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Spatiotemporal control of protein structure and activity in biological systems has important and 

broad implications in biomedical sciences as evidenced by recent advances in optogenetic 

approaches. However, it is challenging to use light to manipulate protein activity in living systems 

without genetic modification. Plasmonic nanoparticles, due to their unique optical properties, 

provide exceptional nano-bio interface to control biological activities. Upon laser irradiation, 

plasmonic nanoparticles converse light energy into heat. This unique energy conversion pathway, 

known as plasmonic heating, can be precisely engineered on different scales by tuning the laser 

properties such as pulse duration and energy. Theoretically, it is possible to generate a nanoscale 

plasmonic heating by using the short laser pulse. In this work, we demonstrated that the nanoscale 

plasmonic heating can be used to precisely photoinactivate protein activities. 

Firstly, we demonstrated that nanosecond pulsed laser heating of gold nanoparticles (AuNP) leads 

to an ultrahigh and ultrashort temperature increase, coined as “molecular hyperthermia” (MH). 

MH causes selective unfolding and inactivation of proteins adjacent to the AuNP. Protein 

inactivation is highly dependent on both laser pulse energy and AuNP size, and has a well-defined 

impact zone in the nanometer scale. We observed aggregation behavior of protein–AuNP 

conjugates at high laser intensities that originates from significant protein unfolding. 
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Secondly, we demonstrated MH can optically switch off protein activity in living cells with high 

spatiotemporal resolution. We showed that protease-activated receptor 2 (PAR2), a G-protein-

coupled receptor and an important pathway that leads to pain sensitization, can be photoinactivated 

in situ by MH without compromising cell proliferation. PAR2 activity can be switched off in laser-

targeted cells without affecting surrounding cells. Furthermore, we demonstrated the molecular 

specificity of MH by inactivating PAR2 while leaving other receptors intact. Next, we 

demonstrated that the photoinactivation of a tight junction protein in brain endothelial monolayers 

leads to a reversible blood–brain barrier opening in vitro. Lastly, the protein inactivation by MH 

is below the nanobubble generation threshold and thus is predominantly due to the nanoscale 

heating.  

Thirdly, we used a numerical model to study important parameters and conditions for MH to 

efficiently inactivate proteins in the nanoscale. To quantify the protein inactivation process, impact 

zone is defined as the range where proteins will be inactivated by nanoparticle localized heating. 

We found that stretching the laser pulse duration reduces the MH impact zone with the same laser 

pulse energy. Temperature-dependent material density and specific heat have little effect on MH, 

while temperature-dependent thermal conductivity decreases the impact zone compared with 

constant properties. The thermal interface resistance doesn’t have effect on MH water below 10-8 

K m2 W-1. Lastly, study of nanoparticle geometry suggests that nanosphere has larger impact 

volume than nanorods with the same particle volume and energy input.  

In summary, MH enables selective and remote manipulation of protein activity and cellular 

behavior. MH is a promising method with broad applicability to switch off protein activity without 

genetic modification and will find many applications in biomedical sciences. 
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CHAPTER 1  

REVIEW OF PLASMONIC HEATING AND OPTICAL MANIPULATION OF 

BIOLOGICAL ACTIVITIES BY NANOATRUCTURES 

1.1 Plasmonic nanostructures and surface plasmon resonance 

The material properties show unique differences from their bulk counterparts when the 

matter size is in the nanoscale. Although nanomaterials have been used in various applications for 

centuries (Figure 1.1A),1 physics in the nanoscale remained veiled for a long time. Since Dr. 

Richard Feynman pointed the fact that “there is plenty of room at the bottom” in 1959, a field to 

study materials with an unparalleled precision is initiated.2 After development for over 60 years, 

nanotechnology has made a significant impact on our society.    

When metal size is in the nanoscale, they strongly interact with light and exhibit unique 

optical properties, known as plasmonic resonance. Upon the light irradiation, free electrons in a 

plasmonic nanostructure can be polarized by light, leading to an oscillating electromagnetic field 

inside immediately outside the structure surface, known as surface plasmon resonance (SPR).3 

Specifically, for metal nanoparticles smaller than the wavelength of incident light, the curved 

surface of the particle exerts restoring force to free electrons. This leads to a confined SPR 

excitation, known as localized surface plasmon resonance (LSPR, Figure 1.1B).1 Without the 

variation of optical properties of environment, the LSPR can be tuned by two important factors, 

i.e. nanoparticle material and geometry. These factors can be carefully designed to obtain the best 

performance of LSPR in different applications (Figure 1.1C).4  
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Figure 1.1. Plasmonic nanomaterials. (A) Window from the Notre-Dame Cathedral in Paris. The 
vivid color originates from the interaction between light and metal oxide particles suspended in 
the glass. (B) Schematic illustration of LSPR in the plasmonic nanoparticle. The conduction 
electrons oscillate with electromagnetic field. Redraw and modified from ref. 1. (C) Spectral 
regions of LSPR for different type of plasmonic nanomaterials. Reproduced with permission, 
Copyright 2019 American Chemical Society. Copyright 2018 Frontiers.  

