
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Figure 4.1. Dielectric constants for gold metal and the size dependence. (A) Real part 

and (B) Imaginary part.  

 
Figure 4.2. Validation of DDA simulation with Mie theory. (A) Agreement in extinction 

and scattering (thus absorption as well) for 30nm gold nanosphere; (B) Agreement in 

anisotropy for the same gold nanosphere.  Other sizes of gold nanospheres were also 

compared with good agreement and not shown.  

 

4.3. Results and Discussion 

Dielectric constants and validation of DDA with Mie theory 

First, we calculated the size-dependent dielectric constants for gold by correcting the bulk 

values measured by Johnson and Christy.
226

 As shown in Figure 4.1, the real part of the 

dielectric constant does not change significantly with size while the imaginary part 

changes dramatically, especially in the near infrared (NIR) domain. The size effect is 
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only significant for dimension smaller than 20nm. Thus, the size dependent dielectric 

properties were only used if the particle is smaller than 20nm (at least one dimension).   

 

To validate and establish DDA simulation protocol, we compared the results from DDA 

with Mie theory for a number of different sized gold nanoparticles (10 to 100 nm) and 

found good agreement between the two methods. Figure 4.2 illustrates this comparison 

for a particle of 30nm diameter. In general, the accuracy of DDA depends on the choice 

of the discretization. The smaller is the dipole spacing, the more accurate the results are. 

Typically, over 250,000 dipoles are needed to generate accurate results (within 1% of 

Mie theory). Compared with Mie theory, DDA becomes an advantage due to its ability to 

handle targets with complex geometry. In addition, the substance constituting the target 

can be non-homogeneous and even with anisotropic properties.  However, DDA 

calculation requires demanding computation time especially for targets with large relative 

refractive index, size, or irregular boundaries.  

 
Figure 4.3 Flow-chart for the combined theoretical and experimental approach. 
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Reconciling experiment with prediction for gold nanospheres 

Next, we evaluated the agreement between DDA prediction and experimental 

measurement by UV-Vis for gold nanospheres with different sizes based on the flow 

chart shown in Figure 4.3. As a first estimate, the mean diameter of the nanosphere was 

used to calculate the optical spectrum and good agreement with experimental 

measurement was observed as shown in Figure 4.4. For 15nm GNP, the measured 

plasmon peak is broader than DDA prediction. The size-dependent dielectric constants 

(referred to as DDA nano in Figure 4.4) lead to a broader plasmon peak compared with 

using the bulk dielectric constant, and a better agreement between DDA and experiment. 

The broadening of the plasmon peak due to the size-dependent dielectric constant (i.e. 

electron scattering with boundary) is in agreement with previous observations from both 

experiment and calculations in the literature.
221, 236

  

 

In addition to the electron boundary scattering, other factors can contribute to the size 

dependent dielectric functions for small particles including chemical interface damping 

(CID) and quantum effects.
237

 The mechanism of CID, i.e. the fast energy transfer 

between nanoparticle and its immediate environment,  is not well understood and the 

experimental study is challenged with polydisperse nanoparticle distribution, both of 

which lead to plasmon damping and spectrum broadening.
238, 239

 CID is typically 

represented by the A value in Equ. (1) and A = 1/3 is used in the literature for gold 

nanoparticles in water.
64, 223, 230

 Quantum effect can take place for particles smaller than 

10nm.
61, 236 

For instance, we investigated a nanosphere with diameter 8.9nm from NIST 

(NIST – RM8011, Figure S4.1) and found that the measured plasmon peak is 
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significantly broadened compared with DDA prediction with bulk properties. Using size-

dependent properties, the agreement is improved for longer wavelengths (>550nm) but 

there is some deviation below 550nm. In this case, the quantum effect could contribute to 

the difference between prediction and experiment, and was not implemented in the 

current Drude permittivity model.
236

  

 

 
Figure 4.4. Comparison of DDA simulation with UV-Vis measurement for gold 

nanospheres. Four gold nanospheres were studied including 15nm, 30nm, 56nm and 

100nm.  Good agreement was obtained between calculation and experiment with using 

the average nanoparticle size.  
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Figure 4.5 Prediction of gold nanorod optical properties with nominal size does not lead 

to agreement with experimental measurement. (A) Comparison of measurement with 

DDA prediction with bulk and size dependent dielectric constants (based on radius, 4V/S, 

and ray-tracing which considers anisotropy of nanorod). (B) Effects of different dielectric 

functions on the extinction coefficient of gold nanorod (D=10.6nm, L=40nm).  
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Reconciling experiment with prediction for gold nanorods 

First, the calculation of the optical properties for gold nanorods is more involved than for 

gold nanospheres due to the asymmetry. For instance with nanospheres, only one 

polarization direction is needed due to the symmetry. However for gold nanorods, our 

calculations suggest that calculation with up to 9 directions (θ) is needed to reduced the 

error to be within 1%, despite previous calculations suggesting averaging two incident 

light polarization directions (along long and short axis).
220

 In terms of dipole 

discretization, our calculation suggests 4 dipoles per nm gives an error within 1~2% over 

the entire considered wavelength interval.  Previous studies have used different dipoles 

ranging from 10
4
 ~ 10

7
 dipoles

220, 235, 240
 or a dipole spacing of 1 nm.

221
 Sufficient amount 

of dipoles are needed for accurate prediction of nanoparticle optical properties and are 

manifested in two ways. First, adequate dipoles are needed to closely model the geometry 

of the nanoparticle. Second, the surface-to-volume ratio of dipoles is an important factor 

since dipoles on the surface tends to overestimate the absorption.
222, 235, 241

  

 

Next, we attempted to reconcile the optical properties of gold nanorods between 

measurement with prediction. Unlike gold nanosphere, the UV-Vis measured optical 

spectrum does not agree well with DDA prediction with the nominal (i.e. average) size of 

gold nanorod as shown in Figure 4.5. Specifically, the measured longitudinal peak (in the 

NIR region, 700 to 900nm) is much wider than experiment, and the peak position is red-

shifted (to longer wavelength) relative to the prediction. We further explored the effect of 

dielectric constant, including the bulk values and size-dependent properties using the 

radius of the rod (R),
220

 the effective size (4V/S), and anisotropic properties from ray-
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tracing calculation.  Size-dependent properties lead to broader plasmon peak and lower 

extinction coefficients, with the radius modified dielectric constant giving the broadest 

and lowestpeak. However, the size-dependent and anisotropic properties do not explain 

the difference between experiment and prediction including the broadening and red-shift 

of the measured spectrum. 

 

Subsequently, we examined the polydispersity (i.e. size and shape distribution) of gold 

nanorod and incorporated this variable into the prediction of optical properties. This led 

to a better agreement between experiment and theory for gold nanorods as shown in 

Figure 4.6. Here the polydispersity was obtained by imaging gold nanorods under TEM 

and analyzing the distribution of the size parameters (diameter and length). As shown in 

Figure 4.6, there are both nanorods (with varying diameter and length), and “byproducts” 

which mostly consist of spheres and cubes, in accordance with an earlier study by 

Khlebtsov et al.
223

 While the two nanorods compared in this study have 3% and 8% 

byproducts, the percentage of the byproducts can go up to 10 to 20% as reported in the 

literature.
242, 243

 These byproducts, for instance cubes if in large quantities, can lead to 

new peaks in the optical spectrum.
242

 The byproducts typically have plasmon resonance 

in the visible range (500-600nm) with limited interaction in the near infrared range; 

however, they will lead to lower absorption of laser energy in the near infrared range if 

considering molar heating or heat generation per Au mass.  
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Figure 4.6. Inclusion of polydispersity into prediction leads to agreement between DDA 

prediction and UV-Vis measurement for gold nanorods. Two gold nanorods were studied 

including (A) D = 10.6nm and L = 40nm; (B) D = 8.6 and L = 27nm. Simulations using 

the nominal size of the gold nanorod gives poor agreement with experiment while 

considering the polydispersity of gold nanorod yields better agreement. The 

polydispersity data for Rod 1 was reproduced from Khlebstov et al with permission.
223
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More interestingly, the optical properties are insensitive to the size-dependent dielectric 

constants after incorporating polydispersity. As shown in Figure 4.7, the bulk and size-

dependent dielectric constants (with radius, 4V/S and ray-tracing) all give similar 

predictions and agree well UV-Vis measurement. This suggests that polydispersity plays 

a dominate role in the optical properties of gold nanrods and leads to broader spectrum 

and red-shift compared with the prediction using the nominal size (Figure 4.5).  