The selection of material for practical applications should be based on the balance between 

metal LSPR strength and chemical stability. Silver nanoparticle (AgNP) is one of the best 

candidates and exhibits strong LSPR strength due to its low optical loss in the visible and near-

infrared (NIR) spectra ranges. However, silver nanoparticle is chemically instable and can be 

easily oxidized.5 These drawbacks limit practical applications for silver nanoparticles. Aluminum 

(Al) is another emerging plasmonic material in the visible and ultraviolet (UV) region. Because its 

natural abundance and low-cost, it shows great potential in various applications. However, same 
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as silver, aluminum nanoparticle also suffers from quick oxidation which may cause deformation 

of nanostructures and change of optical properties.6 Gold nanoparticle (AuNP), on the other hand, 

demonstrates an excellent chemical stability. Although less LSPR strength compared with AgNP, 

AuNP still shows an outstanding LSPR properties in UV and visible region (Figure 1.2).  

 

Figure 1.2. The extinction cross section area of AuNP and AgNP with the same size (30 nm 
in diameter).  

The SPR can also be altered by tuning the plasmonic nanoparticle geometries, i.e. size and 

shape. Different geometries support different LSPR modes with varied optical properties. In 

general, the increase of nanoparticle size will lead the red shift of LSPR band and increase of LSPR 

band intensity.7 For example, Gold nanosphere (AuNS) with diameter of 20 nm has LSPR band 

around 520 nm while the one for 100 nm AuNS is around 550 nm (Figure 1.3A). For a small 

particle, electromagnetic interaction between different parts of the particle is instantaneous, which 

is not valid for bigger particles. This is known as retardation. The red shift of LSPR band mostly 

originates from size effect of retardation.7 Also, the obvious band broadening of AuNS larger than 
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100 nm originates from higher order electron oscillation.8 Shape of the nanoparticle also has great 

effects on LSPR mode. For example, gold nanorod (AuNR) has two LSPR bands in visible and 

NIR region separately (Figure 1.3B). The visible band originates from the electron oscillation 

along the short dimension, known as transverse mode. And the band in NIR region is due to the 

electron oscillations along the long axis, referred to longitudinal mode. The LSPR of AuNRs can 

be tuned by varying the ratio between the radius and length, known as aspect ratio. 

 

Figure 1.3. Effect of geometry on LSPR. (A) Normalized extinction for different size of gold 
nanospheres. (B) Normalized extinction of gold nanosphere (AuNS) and gold nanorod (AuNR) 
with the same particle volume. 

1.2 Energy conversion induced by LSPR in different scales 

Upon the light irradiation, LSPR greatly enhances the light-matter interaction and causes a 

series of energy conversion. The decay of LSPR enables the energy conversion from light to 

matters among different channels, namely radiative decay and non-radiative decay (Figure 1.4A).9 

Radiative decay of LSPR results in phonon emission. On the other hand, non-radiative decay of 

LSPR converts the light energy into thermal energy and transfers to surrounding matter. These 
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complicated energy conversion pathways bring several interesting phenomena. Depending on their 

impact region, they can be categorized into near-field and far-field effects (Figure 1.4B).  

 

Figure 1.4. Energy conversion by the plasmonic nanoparticle. (A) LSPR decay can be radiative 
and non-radiative. Radiative decay emits phonons and non-radiative decay create electrons with 
high kinetic energy. Reproduced with permission, Copyright 2016 Nature Publishing Group. (B) 
Schematic illustration of near-field and far-field effects induced by LSPR decay.  

First, the radiative decay of LSPR produces a significant enhancement of light intensity 

close to nanoparticles, known as near-field enhancement (Figure. 1.5A).10 This confinement of 

light field offers a way to overcome the optical diffraction limit and enables a route to sub-

wavelength optics (Figure 1.5B).11, 12 When the near-field enhancement happens in a nanocavity, 

the confined light field generates pressure on molecules and leads to optical trapping (Figure 1.5C). 