 

 
Figure 4.7. Effects of dielectric constants on the optical properties of gold nanrod 

(D=10.6nm, L=40nm) after incorporating polydispersity measured from TEM (shown in 

Figure 4.4).   
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Figure 4.8 Differential impact of polydispersity for gold nanosphere and nanorod.  (A,B) 

Changing polydispersity does not significantly affect the optical properties of gold 

nanosphere (30nm in this example); (C,D) polydispersity changes the optical properties 

of gold nanorod including peak extinction and width. (E) Summary of the impact of 

polydispersity on the optical properties (peak extinction) of gold nanosphere and 

nanorod. Here polydispersity is defined as the standard deviation by the mean. (F) Impact 

of polydispersity on peak wavelength shift. 
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Impact of polydispersity: sphere versus rod 

Lastly, we examined the impact of polydispersity on the predicted optical properties for 

gold nanosphere and nanorod. Here polydispersity is quantitatively defined as the ratio of 

standard deviation to the mean value. As shown in Figure 4.8, the polydispersity leads to 

less than 10% change in the peak extinction and less than 5 nm shift in the resonant 

wavelength for gold nanospheres. In contrast for gold nanorods, the same polydispersity 

range leads to more than 70% reduction in peak extinction, significantly broader 

spectrum, and more than 20 nm red-shifts in the resonant wavelength. The differential 

impact of polydispersity originates from the sensitivity of the nanostructure to size and 

shape variation and has important implications in nanostructure design particularly for 

optical applications. For gold nanospheres, the spectrum and plasmon peak are less 

sensitive to the size change, and the spectrum tends to compensate for each other around 

the center size (Figure 4.8). For god nanorod, however, the spectrum and plasmon peak 

are highly sensitive to the change in size and aspect ratio. As a result, the polydispersity 

has a significant impact on resulting optical spectrum observed. This observation speaks 

to the need for quality control and characterization for gold nanorod and other highly 

sensitive structures (such as shell, cube).
60, 67

 

 

This work has important implications for applications requiring quantitative measures, 

such as heat generation for photothermal therapy
41

 and thermal contrast biosensing.
210

  

While previous studies has been focusing on matching the plasmon peak (λmax) between 

experiment and theory,
220, 244

 the magnitude of absorption efficiency factor is critical to 

determine the amount of heat generation. As shown in this work, the absorption 
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efficiency of gold nanorods can degrade significantly with polydispersity, in contrast to 

gold nanospheres. Gold nanorod has been advocated as a highly efficient heat generating 

particle as compared with gold nanospheres and its ability to absorb in the near infrared 

range. It has been suggested that gold nanorod can absorb 3~5 times more light energy 

than nanosphere with the same gold mass (i.e. only changing morphology);
245

 however, 

this enhancement diminishes when taking into the account the effect of polydispersity 

(ca. 10~20%).  

 

4.4. Conclusion 

In this study, we reconciled the optical properties of gold nanospheres and nanorods 

between experimental measurement and numerical prediction. Systematic assessment 

revealed an interesting differential impact of polydispersity on the optical performance of 

different gold nanostructures. Changing the polydispersity from 0% to 20% leads to less 

than 10% change in optical extinction for nanospheres, while the same polydispersity 

range results in more than a 70% drop for nanorods.  Thus, it was found that 

polydispersity is less critical to reconcile the optical extinction from experiment and 

prediction for gold nanospheres, but it is critical for gold nanorods. This work is a further 

demonstration of the importance of polydispersity as a quality control and performance 

variable in the manufacture of gold nanoparticles and rods in particular. 
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Supplemental Figure 

 

 
 

Figure S4.1 Comparison between prediction and measurement for 8.9nm GNP from 

NIST (RM 8011). DDA bulk refers to bulk dielectric constants while DDA nano refers to 

size-corrected dielectric constants. 
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Chapter 5 Conclusions and Future Work 

 

This chapter summarizes the thesis work and proposes future directions.  
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In this dissertation, I first systematically reviewed the start-of-art research in the area of 

laser nanoparticle heating including the thermophysical and biological applications. Most 

of the work with laser nanoparticle heating has been focusing on therapeutic application 

with little attention on diagnostics. In this work, a new biosensing modality called 

thermal contrast amplification (TCA) has been developed to significantly improve the 

sensitivity of a widely used point-of-care diagnostic platform – lateral flow assay (LFA). 

Next, a benchtop device was developed to performance TCA measurement which can 

eventually translated into clinic use. Lastly, the use of high absorbing nanoparticle in the 

visible and near infrared range was evaluated, revealing a larger impact of polydispersity 

on gold nanorod vs. gold nanospheres. This work laid the foundation for future 

development of TCA technology which is proposed below: 

  

(1) Development of a handheld TCA device for point-of-care diagnostics 

While the benchtop TCA system is an important step and can find applications in 

hospitals and clinics, a portable handheld TCA system will allow point-of-care diagnosis 

in resource limited settings. The handheld system will utilize smaller and cheaper 

components while maintaining desirable performance, discussed in Chapter 3.  

 

(2) New generation of LFA optimal for TCA detection.  

a. GNP size: Larger GNP will absorb more light and thus lead stronger signal per 

nanoparticle. Current LFAs typically use GNP size of about 30nm. Our preliminary 

results suggest that using 100nm GNP leads to over 10-fold improvement in the 

analytical sensitivity as shown in Figure 5.1A.  
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Figure 5.1 New generation LFA. (A) Preliminary results demonstrating the effect of gold 

nanoparticle size on the sensitivity of LFAs. Visual reading suggests more than 10-fold 



 

144 

improvement with 100nm GNP vs. 30nm; (B) Calibration LFA suggest that thermal 

contrast can detect at least 16-fold (i.e. 2
4
) lower GNP concentration vs visual detection. 

We further created a “calibration LFA” by printing 2-fold serial dilutions of GNP 

solution onto nitrocellulose membrane, and showed that thermal detection can at least 

detect 16-fold lower GNP concentration for all nanoparticle sizes studied (15 to 100nm) 

as shown in Figure 5.1B. Combining the GNP size optimization and thermal contrast, 

another 100-fold improvement is expected. Future work to demonstrate this with 

clinically relevant disease models is needed.  

 

b. GNP shape: Another challenge observed in the malaria diagnosis is the interference 

between hemoglobin and gold nanoparticles when detecting biomolecules in blood. 

Hemoglobin is usually not completely washed away and thus stains the LFA. Both 

hemoglobin and gold nanoparticles used in current LFA strongly absorb the green laser 

used (532nm), leading to higher background level and sometimes false positive results. 

Using a near infrared (NIR) laser and nanoparticles (for instance gold nanorod) with 

plasmon resonance in the NIR region can potentially mitigate this problem.  

 

In conclusion, TCA has the potential to be directly used in early diagnosis of a number of 

infectious diseases and more generally for biomolecular screening. Since the LFA is a 

platform technology, TCA will likely have a long-term impact in a variety of other areas, 

including medicine, agriculture, and biodefense where a quick and sensitive detection is 

needed. 
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Appendix A  

This appendix includes the MATLAB
®

 program to obtain the Gaussian beam size from 

Knife edge experiment.  

 

%%%%%%%%%%%%%%%%%%% 

% Nomenclature 

% b - background 

% n0 - number of data points 

% nm - normalization, should be the highest intensity? 

% sn - sign index 

% x(n0) - normalized position, x(1)=1, x(2)=2,... 

% y(n0) - signal intensities 

% z(n0) - z values as used in the paper 

 

% position x=8.25cm 

% y = [0; 0.00204918;0.00204918;0.00204918;0.00204918;0.006147541;... 

%     0.024590164;0.106557377;0.254098361;0.530737705;0.795081967;... 

%     0.930327869;0.991803279;1]; 

 

% Signal intensity, should start with the minimum value 

y = [0.00204918;0.006147541;... 

    0.024590164;0.106557377;0.254098361;0.530737705;0.795081967;... 

    0.930327869;0.991803279]; 

 

n0 = length(y); 

x = [1:n0]'; 

z = zeros(n0,1); 

 

% Normalize data --- skip if already did it. 

b = 0; 

nm = 1; 

for i=1:n0 

    y(i) = (y(i)-b)/(nm-b); 

end 

 

% Evaluating normalized areas less than 0.5 

for i=1:n0 

    if y(i)<0.5 

        y(i) = -(1-y(i)); 

    end 
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end 

 

% Evaluating the translation 

 

for i1 = 1:n0              % loop to go through all data points 

    sn = 1; 

    j=0; 

    for p=1:4 

       L = 10^(-p); 

       for i=j:L:4.0 

           x0=i; 

           z0 = -6.71387e-3; 

           z1 = -1.55115*i; 

           z2 = -5.13306e-2*(i^2); 

           z3 = -5.49164e-2*(i^3); 

           y0 = z0+z1+z2+z3; 

           if y(i1)<0 

               sn=-1; 

           end 

           y(i1) = abs(y(i1)); 

           y0 = 1/(exp(y0)+1); 

           if y0>y(i1) break 

           end 

 

       end 

       x0=x0-L; 

       j=x0; 

    end 

    z(i1) = x0*sn; 

end 

 

% method of lease squares to fit for equation 10 in the paper 

s1=0;s2=0;s3=0;s4=0; 

 

for i=1:n0 

    s1 = s1+z(i); 

    s2 = s2+z(i)*z(i); 

    s3 = s3 + x(i); 

    s4 = s4 + x(i)*z(i); 

end 

 

y0 = (s1*s4-s2*s3)/(s1*s1-n0*s2); 

bt = (s1*s3-n0*s4)/(s1*s1-n0*s2); 

bt = 1/(bt*sqrt(2)); 

ca = 10;              %dx = 10um 
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bz = bt/ca 

d0 = y0*ca 

rad = 1/bz 

Dia = 2*sqrt(2)*rad 

plot(z,x,'o') 

 

% f(z) 

z = (-4:0.1:4); 

z0 = -6.71387e-3; 

z1 = -1.55115*z; 

z2 = (-5.13306e-2)*(z.^2); 

z3 = (-5.49164e-2)*(z.^3); 

 

y0 = z0 + z1 + z2 + z3; 

y0 = 1./(exp(y0)+1); 

 

plot(z,y0) 
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Appendix B 

Multisite Validation of Point-of-Care Cryptococcal Antigen Lateral Flow Assay and 

Novel Quantification by Laser Thermal Contrast Measurement 

 

This appendix describes a clinical cohort study directed by Dr. David Boulware, and 

studies the clinical validation of lateral flow assay for point-of-care cryptococcal antigen 

diagnosis. The author contributed to the thermal contrast measurement part of the work 

and edited the manuscript. This body of work has been published in the following article 

and the abstract is reproduced here with permission. Full text of this journal paper is 

available at  

http://wwwnc.cdc.gov/eid/article/20/1/13-0906_article.htm 

 

 Boulware, D.R., Rolfes M. A., Rajasingham R., von Hohenberg M., Qin Z., 

Taseera K., Schutz, C., Kwizera, R., Butler, E.K., Meintjes, G., Muzoora, C., 

Bischof, J.C. & Meya, D.B. Multisite Validation of Cryptococcal Antigen Lateral 

Flow Assay and Quantification by Laser Thermal Contrast. Emerging Infectious 

Diseases 20, 45 (2014). 

http://wwwnc.cdc.gov/eid/article/20/1/13-0906_article.htm
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Abstract 

 

Cryptococcal meningitis is the most common cause of meningitis among adults in sub-

Saharan Africa.  Given the need for field testing data for the new rapid, point-of-care 

cryptococcal antigen (CRAG) lateral flow assay (LFA), we assessed diagnostic 

performance of: CSF culture, CRAG-latex agglutination, India ink, and CRAG LFA 

among 832 HIV-infected persons with suspected meningitis prospectively enrolled in 

Uganda during 2006-2009 (n=299) and in Uganda and Cape Town during 2010-2012 

(n=533). CSF CRAG LFA had the best performance with 99.3% sensitivity and 99.1% 

specificity.  Culture sensitivity was dependent on CSF volume (82.4% with 10L, 94.2% 

with 100L).  CRAG-latex varied between manufacturers with 97.0-97.8% sensitivities 

and 85.9-100% specificities. India ink was only 86% sensitive.  We demonstrated a novel 

technique, laser thermal contrast, had 92% accuracy in quantifying CRAG-titers from one 

LFA strip to within <1.5-dilutions of the actual CRAG-titer by serial dilutions (R=0.91, 

P<0.001). The CRAG LFA is a major advance in meningitis diagnostics in resource-

limited settings.  
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Appendix C 

 

This appendix presents an experimental work conducted by the author to study the 

heating of gold nanoparticle laden systems. This work has been presented at ASME 

Summer Bioengineering Conference in 2010 and is reproduced here with permission.  

 

   Qin, Z. & Bischof, J.C. One Dimensional Experimental Setup to Study the 

Heating of Nanoparticle Laden Systems. ASME Summer Bioengineering 

Conference. Naples, FL; (2010) 
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1. Introduction 

Intensive efforts have been put into the use of gold nanoparticles (GNPs) for the 

enhancement of hyperthermia using laser in recent years since the groundbreaking work 

of Hirsh et al.
332

 using gold nanoshells (GNS). Both in vitro
333

, and in vivo
334

 studies 

show promising results. For example, GNS, a special kind of GNP, are being 

manufactured and are in clinical trials (Nanospectra Bioscience, Inc). While the data is 

compelling, unfortunately the fundamentals of GNP heating are not entirely understood. 

For example, there are large discrepancies in the experimentally measured photothermal 

efficiency of GNPs 
335, 336

. Furthermore, lumped models of GNP heating in solution, by 

using small volume of GNP solution 
335, 336

, or stirring the solution
337

, neglecting the 

variation of heat absorption throughout a system require improvement.  In reality, the 

GNPs will attenuate the laser beam as it passes through the GNP host medium. GNPs at 

different locations will absorb different amount of laser energy and hence have different 

heat generation.  

 

A recent paper by Tjahjono et al.
338

 studied the heating of GNS in a transparent medium 

in a 1D slab using radiative transfer modeling, and found that the radiative properties 

(scattering albedo, i.e the ratio of scattering to extinction, and optical length) have 

significant effect on the radiative heat flux and the heat generation distribution. GNPs 

with more scattering tend to homogenize the radiative heat flux and the resultant 

temperature distribution, while GNPs with more absorption creates high temperature 

gradient at the entry region. Optical length has similar effects, i.e. high optical length 

yielding high temperature gradient while low optical length giving more uniform 
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temperature distribution. But no experimental studies were conducted to demonstrate 

these effects. 

 

In this paper, a new method to study GNP heating in solutions, gels and cells is presented 

using a capillary tube by a applying laser beam along the tube axis (Fig 1A), a variation 

of the method used by Kalambur et al. 
339

, where the laser is scanned along the capillary 

tube (shown in Fig 1A). The experimental results from this method can be compared to 

more sophisticated, but dimensionally simplified models of optics and heat transfer 

because of the high aspect ratio of capillary tube. Using this method, various hypotheses 

from theoretical modeling can be tested, such as the effect of radiative properties  
338

 of 

GNPs  (Colloidal vs. Shell) and lasers (IR and VIS). Furthermore, the effects of the 

scattering of GNPs and cells can be studied by putting NP-loaded solutions and cells into 

the capillary tube.  

 

2. Method 

Experiment A small volume of NP solution (~5μL depending on the length of liquid in 

the tube) is injected into the capillary tube (870μm inner diameter), using the pipette or 

submerging the tube into NP solution. The laser beam (wavelength 810nm) is applied 

along the axis of the tube. The temperature distribution is measured by IR camera 

(IRISYS 4000). The schematic is shown in Fig 1A. GNS (Auroshell
TM

) of 130nm 

diameter was used. 
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Modeling The effect of different patterns of heat source on the temperature distribution is 

studied by heat transfer modeling. The governing equation is given by 

   amb
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where ρ is the density, c is the specific heat, T is the temperature, t is time, x is the spatial 

coordinate, u   is the source term, 
ambT  is ambient temperature, h is the effect heat transfer 

coefficient, P is the perimeter of the NP solution in the capillary tube and Ac is its cross 

section. Convective boundary condition is applied at both side of NP solution.  

 

The source term can be calculated from the product of radiative heat flux (laser fluence) 

and the absorption coefficient. The radiative heat flux is obtained by solving the radiative 

transport equations by first order spherical harmonics (P1) approximation
338, 340

, or Monte 

Carlo (MC) simulation by adjusting NP host medium radiative properties to consider 

GNP effect
341

. Direct MC ray tracing by explicitly considering the GNPs in the medium 

may be difficult due to the large amount of NPs. Due to the variation of radiative heat 

flux with position, the source term (heat generation) will be position dependent as well. 

So is specific absorption rate (SAR), a term more frequently used in hyperthermia to 

describe the heat dose (amount of heat applied).  

 

3. Preliminary Results and Discussion 

A typical temperature distribution from infrared measurement is shown in Fig 1C, 

obtained 5 minutes after applying the laser beam to obtain a steady temperature 
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distribution. The red box shows the location of the GNS solution in the capillary tube, 

which was obtained by placing a maker near the capillary tube (not shown in the figure).  

 

 

Fig 1.  The experimental set-up and preliminary results: The laser can be used to heat by 

axial (A) or orthogonal (B) focus on the tube. C shows a typical IR thermograph. D 

shows the typical results for the different heating behaviors (normalized with respect to 

the maximum and minimum temperatures in each case) by varying the nanoparticle 

concentration (diluted 10 and 25 times from the stock solution).  