Compared with conventional optical trapping techniques, near-field enhanced optical trapping can 

provide unparalleled spatial control due to the ultra-small volume of the enhanced light field.13, 14 
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Also, the enhanced local field can be also utilized to improve the behavior of fluorophore in terms 

of both lifetime and quantum yield.15 Local field enhancement can be also used to generate 

coherent extreme-ultraviolet light. For instance, high-harmonic generation can be achieved by the 

local field enhancement induced by metallic nanostructures.16  

 

Figure 1.5. SPR and applications. (A) Electrical field enhancement around a gold nanosphere. 
Reproduced with permission, copyright 2012 Elsevier Science B.V. (B) Sub–diffraction-limited 
optical Imaging with a silver superlens. Reproduced with permission, copyright 2005 Science. (C) 
Nanoparticle optical trapping in plasmonic nanocavity. Reproduced with permission, copyright 
2014 American Chemical Society. (D) Plasmonic nanocavity enhances Raman scattering and 
allows image single molecules at ångström level spatial resolution. Reproduced with permission, 
copyright 2019 China Science Publishing & Media Ltd. (Science Press).  (E) Plasmonic hot 
electron transport drives nano-localized chemistry: reduction from 4-NTP to 4-ATP.  Reproduced 
with permission, copyright 2017, Nature Publishing Group. 
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Second, in the far-field, emitted phonons that re-emitted can be detected as light scattering. 

Two types of scattering can occur, known as Rayleigh scattering and Raman scattering.17 Rayleigh 

scattering emits photons with the same energy as the incident light. Raman scattering, on the other 

hand, emits photons with different energy from the incident light.  The scattering, as far-field 

effects, reflects the local chemical environment adjacent nanomaterials and serves as sensitive 

detection methods for biomolecules. Especially, the LSPR significantly enhances the Raman 

scattering of molecules adjacent to a plasmonic nanoparticle surface and increases the detection 

sensitivity by several magnitudes. For example, Zhang et al. developed a method to analyses the 

Raman scattering for single molecules using Ag tip and substrate nanocavity, called scanning 

Raman picoscopy (SRP, Figure 1.5D).18 They demonstrated that SPR can sensitively image the 

individual vibrational modes for single Mg-porphine molecule at the ångström level. 

Third, the non-radiative decay of LSPR is responsible for generating hot electrons ejection 

with very high kinetic energies. Due to the extremely fast decay of LSPR, hot electrons related 

energy transfer is a typical near-field effect around plasmonic nanostructures.19 Although the 

function and mechanism of hot electrons related energy transfer are still under hot debate,20 this 

phenomenon is responsible for various plasmon enhanced chemical reaction applications such as 

photodecomposition of organic pollutants, solar water splitting, and synthesis of organic 

molecules. For example, Cortes et al. spatially map hot-electron-driven reduction chemistry (i.e. 

4-NTP to 4-ATP) with 15 nm resolution as a function of time and electromagnetic field 

polarization for different plasmonic nanostructures (Figure 1.5E).21 
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1.3 Plasmonic heating 

1.3.1 Fundamentals of plasmonic heating 

Following the photo excitation of hot electrons, most of the energy carried by hot electrons 

will transfer to metal phonon which heats up the particle as well as the surrounding medium.20 

This light-thermal energy conservation by plasmonic nanoparticle is known as plasmonic heating. 

The plasmonic heating is one of the most interesting phenomena from LSPR due to its flexibility 

of engineering in a wide scale. Here, we will focus on the fundamentals of plasmonic heating and 

demonstrate that the plasmonic heating can be tuned over a wide range.  

The heat generation of a single plasmonic nanoparticle (QNP, W) can be simplified and 

described by the following equation: 

𝑄 = 𝐶 ∙ 𝐼(𝑡) (1.1) 

Where Cabs is absorption cross section (m2) of nanoparticle and I is intensity profile of the 

incident light (W m-2). These two factors are most important for tuning the plasmonic heating.  

The absorption cross section (Cabs), as one of the optical properties, arises from the LSPR 

of plasmonic nanoparticle and is highly dependent on nanoparticle material and geometry, as stated 

previously. For spherical particles, Cabs can be precisely calculated using Mie theory which is an 

exact analytic solution to Maxwell equations for spheres with arbitrary size.7 For a spheroidal 

particle much smaller than the excitation wavelength, Mie-Gans theory can give an analytic 

solution that approximately describe its spectra.7 For particles with other shapes, the estimation of 

optical properties requires numerical methods, including boundary element method (BEM),22 

discrete-dipole approximation (DDA)23 and finite difference in the time domain (FDTD).24 In 
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terms of experimental measurement methods, spectrometry can be used to determine the extinction 

(sum of absorption and scattering) of nanoparticle colloidal solution. For small nanoparticles, the 

light scattering is small compared with absorption, thus extinction can be treated as absorption 

approximately. Furthermore, some scattering-based methods enable optical analysis at the single 

particle level, such as single nanoparticle spectroscopy25 and dark-field microscope.26 