 

Figure 1D shows the typical effect of GNS concentration on the temperature distribution 

(normalized in the figure), with the same laser power (5W nominal, only part of the laser 

power goes to the capillary tube as the laser beam size is larger than the capillary inner 

diameter). Similar trends were obtained for other laser powers applied. Two phenomena 

can be observed in this figure: (1) The location of the maximum temperature location 

shifts away from the front when the GNS concentration is reduced; (2) The temperature 

gradient is larger for the highly concentrated GNS solution. These results can be 
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explained as follows. When the GNS concentration is increased, the absorption increases. 

The energy is absorbed more intensely in the front region of concentrated GNS solution, 

and the laser fluence decreases more rapidly. As a result, a larger temperature gradient is 

obtained. On the other hand, for the GNS solution with lower concentration, the laser 

energy penetrates further in the GNS solution and is absorbed more evenly. So a lower 

temperature gradient is obtained and the maximum temperature shifts away from the 

front.  

 

Fig. 1D is the first experimental result of this kind and agrees with the radiative modeling 

of Tjahjono et al
338

, presented in terms of optical length. It should be noted that the 

authors observed the formation of small water droplets in the front of the GNP solution 

for the high concentration case (10 times dilution from stock solution), indicating the 

vaporization of water. Further experiments using optically transparent sealants to reduce 

vaporization will be explored. 

 

In terms of heat transfer analysis, the absorption of laser energy is reflected as the source 

term or SAR shown earlier. To demonstrate this, the effect of position dependent SAR 

patterns on the temperature distribution is demonstrated in Figure 2, using finite element 

heat transfer (FEHT). Several extreme conditions, including the constant, exponential 

decay, and step change of the source term, are presented. By comparing Figures 1D and 

2, one can observe that the measured temperature drops more rapidly than the 

temperature profile obtained from the ideal Beer-Lambert exponential decay pattern SAR 

shown in Figure 2. This indicates that a higher absorption occurs in the inlet region when 
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the laser interacts with the GNS. As a result, a SAR pattern with larger gradient than the 

exponential decay profile will be obtained.  

 

 

Fig 2. The effect of SAR patterns on the temperature distribution 

 

From these results, we demonstrate the ability of a 1D experimental setup to study the 

effects of the radiative (i.e. optical and heat transfer) properties of GNP systems by 

varying the GNP concentration. Detailed studies of the effects of radiative properties of 

GNPs (absorption coefficient, scattering albedo) and GNP concentration (optical length) 

are underway. The estimation of position dependent SAR pattern will be modeled by 

solving the radiative transport equations for this 1D system and Monte Carlo simulation 

for more complicated multi-dimensional systems in the future. The theoretically obtained 

SAR (from radiative transport or Monte Carlo) will be the input for the heat transfer 

model to obtain the temperature profile and compare with experimental results. 
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Appendix D 

 

This appendix includes a conference proceeding partly contributed by the author (the 

gold nanoparticle portion). This work has been presented at SPIE in 2011 and is 

reproduced here with permission.  

 

   Qin, Z., Etheridge, M. & Bischof, J.C. Nanoparticle Heating: Nanoscale to Bulk 

Effects of Electromagnetically Heated Iron Oxide and Gold for Biomedical 

Applications. SPIE (2011). 
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Abstract 

Biomedical applications of nanoparticle heating range in scale from molecular activation 

(i.e. molecular beacons, protein denaturation, lipid melting and drug release), cellular 

heating (i.e. nanophotolysis and membrane permeability control and rupture) to whole 

tumor heating (deep and superficial).  This work will present a review on the heating of 

two classes of biologically compatible metallic nanoparticles: iron oxide and gold with 

particular focus on spatial and temporal scales of the heating event.  The size range of 

nanoparticles under discussion will focus predominantly in the 10 – 200 nm diameter size 

range.   Mechanisms of heating range from Néelian and Brownian relaxation due to 

magnetic susceptibility at 100s of kHz, optical absorption due to VIS and NIR lasers and 

“Joule” heating at higher frequency RF (13.56 MHz).  The heat generation of individual 

nanoparticles and the thermal responses at nano-, micro-, and macro-scales are presented. 

This review will also discuss how to estimate a specific absorption rate (SAR, W/g) 

based on individual nanoparticles heating in bulk samples. Experimental setups are 

designed to measure the SAR and the results are compared with theoretical predictions.  

 

Keywords: Nanoparticle Heating, Iron oxide nanoparticle, Neel and Brownian 

relaxation, Magnetic Fluid Hyperthermia, Gold nanoparticle, Plasmon resonance, 

Photothermal therapy, Joule Heating 

 

1. Introduction 

Energy based treatments can often provide a minimally invasive alternative to traditional 

surgical options for diseases involving abnormal tissue growth, such as cancer.  However, 
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one central problem in the field has been controlling accurate delivery of energy to the 

disease site, while minimizing collateral effects on the surrounding healthy tissue 
342

.  

Probe-based delivery has overwhelming been the approach used to target the energy 

delivery (or removal) across the major thermal therapy modalities, such as 

radiofrequency ablation, interstitial laser ablation, or cryosurgery and has met with 

success in treating a number of forms of cancer 
343

.  However, these traditional 

approaches do offer some significant limitations.  Although, the procedures are generally 

considerably less invasive than surgical options, laparoscopic incisions or uncomfortable 

endoscopic procedures are still required.  In addition, the treatment geometry is a 

function of the probe geometry and is generally fixed to simple geometric shapes.  More 

complicated treatment geometries require accordingly complicated probe designs or 

careful insertion of multiple probes  
343

.   

 

However, new developments are offering approaches to thermal therapies which have the 

potential to provide non-invasive treatments that accurately focus energy delivery on the 

target tissue.  Two of the most promising platforms are high intensity focused ultrasound 

(HIFU) 
344

 and electromagnetically excited nanoparticles (NPs) 
16, 21, 345

.  Although HIFU 

is an exciting and fast developing field, the focus of this report will be on 

electromagnetically heated NPs, and comprehensive descriptions of HIFU can be found 

elsewhere 
344

.  Although NPs are small and relatively simple in structure, they offer 

potential as complex, multidimensional medical tools, with diagnosis, imaging 

enhancement, and treatment all in one tiny package 
346

.  NPs will follow different 

biodistribution patterns, based on delivery route, size, and surface chemistry 
347

 and so 
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can be designed to preferentially accumulate in a target tissue, often taking advantage of 

the enhanced permeability and retention (EPR) to target tumors 
348

.  This passive delivery 

mechanism can be further enhanced in some cases through inclusion of a targeting ligand 

on the NP’s surface, which will bind to receptors that are over-expressed in the tissue of 

interest 
349

. Various types of NPs have been shown to enhance contrast in many of the 

current clinical imaging modalities 
80, 134

, so accumulation in the target tissue provides a 

means of potential diagnosis and treatment planning.  In addition, if the NPs are able to 

absorb external electromagnetic energy, accumulation also provides a means to focus the 

energy delivery in the complex geometry of the target tissue. 

 

Several regimes of electromagnetic NP excitation have been the focus of intense study.  

Low frequency alternating magnetic fields have demonstrated the ability to heat 

superparamagnetic NPs through relaxation mechanisms.  One major advantage is the 

ability to penetrate deep tissues with little field attenuation and the approach has already 

demonstrated preliminary efficacy in early clinical trials 
350, 351

.  Gold (Au) NPs have 

shown the capability for very high heating rates under laser excitation, through the 

mechanism of surface plasmonic resonance 
21

.  Certain excitation frequencies can 

penetrate tissue up to depths of 1 cm so interstitial fibers are still needed to treat deep 

diseases 
352

. Interstitial laser activated Au nanoshell heating has also moved into early 

clinical study by Nanospectra Bioscience, Inc..  Notable heating rates have also been 

demonstrated for Au NPs under high frequency RF fields 
23

.  This application is still at 

the benchtop phase of development, but offers another interesting base of comparison in 

excitation mechanisms and efficacy. 
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One of the key factors required for clinical planning in thermal therapies, is an estimation 

of the amount and rate of energy delivered to the tissue, as this is a major determinant of 

the treatment outcome.  This value is generally termed the specific absorption rate (SAR) 

and is reported in watts per gram (W/g) or cubic centimeter (W/cm
3
) of tissue volume.  

This value is just as critical for NP based thermal therapies and so the following is a 

detailed description of how the basic physics of the NP excitation leads to subsequent 

heating in the tissue, which then provides equations for estimating SAR based on NP, 

electromagnetic field, and tissue parameters.  The description reports SAR in watts per 

milligram NP (W/mg NP), because this provides a better base of comparison between the 

modes of excitation, but this value can easily be converted to a clinical SAR for a given 

concentration.  The consequences of SAR are then discussed for heating on the nano, 

micro, and macro scales, with an emphasis on concentration requirements for the 

different NP approaches.  Finally, experimental measurements of SAR are compared with 

the discussed theory. 

 

2. Methods 

In this section, the mechanisms of heat generation of NPs within an electromagnetic field 

will be discussed. To predict the heat generation, the mathematical equations describing 

the physical mechanisms are introduced. The heat generation of single NPs is correlated 

with macroscopic measurable SAR. With the heat generated by NPs, the nanoscale, 

microscale, and macroscale thermal responses are analyzed within the continuum regime. 

Finally, experimental setups designed to measure the SAR for iron oxide (IO) and Au 

NPs in bulk (macroscopic) systems are described. 
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2.1 Estimation of SAR 

When materials interact with electromagnetic field, such as microwave, RF and laser, the 

attenuation of the electromagnetic energy partly dissipates into heat. From the first law of 

thermodynamics 
353

, the energy conservation states that the internal energy change is 

determined by the heat addition and work done to the system, in this case the NP:  

 

         (1) 

 

We apply this general law to heat generation and internal energy change for NPs. 

Considering the case where the NP is initially at the same temperature with the 

surrounding medium, then the energy transfer by heat is zero, . The work term is 

dependent on the electromagnetic field and NP. 

 

For magnetic NPs under an alternating magnetic field, internal energy change comes 

from work done by the magnetic field, given by  
25

 : 

 

        (2) 

 

For Au NPs under optical and RF field, the internal energy change mainly comes from 

the work done by the electrical field. This is governed by Poynting’s theorem 
354-356

, 

given by 

          (3) 
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where  is the electromagnetic frequency,  is the vacuum permittivity, and  is the 

imaginary part of permittivity which is related to conductivity ( ). The optimal 

combination of conductivity and electrical field will yield maximum heating. The high 

absorption of Au NPs under optical irradiation comes from the plasmonic electrical field 

enhancement near the particle, which is well-known and used for highly sensitive SERS 

imaging 
7
.  

 

2.1.1 Mechanisms and equations of IO NP heating 

Heating in magnetic NPs under low-frequency alternating magnetic fields occurs in two 

regimes- superparamagnetic relaxation for single-domain nanocrystals and hysteresis 

heating for larger, multi-domain NPs.  Eddy currents can also produce heating on the 

bulk scale, but are generally neglected at the nanoscale 
357

 and are avoided through 

proper field design in hyperthermia applications 
358

.  The superparamagnetic relaxation 

mechanisms will be the focus of the following discussion.  However, efficient heating 

also occurs in larger particles through hysteresis losses.  The total power generation in 

hysteresis heating is related to the integral within the magnetic hysteresis loop, which is 

generally shown in Figure 1a.  A more complete discussion of hysteresis heating can be 

found in Hergt et al. 
357

. 
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Figure 1. (a). Generic hysteresis and superparamagnetic response curves- material 

magnetization (M) versus applied field (Ha). (b). Predicted size-dependent heating of 

magnetite (Fe3O4) nanoparticles in water at 360 kHz. 

 

Below a critical diameter (approximately 30 nm for magnetite) a magnetic NP will 

exhibit only a single magnetic domain 
359

.  Within this approximate size range, magnetic 

NPs will also exhibit superparamagnetic behavior.  In superparamagnetism, thermal 

motion causes random flipping of the magnetic moments, eliminating any hysteresis 

behavior, so that the material only exhibits magnetic behavior under an applied field as 

show in Figure 1a.  For magnetite, superparamagnetism appears for diameters below 

approximately 20 nm and in an alternating magnetic field this behavior can generate 

significant thermal losses through Brownian and Néelian relaxation 
357

. 

 

Rosensweig has provided an excellent theoretical description of the relaxation processes, 

as it relates to heat generation in dispersed superparamagnetic NP systems 
25

.  The 

Brownian and Néelian models assume uniformly dispersed, noninteracting particles.  
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Brownian relaxation occurs as the particle rotates to align the anisotropic crystal axis 

with the external field and Néelian relaxation involves the rotation of the individual 

magnetic moments within the NP.  Characteristic time constants can be calculated for 

both modes of relaxation.  The Brownian time constant is given by: 

 

           (4) 

 

where  is the viscosity of the carrier fluid, VH is the hydrodynamic volume of the NP 

(including non-magnetic coatings), kB is Boltzmann’s constant, and T is the temperature.  

So the Brownian relaxation time is directly proportional to the fluid viscosity and volume 

of the NP.  The Néelian time constant is given by: 

 

        (5) 

 

where 0 is the attempt time (generally taken to be 10
-9

 sec), Ku is the anisotropy of the 

magnetic crystal, and VM is the volume of the magnetic core.  The  term represents the 

probability of random thermal motion (kBT) overcoming the anisotropic energy barrier 

(KuVm), and provides a complex dependence for Néelian relaxtion.  These two relaxation 

processes are occurring in parallel, so an effective relaxation time can be found from the 

following, with the shorter time constant tending to dominate: 
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          (6) 

Losses are generated because the thermal motion of the magnetic moments causes the 

NPs’ magnetization to be out of phase with the applied field and so some of the magnetic 

work is converted into thermal energy.  Rosensweig derived these volumetric losses as: 

 

         (7) 

 

where 0 is the permeability of free space, ’’ is the out of phase component of the 

susceptibility, f is the applied frequency, and H0 is the applied field strength.  Rosensweig 

then went on to show that the out of phase susceptibility depends on applied frequency 

and relaxation through: 

 

         (8) 

 

where 0 is the equilibrium susceptibility, assumed to be the field dependent chord 

susceptibility given by the Langevin equation.  The volumetric power generation (P) is 

equivalent to the clinical definition of SAR (watts per volume tissue), but can also be 

expressed in SAR (watts per mass iron): 

 

        (9) 
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           (10) 

 

where  is the volume fraction of nanoparticles and  is the bulk iron density of the 

nanoparticle.  The average heat generation for a single NP can be estimated as the 

contribution of an individual NP to the bulk effects by: 

 

         (11) 

 

This equation can also be expressed without concentration dependence, as the NPs are 

noninteracting, but this would require writing out the expression for the chord 

susceptibility and this was omitted for simplicity. 

 

The relaxation behavior, and thus the SAR, are highly dependent on the radius of the 

NPs.  The previous estimations were made assuming a monodisperse NP population, but 

most magnetic NP solutions are highly polydisperse, often following a log-normal size 

distribution (rnp,s). The average SAR can then be solved for by integrating across the 

probability distribution function. This was calculated for magnetite (Fe3O4) NPs of 

varying radius and polydispersity in Figure 1b.  SAR was normalized to the peak value 

occurring for monodisperse NPs with radius near 7 nm.  The strong size dependence is 

highlighted, with an obvious peak in the power curves (location of the peak radius will 

depend on NP magnetic properties and applied frequency). 
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Although SAR is highly dependent on NP size, many other properties are important to 

heating efficiency.  Higher magnetic moment and anisotropy materials will demonstrate 

higher levels of heating.  The magnetic field parameters also have significant effects.  

SAR depends directly on the product of fH0
2
, however, the generation of unwanted Eddy 

current’s in collateral tissue also depends directly on these values and Atkinson et al. 

have proposed practical limits of fH0 = 4.85 X 10
8
 A-turns/m-s to mitigate these effects 

358
.  In addition, the susceptibility term will be maximized for frequencies which provide 

2f eff = 1, so overall frequency response is complex and careful field design is 

necessary.   

 

2.1.2 Mechanisms and equations of Au NP heating 

When light interacts with metal particles, the electromagnetic field of light drives the 

oscillation of free electrons of the metal. When the frequency of the electron oscillations 

is close to that of the light, the amplitude of electron oscillation reaches the maximum 

value and this is called surface plasmon resonance (SPR) 
360

. The energy of light is 

transferred to the metal particle and then goes two directions: (1) absorbed by the particle 

and dissipated to heat; (2) re-emitted by the particle at the same frequency (Rayleigh 

scattering) or at a shifted frequency (Raman scattering) 
54

. Both the absorption and 

scattering is much stronger because of the SPR compared with traditional dyes 
21, 60

. 