The power profile of light source (I(t)) is another key factor that significantly affects the 

plasmonic heating.  As an energy transport phenomenon, plasmonic heating area is highly related 

to energy transport time. Therefore, by varying the light duration and intensity, plasmonic heating 

can be precisely tuned in different scales. Owing to the development of laser technology, we now 

can study the plasmonic heating by optically exciting plasmonic nanoparticles with a controlled 

energy level and a wide range of duration, i.e. femtosecond (10-15 s) to continuous light 

irradiation. To demonstrate that plasmonic heating in different scales can be achieved by varying 

the light source, a precise description of energy conversion and transport in plasmonic heating is 

necessary. 
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Figure 1.6. Schematic illustration of pulsed laser and transient events in plasmonic heating.  

Upon light irradiation, free electrons obtain kinetic energy from light irradiation. Due to 

the electron-electron scattering, the thermal equilibrium will soon be reached within the electronic 

system after few hundreds of femtoseconds (Figure 1.6). If the light irradiation time is shorter than 

the electron-electron thermalization time, then it is possible to selectively excite electrons and 

observe the energy transport within the electronic system.27 Following the thermalization of 

electrons, the electron-phonon energy transfer will take place within next few picoseconds (10-12 

s). Subsequently, the phonon-phonon interaction results in heat transfer in nanoparticle and to 

surrounding medium within tens of picoseconds.28 This energy transfer process can be described 

by two temperature model (TTM, Equation 1.2-1.3).  

𝐶
𝜕𝑇

𝜕𝑡
=

1

𝑟

𝜕

𝜕𝑟
 𝑘 𝑟

𝜕𝑇

𝜕𝑟
− 𝐺(𝑇 − 𝑇 ) + 𝑄 (𝑥, 𝑡) (1.2) 
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𝐶
𝜕𝑇

𝜕𝑡
=

1

𝑟

𝜕

𝜕𝑟
 𝑘 𝑟

𝜕𝑇

𝜕𝑟
+ 𝐺(𝑇 − 𝑇 ) (1.3) 

Here, Ce is electron specific heat, Cl is phonon specific heat, ke is electron thermal 

conductivity, kl is phonon thermal conductivity, G is electron-phonon coupling factor, and Qv is 

volumetric heat generation (QNP/VNP, W m-3). TTM is important to describe the heat transfer in 

short time scale. When the laser irradiation duration is longer than one nanosecond, the solution 

of TTM will be same as traditional heat transfer model, known as one temperature model (OTM).29   

Importantly, the heat transfer in the surrounding medium (e.g. water) can be also 

engineered at different time scales by controlling the light energy input. This is because the heat 

diffusion is highly related to time. The thermal relaxation time (τrel, s) for a sphere is given by the 

following equation: 

𝜏 =
𝑑

27𝛼
 (1.4) 

Here, d is the diameter of heating volume (m), and α is thermal diffusivity (m2 s-1). τrel is 

defined as when the central temperature decreases to 50% of the initial value, assuming a Gaussian 

temperature distribution.30 When applying laser pulse shorter than diffusion or relaxation time of 

the irradiated volume, the heat does not have enough time to dissipate away. For short or ultrashort 

laser, the laser power profile is intense over the laser duration, however the total energy of one 

pulse is limited and is not enough to heat a large scale (Figure 1.6). Therefore, under the irradiation 

of short laser pulse, heat will be confined around the plasmonic nanoparticle and causes a near-

field plasmonic heating, known as thermal confinement. Depending on the laser pulse duration, 

the near-field plasmonic heating can be in the nanoscale. On the other hand, when laser duration 

is long, the heat generated in plasmonic nanoparticles will continue to dissipate away. During this 
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process, the heating from different particles starts overlapping, known as collective heating. When 

the total energy input in the system is higher than the total energy lost from the system, a global 

heating can be finally reached. This far-field heating effect is widely used in thermal therapy such 

as photothermal therapy for cancer.31  

Figure 1.7. Phenomena induced by plasmonic heating in the near-field and the far-field.  