 

Since the optical properties of Au NPs are important for photothermal therapy, accurate 

methods to predict and characterize the optical properties of Au NP are needed. To 
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predict the optical properties of Au NPs, one needs to solve the Maxwell’s equation for 

light interaction with the NP. While this is not trivial, available analytical solutions for 

simple geometries include electrostatic approximation for small particles, Mie theory for 

sphere and shell, Gans theory for rod, and Maxwell-Garnett theory for medium effect 

(external to NP) 
57, 59

. All of these theories have certain limitations and should be used 

with care. Also, size dependent properties need to be considered for particle size less than 

10nm 
61

. For complex shaped NPs, numerical methods including boundary element 

method (BEM), discrete-dipole approximation (DDA), and finite difference in the time 

domain (FDTD) are needed 
13, 361

.  
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Figure 2. Optical properties of colloidal Au NP and Au nanoshell 

 

For spherical NPs, Mie solved Maxwell’s equation and obtained the following simple 

equations to calculate the absorption 
59

:  

 

    (12) 
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with the coefficients , , 

where k is the wave vector in the medium, m is the ratio of complex refractive index of 

the particle to medium (n/nm),  and  are the Ricatti-Bessel functions,  , and r 

is the radius of the NP.  

 

The predicted optical properties can be tested by experimental techniques, for example 

UV-Vis-NIR spectrometry, and it has been shown in literature that it matches with 

theoretical prediction reasonably well 
55, 58

 . Figure 2 shows the UV-vis-NIR 

measurement for colloidal Au NPs and Au nanoshells in terms of absorbance, which 

describes the amount of laser intensity that was lost when traveling through the Au NP 

solution. In this case, absorbance is the combined effect of the absorption and scattering 

for Au NP. As one can see, the colloidal Au NP has an absorption peak in visible range 

(about 530nm) and Au nanoshell has maximum absorption in the near infrared (NIR) 

wavelengths (about 800nm depending on the core to shell ratio). NIR is believed to be 

better suited for deep tissue therapy, since this light interacts less with tissue in this 

therapeutic wavelength window , and hence can penetrate to deeper absorbers e.g. Au 

nanoshells 
41, 53

. 

 

For the heating of Au NPs, the heat generation of a single NP can be calculated by: 

 

         (13) 

 



 

194 

where  is the absorption cross section of Au NP [m
2
] described in the method 

section, and  is the intensity of incoming wave [W/m
2
].  

 

Under ideal conditions, i.e. monodisperse NP, the SAR can be calculated by simply 

multiplying the heat generation of a single NP ( ) and the NP concentration (N): 

 

                    (14) 

 

2.1.3 Mechanisms and equations of Au NP RF heating 

Mie theory presented above also applies to RF heating of spherical particles. In the high 

frequency RF fields (~10 MHz), the radius of the particle is much smaller than the RF 

wavelength and the above equations for plasmonic heating can be simplified by using 

only the leading term ( )  
356

. The scattering is negligible compared with absorption 

based on the scaling of Rayleigh scattering. The absorption of NPs under RF field can be 

written as: 

 

        (15) 

 

In this range, the plasmon resonance (associated with negative permittivity) is generally 

not possible in the RF range as shown by Hanson et al. 
356

. The maximum heating is 

obtained by optimizing the conductivity of the material. The NP heat generation ( ) 
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and macroscopic SAR can be calculated similarly to the laser heating case in the last 

section.  

 

2.2 Thermal response of NP heating 

In this section, we follow the analysis of Rabin et al. 
112

 and Keblinski et al. 
111

, and 

present a scaling analysis of NP heating. The nomenclature of ‘nano’, ‘micro’ and 

‘macro’ are adopted from Keblinski et al. 
111

. 

 

2.2.1 Nanoscale heating (characteristic size: 10~200nm) 

The heating of a single NP and the interaction with its immediate surrounding can be 

treated as the heat dissipation from a sphere to the medium 
108

. The mean free path of 

water (~0.2nm) is small compared with the size of the particle (10s nm). This justifies the 

continuum assumption used here to calculate the temperature change around the NP. 

Here we treat the NP as a lumped system with the same temperature, and write the heat 

equation for the surrounding medium: 

 

           (16) 

 

The complete solution to the transient heating in the medium is available elsewhere 
108, 

111
. Here we show the characteristic time of the transient heating process, given by 

111
: 

  

                     (17) 
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Scaling analysis using above equations showed that the characteristic times for 10nm and 

100nm NPs are 1ns and 100ns, respectively. This means that the NP reaches steady state 

change with the surrounding medium after a very short time. The steady state temperature 

distribution in the medium outside the NP can be easily obtained. Applying the constant 

heat flux boundary condition at the NP surface ( ) and negligible temperature 

change far away from the particle , the medium temperature increase due 

to the heated NP is given by 
111

: 

 

        (18) 

 

where  is the heat generated by single NPs, and  is the thermal conductivity of the 

medium. The maximum temperature occurs at the NP surface, given by:  

     

                (19) 

 

2.2.2 Microscale heating (characteristic size: 10µm) 

The same methodology presented for single NPs can be applied to the heating of cells by 

NPs. The time for a heated cell to reach equilibrium with the surrounding medium can be 

written as: 

 

                  (20) 
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For a 10µm cell, the scaling shows that the characteristic time is about 0.7ms. To 

estimate the temperature increase of a single cell loaded with NPs, one can treat the cell 

loaded with uniformly distributed NPs, with number density . The temperature of the 

cell comes from the superposition of all NPs (i.e. heaters) 
111

: 

 

           (21) 

 

2.2.3 Macroscale heating (characteristic size: 1mm~5cm) 

 

As the length scales increase, so does the diffusion time. The macroscopic diffusion time 

for the tumor can be written as: 

 

                (22) 

 

For tumors with radii of 1mm and 1cm, the characteristic diffusion time  is about 

7s and 12 min respectively. The expression for temperature increase at the center of the 

tumor is similar to that of a cell,, given by 
111, 112

: 

 

                (23) 
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Consider a spherical tumor with radius R, loaded with NPs which yield a SAR value, and 

assume no heat is generated outside the tumor. The temperature at the periphery of the 

tumor can be obtained by: 

 

             (24) 

 

2.3 Measurement of SAR 

While nano- and micro-scale thermometry techniques are currently under development, 

such as liquid crystal thermography, scanning thermal microscopy and micro-Raman near 

field probe
362

, the combination of high spatial and temporal response is generally not 

available. Here we measure the macroscopic temperature increase and correlate the 

measurement with SAR. We also attempt to correlate the macroscopic SAR with 

predicted NP heat generation. 
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Figure 3. Experimental setups for measuring SAR 
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2.3.1 Measuring SAR for IO 

The simple experimental setup illustrated in Figure 3a is used to characterize SAR for 

magnetic NPs in an alternating magnetic field.  Plastic vials containing one milliliter NP 

sample solutions are insulated and placed in an AC inductive heating coil (1KW Hotshot, 

Ameritherm Inc, NY).  Samples are heated for fifteen minutes, measuring the 

temperature at 1Hz with a fluoroptic thermometry system (Luxtron 3100 thermometer, 

Luxtron Inc, CA).  The experimental SAR is estimated from the initial temperature 

response, as discussed in section 3.2. 

 

2.3.2 Measuring SAR for GNP 

The capillary tube setup in Figure 3b is used to study the laser heating and SAR of Au 

NPs (Au NPs).  The colloidal Au NP is irradiated by 532nm visible laser (Millennia Vs, 

Diode pumped, CW Visible Laser), and the Au nanoshell is activated by 808nm infrared 

laser (Griffin
TM

 CW Ti:Sapphire Laser Model 3900S). The laser is applied from the left, 

and directed along the axis of the capillary tube. The capillary tube is made of quartz 

(Wilmad Labglasses), which has minimal absorption at both wavelengths studied here. 

Due to the small diameter of the capillary tube, the temperature variation along the radial 

direction can be neglected. An infrared camera (FLIR ThermoVision
TM

 A20) is used to 

record the temperature along the capillary tube. This setup allows for easy measurement 

and visualization of SAR dependence on the laser and NP parameters.  

 

3 Results and Discussion 

3.1 Estimation of SAR 
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In this section, we present our calculation of the heat generation by NPs alone and as 

aggregates in a larger system and correlate this with the macroscopic measurable SAR.  

 

Table 1. Theoretical prediction of heat generation by a single NP and SAR based on NP 

mass 

 

NP  

type 

NP 

size 

Electromagnetic 

field 

Field 

strength 
Qnano (W)  

SAR (W/mg 

NP) 

IO NP 14nm 100 kHz 14 kA/m 1.5x10
-15

 0.03µK 0.13 W / mg Fe 

Au 

NP 
30nm 532nm 5W/cm

2
 6.4x10

-11
 582 µK 233 W/mg Au 

Au 

shell* 
150nm 808nm 5W/cm

2
 2.0x10

-9
 

3700 

µK 

123 W/mg 

Au** 

Au 

NP 
10nm 13.56 MHz 15kV/m 3.8x10

-12
 105 µK 

~380 W/mg 

Au 

 

Note: * Au nanoshell composed of 120nm Si core and 15nm thick Au shell.  

** If considering the total mass of the NP (Si core plus Au shell), the SAR will be 109 

W/mg NP. The mass of Au is 89% of the total NP mass. 

 

3.1.1 Nanoscale heat generation and temperature change (characteristic size: 10-

200nm) 

The heat generated by a single NP, , is fundamental to understanding and 

measuring the macroscopic temperature change and SAR. The heat generation of NPs is 

determined by the NP properties (size, shape and composition), electromagnetic field 

parameters (strength and frequency), and the medium where the NP is dispersed 

(viscosity and permittivity). Here we computed the heat generation ( ) of IO and Au 

NPs, listed in table 1. The NP and electromagnetic field parameters are typical values 

used in the literature. For IO NP, calculations were made for 14nm magnetite particles in 

an alternating magnetic field with frequency of 100 kHz and field strength of 14 kA/m, 
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which are clinically relevant field parameters 
351

. For Au NP under laser activation, 

colloidal Au NP with size 30nm and Au nanoshell with size 150nm (with 15nm Au shell) 

were used. The laser fluence used is 5W/cm
2
 at 532nm and 808nm wavelength 

respectively 
41

. For Au NP under RF heating, the parameters from Moran et al. 
23

 are 

used, i.e. Au NP with 10nm in diameter and 600W of RF generator with RF field of 15 

kV/m at 13.56 MHz.  However, this is a much higher power than could likely be used in 

an in vivo case. 

 

In all cases, the predicted temperature increase around a single NP is very small and 

unlikely to cause any local thermal injury.  However, there is considerable disparity in the 

heating efficacy, i.e. SAR based on NP mass, among the excitation mechanisms.  

Specifically, the SAR for the Au NPs is more than three orders of magnitude larger than 

that of the IO NPs and when dispersed systems of NPs are cooperating in bulk heating 

this translates into much higher heating rates or mass efficiency, as demonstrated below.  

 

3.1.2 Microscale temperature change (characteristic size: 10 µm) 

The predicted microscale temperature change, i.e. the temperature change of a cell loaded 

with NPs, is also small and insufficient to cause cell damage. This is mainly due to the 

small size of the cell, as shown in equation (21). To complement this effect and achieve 

reasonable heating, high number density of NPs in the cell is needed. Assuming a cell 

diameter of 10µm and a desired microscale temperature change of 6
o
C (i.e. 43

 o
C - 37

 

o
C), the nanoparticle concentrations required for the three conditions listed in Table 1 are: 

2kg/ml for IO NP under magnetic field heating, 1.19 g/ml for colloidal Au NP under laser 
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heating, 2.26 g/ml for Au nanoshell, and 0.73 g/ml for Au NP under RF heating. These 

values are physically impractical to achieve. Taking the 0.73 g/ml Au NP for example,  

this leads to 38 million NPs/cell, which is 4 orders of magnitude higher than typical NP 

uptake 
140

.  

 

3.1.3 Macroscale temperature change (characteristic size: 1mm – 5cm) 

The temperature increase in the tumor is related to the heat generation of the NPs and the 

rate at which the heat is dissipated.  Here we consider the concentration of NPs required 

under each case to heat tumors of varying sizes.  The tumor is assumed to be a spherical 

volume with a steady-state temperature of 43
o
C at the edge.  Losses are assumed to be 

purely conductive and perfusion effects are neglected.  Following a standard energy 

balance, as derived in the methods section, the required SAR depending on radius can be 

written by: 

 

       (25) 

 

The inverse dependence on the square of radius is of great significance.  This means that 

considerably higher SAR is going to be required in small tumors, to reach the same 

temperature requirements at the tumor edge.  This SAR (in watts per volume tissue) was 

calculated for tumor radii of 2mm, 5mm, and 2cm, and the NP concentration necessary 

was estimated assuming all other parameters remained constant between cases.  It was 
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also assumed that the NPs were confined to the tumor volume.  The results are included 

in Table 2.  

Table 2. Theoretical scaling of NP concentration required to treat different sizes of tumor 

Tumor size 

\Treatment 

SAR 

required 

IO NP, 14nm 

100 kHz, 14 

kA/m 

Au NP, 30nm, 

532nm laser, 

5W/cm
2
 

Au shell, 

150nm, 808nm 

laser, 5W/cm
2
 

Au NP, 10nm, 

13.56 MHz, 15 

kV/m 

R = 2mm 
2.6 

W/cm
3
 

20.5 mg Fe/ml 

3.8x10
15

NPs/ml 

11.2 µg Au/ml 

4.1x10
10

NPs/ml 

21.3µg Au/ml 

1.3x10
9
NPs/ml 

6.9 µg Au/ml 

6.8x10
11

NPs/ml 

R = 5mm 
0.42 

W/cm
3
 

3.3 mg Fe/ml 

6.1x10
14 

NPs/ml 

1.8 µg Au/ml 

6.5x10
9
NPs/ml 

3.4 µg Au/ml 

2.1x10
8
NPs/ml 

1.1 µg Au/ml 

1.1x10
11

NPs/ml 

R = 2cm 
0.026 

W/cm
3
 

0.2 mg Fe/ml 

3.8x10
13 

NPs/ml 

0.1 µg Au/ml 

4.1x10
8
NPs/ml 

0.2 µg Au/ml 

1.3x10
7
NPs/ml 

0.07 µg Au/ml 

6.8x10
9
NPs/ml 

 

Most notable is the wide range of concentrations required across the predicted cases.  

Concentrations range from 20.5 milligram to 0.07 microgram per milliliter.  However, 

even in this highest case, it should be noted that this is an equivalent volume fraction of 

only 0.5%, so the practical quantity of NPs is still achievable.  But the necessary 

concentrations of NPs/ml (IO most and Au least) directly reflect the three orders of 

magnitude difference seen in Qnano for the IO and Au NP cases. 

 

It also should be further highlighted that the simplified analysis neglected perfusion 

effects.  Blood perfusion can significantly increase the heat dissipation terms, which in 

turn, will increase the required SAR to reach the same temperatures.  Required in vivo 

heating rates will generally be higher than those listed above. 

 

3.2 Measurement of SAR 
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Experimentally, the rate of heat generation can be estimated from the time-dependent 

temperature profile of a sample subjected to heating.  The initial temperature increase is 

linear before the heat diffusion and losses are significant. SAR can be estimated as: 

         (26) 

 

3.2.1 Measured SAR for IO NP 

SAR was experimentally characterized for magnetite (Fe3O4) NPs in water under a low-

frequency alternating magnetic field.  The ferrofluid solution was obtained from Ferrotec 

USA Corp. (Bedford, NH).  The NPs were surfactant stabilized with mean diameter of 10 

nm and log-normal standard deviation of approximately s = 0.25.  One milliliter samples 

were prepared by diluting the ferrofluid solution with distilled water to concentrations 

ranging from 1 to 10 mg iron per ml.  The measured
363

 versus predicted results for water 

have been included in Figure 4a.  Close agreement is demonstrated with Rosensweig’s 

theoretical predictions.  However, it should be noted that the NPs used in these studies 

are suboptimal from a heating standpoint.  Referring back to Figure 1b, it can be seen that 

particles around a 10 nm diameter are just at the base of the peak that develops at a radius 

of 7 nm and significantly higher heating rates can be achieved with NPs controlled closer 

to the optimum radius. 
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Figure 4. Comparing predicted and experimental heating of (a) magnetite NPs and (b) Au 

NPs  in water. The Au NP SAR data is extrapolated from Richardson et al. 
113

 

 

3.2.2 Measured SAR for Au NP 

For optical heating of Au NPs, the laser intensity is significantly attenuated by the 

absorption and scattering of Au NPs and medium. As a result, the temperatures along the 

axis are different. Extrapolating from the experimental data of Richardson et al. 
113

 who 

used a small droplet to load Au NPs, the calculated SAR compares reasonably well with 

measured SAR, as shown in Figure 4b. The slight over-estimation of SAR may be due to 

the use of incoming laser intensity, which decreases as it travels through the droplet 

although a short distance.  

 

In the setup shown in Figure 3b, the temperature history along the capillary tube is 

recorded, and used to calculate the SAR. We studied the SAR shape dependence on Au 

NP concentration and laser intensity, and the normalized SAR is shown in Figure 5. By 

varying the Au NP concentration, the shape of the SAR, i.e. the spatial dependence of the 

SAR, is changed. As the Au NP concentration increases, the peak value of SAR increases 

and shifts towards the front. Also the SAR drops more rapidly after the peak for high Au 
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NP concentration. Varying the laser power while keeping the Au NP concentration 

constant, increases the magnitude of the SAR, but doesn’t affect the SAR profile shape. 