Besides heating, there will be several interesting thermophysical responses of nanoparticles 

and surrounding medium, especially under irradiation of ultrashort (fs and ps) and short laser (ns) 

(Figure 1.7). The first one is thermal expansion of nanoparticles. The sudden temperature raise in 

lattices causes the particle expansion and vibration with a period of few picoseconds. The vibration 

modes (also known as breathing mode) is dependent on particle shape, and can be detected by 

transient optical measurement.32 Second, when the laser energy is high enough, the temperature of 

the nanoparticle reaches phase transition point, which causes the particle melting. The phase 

transition combined with the mechanical stress in particle will decrease the particle stability and 

causes particle reshaping or fragmentation, known as laser instability.33  Third, the sudden heating 



 

13 

in surrounding medium will also causes the thermal expansion of medium. This thermal expansion 

further causes the pressure change which will propagate away from the plasmonic nanoparticle in 

the speed of sound.34 This phenomenon is called photoacoustic effect which has been widely used 

in biomedical imaging applications. Lastly, if the laser energy is high enough, the medium heating 

will cause vaporization and create a vapor nanobubble around the plasmonic nanoparticle. This is 

can be used as an effective method to pin holes on cell surface for molecular delivery into the cell 

without killing cells.35  

To summarize, the plasmonic heating is one of the most interesting effect arise from LSPR 

and be precisely tuned and designed. This process has a great flexibility to be engineered in 

different temporal and spatial scales by varying laser properties, i.e. laser duration and energy. 

Through studying the plasmonic heating, we will have a better understanding of the 

thermophysical processes in the nanoscale. Also, it provides new opportunities for plasmonic 

nanoparticle applications.  

1.3.2 Responses of biomolecules to plasmonic heating 

The plasmonic heating is a unique tool that provides flexibility to engineer heat transfer on 

different scales. It is used in various bio-applications from the molecular level to tissue level. Here, 

we discuss the biological responses of several important biomolecules to plasmonic heating, 

including DNA, proteins and lipids.  
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Figure 1.8. Plasmonic heating of biomolecules and applications. (A) Ultra-fast PCR achieved 
by plasmonic heating from AuNP film. Reproduced with permission, copyright 2015 Nature 
Publishing Group.  (B) Ultra-fast DNA melting assay. Reproduced with permission, copyright 
2008 American Chemical Society. (C) Protein denaturation by plasmonic heating of AuNP. 
Reproduced with permission, copyright 2003 SPIE. (D) Protein fragmentation induced by high 
energy laser heating of AuNP. Reproduced with permission, copyright 2019 John Wiley & Sons, 
Inc. (E) AuNP heating profile measurement by lipid vesicles. Reproduced with permission, 
copyright 2011 American Chemical Society. (F) Cell fusion mediated by AuNP plasmonic heating. 
Reproduced with permission, copyright 2013 John Wiley & Sons, Inc. 

DNA is one of the most important molecules in organism. The double-strand structure of 

DNA is formed by hydrogen bonds between nucleobases, which is sensitive to temperature change. 

Increasing the temperature to 94-96 °C will break the hydrogen bonds and causes DNA melting or 

denaturation. This is an important step in polymerase chain reaction (PCR), known as 



 

15 

thermocycling.36 The traditional thermocycling uses heating block which limits the thermocycling 

rate (heat/cooling rate). Plasmonic heating of nanoparticle, on the other hand, can achieve a much 

higher thermocycling rate due to their small size and high heat transfer efficiency. By taking 

advantage of plasmonic heating, a technique was developed called photonic PCR.37 For example, 

30 ultrafast thermal cycling from 55°C to 95°C can be achieved within 5 minutes with the help 

from gold nanoparticle film (Figure 1.8A).38 The plasmonic heating can be further controlled 

precisely to achieve a reversible heating of DNA. For example, Stehr et al. demonstrated the DNA-

AuNP aggregates can be reversely breakdown by a 300 ns laser pulse irradiation (Figure 1.8B).39 

They further demonstrated that double-stranded DNA melt on the microsecond time scale and the 

AuNP aggregates lose their structure integrity on the millisecond time scale. This melting assay 

can be used as a rapid and high-through put DNA analysis technique. The plasmonic heating can 

be also used to release DNA molecules from the particle surface. For instance, Huo et al. designed 

an AuNP-DNA complex which can be disassembled by plasmonic heating up on NIR light 

irradiation. With a well-designed gene silencing sequence, this method is demonstrated to effective 

silence the targeted gene expression both in vitro and in vivo.40 

Protein is another important molecular machinery in biological systems. Due to their 

complicated structures, precise control of protein activity is a sophisticated task. So far, most 

methods are based on biological and biochemical techniques such as gene-editing and gene-

silencing which have debatable translational medical value. On the other hand, due to the precision 

and flexibility of plasmonic heating, it is possible to use plasmonic nanostructures to manipulate 

function of proteins. Here we give a brief introduction on efforts had been done so far. Huttmann 

et al. demonstrated the enzyme can be inactivated by AuNP after nanosecond and picosecond laser 
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plasmonic heating. They introduced the possibility of using AuNP to inactivate protein precisely 

(Figure 1.8C). However, in their experiments, it is required to either use laser pulse with high 

energy (>1000 mJ cm-2) or a large number laser pulses (>100 pulses).41 Similarly, Pitsillides et al. 

demonstrated that the anti-fluorescein antibody can be selectively inactivated by plasmonic 

heating.42 Instead using AuNP, Steel et al. utilized plasmonic heating of a gold nanofilm to 

inactivate the proteins absorbed on its surface.43 In this work, the temperature can be monitored 

by transient optical method and be used to calculate kinetics of the protein inactivation. They 

showed the protein inactivation under nanosecond laser pulse follows the traditional Arrhenius 

law. As an alternative to conventional temperature-jump method, this work offers opportunities to 

study protein denaturation in the nanosecond range. However, the data size of this study is small, 

and it is hard to apply this method to control protein function in biological systems. Besides protein 

inactivation, protein degradation by plasmonic heating was also reported. For instance, Takeda et 

al. recognized the protein degradation after numerous laser pulses, which they firstly interpreted 

as a nanoplasmonic effect and later interpreted as plasmonic heating effect.44, 45 Similarly, 

Rahmanzadeh et al. also observed fragmentation of the Ki-67 protein by plasmonic heating with 

high energy laser irradiation (Figure 1.8D).46 The mechanism of this phenomenon is still unknown 

and further studies are necessary.45  

Lipid is the basic component of cell membranes which provides an enclosed environment 

for cells. At certain temperatures, lipid structures will go through a transition from ordered phase 

(gel phase) to disordered phase (liquid crystalline phase), known as the transition temperature. 

Plasmonic heating of nanoparticles, as a well-controlled nanoscopic source of heat, provides a way 

to study the lipid thermal response in the nanoscale. For instance, Urban et al. used single AuNP 
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to create a nanoscopic heating rapidly and induced a nanoscale reversible gel-fluid phase 

transitions in phospholipid membranes.47 Furthermore, combining with optical tweezer technique, 

Kyrsting et al. utilized plasmonic heating of AuNP to transiently control the lipid vesicle 

permeability. Knowing the transition temperature, the footprint of the lipid phase transition can be 

used to measure the plasmonic heating in the nanoscale (Figure 1.8E).48 By taking advantage of 

the phase transition of lipid bilayers, plasmonic heating of AuNP can merge the nanovesicles and 

even cells. For instance, Yeheskely-Hayon et al. inserted AuNPs in between different cells and 

induced cell fusion using femtosecond laser pulses. The AuNPs are modified with two different 

antibodies which allow the AuNP to specifically bind to two types of cell simultaneously. This is 

a potential method to create a specific cell-cell interaction (Figure 1.8F).49  

In summary, plasmonic heating provided a unique nano-bio interface and can be used to 

precisely manipulate the bioactivity of molecules. 

1.4 Optical manipulation of biological activity enabled by nanostructures 

There has been significantly interested to precisely manipulate biological activity. And 

using light as the stimuli provides an unparalleled spatiotemporal control for biological activity 

manipulation. Here, I introduce examples of optical manipulation methods, especially ones 

enabled by nanostructures. Depending on the triggering mechanism, Table 1.1 lists the examples 

discussed here. 
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Table 1.1. Examples of studies on optical manipulation of biological activity enabled by 
nanostructures.  

Triggering 
mechanism 

Photosensitive 
nanostructures 

Application References 

Light Upconversion 
nanoparticle (UCNP) 

Deep brain stimulation by 
optogenetics 

50 

Reactive 
oxygen species 

Titanium Dioxide 
(TiO2)-gold nanocluster 
(AuNC)-graphene 

melanoma skin cancer treatment by 
photodynamic therapy (PDT) 

51 

Fluorescent proteins Selective protein inactivation by 
chromophore assisted light 
inactivation (CALI) 

52 

Molecular 
structure 
control 

Synthetic photoswitches 
peptides 

G protein coupled receptor (GPCR) 
activity control 

53 

Electrical field Quantum dot Neuron firing 54 
Mechanical 
stress 

Gold coated 
Mechanosensitive 
nanovesicles 

Molecule release in deep brain 55 

Single wall carbon 
nanotube (SWNT) & 
AuNP 

Stimulated cell differentiation 56 

Photothermal Solica coated gold 
nanoshell (Au@SiO2)  

Cancer treatment by photothermal 
therapy (PTT) 

57 

Coppor sulfide (CuS) 
nanoparticle 

Activation of TRPV1 and 
attenuation of atherosclerosis 

58 

AuNR Transient receptor potential 
vanilloid 1 (TRPV1) activation 
induced neuron firing 