For Au nanoshells, similar trends were observed except that no SAR peak was present, as 

shown in Figure 5c and 5d.  
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Figure 5. Effects of Au nanoparticle concentration and laser intensity on SAR shape. 

Colloidal Au NPs are irradiated with 532nm laser shown in (a) and (b). The laser 

intensity for (a) is 5W/cm
2
 and the Au NP concentration for 1x in (a) 6.34x10

10
 NPs/ml 

as determined by ICP-AES. NP concentration is increased by 2, 5, and 10 times as 

indicated in (a) and 5x is used for (b). Au nanoshells are irradiated with 808nm laser 

shown in (c) and (d). The laser intensity for (c) is 10 W/cm
2
 and the Au nanoshell 

concentration 1x is 4x10
7
 NPs/ml. Au nanoshell concentration 4x in (a) is used for (d) 

 

These SAR measurements show that the Au NP concentration determines the shape of 

the SAR profile while the laser fluence only changes the magnitude of the SAR. This 

understanding is helpful in designing and optimizing the laser NP photothermal therapy.  

Let’s take the interstitial laser NP photothermal therapy as an example, which is currently 
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under clinical trial. To achieve the best treatment, the laser energy has to be delivered to 

the entire tumor and absorbed by the Au NPs. If the concentration of the Au NPs is too 

high, the laser energy is confined to the small region near the fiber optic probe. This 

causes overheating near the fiber optic probe and possible water vaporization, which 

could further block the delivery of laser energy. Also the tumor periphery is mainly 

heated by thermal diffusion 
88, 89

, because the heavily attenuated laser energy cannot 

generate enough SAR in this region.  

 

So the strategies for optimal treatment are (1) to deliver certain amount of Au NPs to the 

tumor for optimal SAR shape, and (2) then to tune the laser fluence for necessary SAR 

magnitude. For tumors with different sizes and shapes, this can be achieved with the help 

of numerical simulations 
87, 90

. This strategy also applies to surface tumors, which are 

treated with direct laser illumination, for example preclinical mouse tumor models 
41, 80

. 

Importantly, sufficient laser energy has to be delivered to the entire tumor, to ensure 

sufficient SAR at the deep end of the tumor.  This can be a challenge due to both 

enhanced absorption and scattering of the laser light within nanoparticle laden systems 

and the general lack of information on optical properties under these conditions. 

 

4 Summary 

 

In this report, we presented the physical mechanisms and mathematical equations to 

describe the heat generation of electromagnetically excited IO and Au NPs. Theoretical 

descriptions of superparamagnetic relaxation under alternating magnetic fields, 



 

208 

plasmonic excitation under optical fields, and “Joule heating” under RF fields were 

provided. An emphasis was placed on the mechanistic contributions to thermal losses, 

which provided expressions for Qnano and SAR.  The nano-, micro-, and macro-scale 

thermal responses are discussed. The predicted nanoscale and microscale temperature 

changes are too small to cause thermal injury under clinically relevant conditions.  It was 

also demonstrated that the expected SAR per mg NP is three orders of magnitude larger 

for Au NPs than for IO NPs, so higher concentrations are required for equivalent heating 

rates.  The scaling analysis showed that the SAR required to treat tumors is inversely 

proportional to the square of the radius. This leads to significantly higher SAR for small 

tumors (i.e. 2mm vs 2cm). Predicted SAR is directly proportional to NP concentration, so 

these higher SAR requirements are accompanied by an equivalent increase in the required 

concentration (or an increase in field intensity).  We measured the SAR of these NPs 

under magnetic and optical fields. For IO, the predicted SAR agrees well with measured 

SAR. For Au, the dependence of SAR on Au NP concentration and laser intensity is 

studied. Due to the extensive attenuation of laser intensity, further numerical modeling is 

needed to compare the theory with measurement.   

 

The above scaling analysis was made for the regime of thermal therapy. However, under 

high intensity pulsed fields, for example high energy short laser pulses, the nanoscale and 

microscale temperature change can be significant. It has been shown that vaporization of 

water around Au NP and even melting of Au NP can be achieved 
5
. This mode of heating 

leads to highly localized effects and has potential applications including molecular 
34

 and 

subcellular surgery 
9
. Further optimization of applied electromagnetic field can also 
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enhance the heat generation, such as using square waves instead of sinusoidal waves for 

alternating magnetic fields 
364

 and radially polarized laser beams instead of linearly 

polarized for Au nanoshell photothermal therapy 
365

.  

 

Optimizing the ability of NP to absorb more energy increases the heat generation of each 

NP, which will reduce the concentration of NPs needed for thermal therapy. For example, 

higher moment magnetic materials will produce higher SAR because the heating rate 

depends on the magnetization of the particle 
366

.  FeCo has a bulk magnetization four 

times higher than that of IO and is under investigation for use in magnetic hyperthermia 

applications 
367

.  For Au NPs, further optimizing the morphology of NP will increase the 

heat generation, for example thinner structures 
245

. For NPs activated by RF fields, it has 

been theoretically shown that high conductivity materials such as Au, produce suboptimal 

heating and that lossy dielectrics with moderate electrical conductivity could potentially 

be better candidates for heating under RF field 
356

.  
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Appendix E 

 

This appendix presents accumulated clinical data for malaria diagnostics using thermal 

contrast amplification. This work is in collaboration with Dr. Chandy John’s lab at the 

University of Minnesota, Foundation for Innovative Diagnostics (FIND), and London 

School of Hygiene & Tropical Medicine. The author performed part of the measurement 

with the help of Ms. Yiru Wang and undergraduate researchers.  
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Table 1. Lateral flow assay (LFA) or rapid diagnostic tests (RDTs) used in this study. (P. 

f. stands for Plasmodium falciparum; P. v. stands for Plasmodium vivax) 

Product Manufacturer 
Catalogue 

Number 

Panel 

detection 

200 

parasites/µL 

Panel detection 

2000 

parasites/µL 

False 

positive 

rate (%) 

P.f. P. v. P. f. P. v. 

First Response® 

Malaria 

pLDH/HRP2 

Combo Test 

Premier Medical 

Corporation Ltd. 
I16FRC30 

84.0

% 
75.0% 100.0% 

100.0

% 
0.0% 

Binax Now 

Malaria Test 

Inverness 

Medical 

Innovations, Inc. 

IN660050 
91.1

% 
10.0% 100.0% 85.0% 0.0% 

 

Table 2. Comparison of visual vs. thermal contrast results 

(1) Results with cultured P.f. parasite from Dr. Chandy John’s lab and BinaxNOW RDT. 

Parasites/µL 
n=1 n=2 n=3 

Visual Thermal Visual Thermal Visual Thermal 

500 + + + + + + 

250 + + - + + + 

100 - + - + - + 

50 - + - + - + 

25 - - - + - - 

0 - - - - - - 

 

(2) Results with stored de-identified blood sample from Dr. Chandy John’s lab and 

BinaxNOW RDT.  

Dilution 
n=1 n=2 n=3 

Visual Thermal Visual Thermal Visual Thermal 

1 + + + + + + 

2 + + - + + + 

4 + + + + - + 

8 - + - + - + 

16 - + - + - + 

32 - + - + - - 

Neg. Ctrl - - - - - - 
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(3) Results with recombinant HPR2 (P.f.) from FIND (Foundation for Innovative New 

Diagnostics) and London School of Hygiene & Tropical Medicine. The P.f. line was 

evaluated on the RDT from First Response. 

Rec HRP2 (FCQ79) 

ng/mL 

8 4 2 1 0.5 0.25 0.125 0.0625 0.03125 0.0078125 

Visual reading 1 + + + + + - - - - - 

Visual reading 2 + + + + + - - - - - 

Thermal contrast + + + + + + - + + - 

 

(4) Results with cultured P.f. sample and its serial dilutions from FIND and London 

School of Hygiene & Tropical Medicine. The P.f. line was evaluated on the RDT 

from First Response. 

Pf culture  (Parasites/µL) 400 200 100 50 30 25 20 10 5 2 1 

Visual reading 1 + + - - - - - - - - - 

Visual reading 2 + + - - - - - - - - - 

Thermal contrast + + + + + + + - - - - 

 

(5) Results from recombinant vivax LDF and its serial dilutions from FIND and London 

School of Hygiene & Tropical Medicine. The P.f. line was evaluated on the RDT 

from First Response. 

Rec vivax LDH   

(ng/mL) 

360 180 50 25 12.5 6.25 3.125 1.5625 0.78125 0.3096 

Visual reading 1 - - - - - - - - - - 

Visual reading 2 - - - - - - - - - - 

Thermal contrast - - - - - + - + + - 

 