59 

AuNR and AuNS Membrane potential changing 
induced neuron firing 

60 

1.4.1 Optogenetics improved by UCNP 

In 2005, optogenetics was introduced and allows scientists to control neuron cells behavior 

with light simulation.61 The invention of this technique is an obvious milestone in neurosciences, 

since it helps us understand how specific cell type contributes to complex neural circuits and brain 

functions. Optogenetics utilizes genetics to express photosensitive proteins and enables light 
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manipulation of targeted cells. Most applications use opsin, a group of photosensitive proteins can 

be found in photoreceptor cells of the retina. Most opsins only response to visible light which has 

a limited tissue penetration. To achieve a deep brain stimulation, an efficient light delivery method 

is required. Chen et al. utilizing upconversion nanoparticles (UCNP) enables optogenetics with 

NIR light which has an enhanced tissue penetration (Figure 1.9A).50 They demonstrated that the 

UCNPs can serve as optogenetic actuators of transcranial NIR light to stimulate deep brain 

neurons.  

1.4.2 Reactive oxygen species  

Light can be used to trigger the chemical reactions enabled by nanomaterials. 

Photodynamic therapy (PDT) utilizes photosensitizers to generate reactive oxygen species (ROS) 

under light irradiation, and oxidize cellular macromolecules for cell ablation.62 This method is a 

safe, potent and cost-effective way to treat cancer. Photosensitive nanoparticle is an emerging 

agent for PDT applications. Compared with traditional photosensitizers (based on small molecules 

such as nonporphyrinoid compouds), nanoparticle has several advantages including easy surface 

modification, long circulation time, and cancer site specificity.63 Despite there are several of 

polymer nanocomplex for PDT purposes, numerous of nanomaterials have been focused due to 

the ability to generate ROS efficiently accompanying with unique optical and chemical properties, 

such as fullerenes and titanium dioxide nanoparticles. For instance, Cheng et al. designed a 

sophisticated nanocomposite with titanium dioxide (TiO2), gold nanocluster (AuNC) and graphene 

to enhance the light utilization in PDT for melanoma skin cancer treatment (Figure 1.9B). With 
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this nanocomposite, they demonstrated the nanocomposite has an improved ROS generation 

efficiency for simulated sunlight and enhances cancer inhibition.51  

With the similar mechanism as PDT, chromophore-assisted light inactivation (CALI) uses 

photosensitizer to generate ROS and specifically inactivate protein of interest. Because the lifetime 

for ROS is a few microseconds, which only allows ROS to diffuse in the nanoscale. CALI can 

inactivate protein with good specificity. Besides using small molecules as photosensitizers, CALI 

also genetically encodes the fluorescent protein into proteins of interest, which provides great 

flexibility and specificity to control protein inactivation. For instance, engineered green fluorescent 

protein (EGFP) was demonstrated to inactivate protein of interest without photodamaging cells.52 

However, CALI’s efficiency is dependent on the expression level of the protein photosensitizer 

and the cellular microenvironment such as oxygen concentration and endogenous reducing agent 

(e.g. glutathione).64  

1.4.3 Molecular structure change  

Synthetic photoswithes are emerging tools to control protein activity by light. It is based 

on light induced structural change of photoresponsive small molecules (mostly based on 

azobenzene) to transiently control protein activity. For example, Gomez-Santacana et al 

demonstrated the G-protein coupled receptor (GPCR) activity can be controlled by light through a 

photoswitch modified peptide (Figure 1.9C).53 The peptide can change from antagonist to angoist 

with light irradiation. Specific wavelength is required to activate the photoswitch. However, 

currently there are limited number of photoswitches and thus narrow options of light source (i.e. 

wavelength).  
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1.4.4 Electrical field 

The light energy can also be used to create an electrical field and generate effect on ion 

channels or cell membrane potentials.  Upon the light irradiation, quantum dot (QD) experiences 

electron-hole separation or electric dipole moment. The potential created by QD decays fast from 

the surface of the particle, and can only effectively affect cell membrane in the nanoscale. Lugo et 

al. utilized QD to trigger the potential and ionic current in cells by light irradiation (Figure 1.9D).54  

1.4.5 Mechanical stress 

When plasmonic nanoparticle is irradiated by fast laser pulse, the surrounding medium 

experiences heating and a pressure transient change, known as photoacoustics or photomechanics. 

This mechanical force can be also used to control molecules and modulate biological activity. 

Xiong et al. demonstrated that mechanoresponsive nanovesicles with gold-coating has an 

enhanced sensitivity to light, and can release molecules with much lower power than regular gold 

coated nanovesicles (Figure 1.9E).55 They further demonstrated the photo-release can be achieved 

down to a depth of 4 mm in mouse brain which covers most depth of the mouse brain. Also, Greens 

et al. shows that the photoacoustic signal generated by single-walled carbon nanotubes (SWNT) 

and AuNPs can be an effective stimulation on marrow’s differentiation toward osteoblasts.56  



 

22 

Figure 1.9. Optical manipulation of biological activity enabled by nanostructures. (A) Deep 
brain stimulation by near-infrared light (NIR) enabled by upconversion nanoparticle (UCNP). 
Reproduced with permission, copyright 2018 Science. (B) Photodynamic therapy (PDT) for 
melanoma skin cancer by TiO2-AuNC-graphene heterogeneous nanocomposites. Reproduced with 
permission, copyright 2014 John Wiley & Sons, Inc. (C) Synthetic photoswitches. Reproduced 
with permission, copyright 2018 John Wiley & Sons, Inc. (D) Cellular activity mediated by 
quantum dot (QD). Reproduced with permission, copyright 2012 Optical Society of America. (E) 
NIR triggered release by ultra-photosensitive nanovesicles Reproduced with permission, copyright 
2020 John Wiley & Sons, Inc. (F) Plasmonic heating triggers neuron firing by activating TRPV1 
receptors.  Reproduced with permission, copyright 2015 John Wiley & Sons, Inc. 

1.4.6 Photothermal effect 

Some molecules or nanostructures can absorb the light energy and convert into thermal 

energy, known as photothermal effect. Specifically, the photothermal effect by plasmonic 

nanostructures is called plasmonic heating. Some dye molecules and carbon-based nanostructures 

also have strong heat generation under light irradiation with certain wavelength.65, 66 Photothermal 

effect is one of the most widely used tool in biomedical sciences. With a long energy input 
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duration, the photothermal can generate a global tissue heating for tumor ablation, known as 

photothermal therapy (PTT). Hyperthermia, based on a similar idea, creates temperature raise for 

several degrees Celsius in tumor with a long-term (minutes) energy input, while not necessarily 

by light irradiation. Gold nanomaterials are widely used in these applications due to their unique 

optical properties. O’Neal et al. demonstrated tumor resorption can be achieved by photothermal 

effect of gold silica nanoshell under NIR light irradiation for 5 mins.57 It is worth noting that the 

PTT and hyperthermia for cancer treatment involve not only the thermal damage of tumor cells, 

but also immune response to the cancer cell damages.58  

Instead of killing cancer cells, photothermal can be also used to control cellular behaviors. 

Gao et al. demonstrated the photothermal heating of copper sulfide nanoparticles can activate the 

transient receptor potential cation channel subfamily V member 1 (TRPV1) channels in vascular 

smooth muscle cells and leads to autophagy and impedes foam cell formation. This could be a 

therapeutic tool to locally and temporally attenuate atherosclerosis.67 Importantly, TRPV1, as a 

thermosensitive cation channel, shows great potential to stimulate the cells combining with 

photothermal effect. For instance, Nakatsuji et al. utilized highly localized photothermal heating 

from AuNR to activate TRPV1 and stimulate cells (Figure 1.9E). This technique can safely 

modulate cation influx without damaging cell membrane.59 Under the external stress, cell may 

express heat-shock protein (HSP) as a protective mechanism. Robert et al uses AuNR to generate 

a mild heating on substrate and induce HSP expression in cells.68 This work provided a way to 

control protein expression on the single cell level. The heating can also induce membrane capacity 

change and causes neuron cell polarization. Carvalho-de-Souza et al. showed the binding of AuNR 
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to neurons enables the photosensitivity of neurons without genetic modification. They 

demonstrated that the neuron can be fired by light irradiation with a rate of 40 Hz.60  

To summarize, nanostructures response to light provide opportunities to control biological 

activities with great precision. These techniques not only help us better understand the fundamental 

knowledge of biology activities in different systems, but also offer us various therapeutic tools for 

disease treatment.  

1.5 Conclusion and outlook  

Light responsive nanomaterials have attracted intense research in recent years due to their 

potential of controlling biological systems with great spatial and temporal control. As an 

outstanding light responsive nanomaterial, plasmonic nanoparticle such as AuNP, provides us 

great interface to control biological process in different scales. In this chapter, we have discussed 

many of the important optical and thermophysical processes in different scales when plasmonic 

nanoparticle interacts with light. We firstly introduced the fundamentals of LSPR and some 

important factors of plasmonic nanoparticles in LSPR generation. Secondly, we introduced 

important energy conversion phenomena induced by LSPR. Specifically, we have introduced near-

field and far-field effects arise from LSPR by showing some example applications of the near-field 

enhancement, LSPR mediated scattering and hot electron related chemical reactions. Then, we 

focused on plasmonic heating and demonstrated plasmonic heating can be engineered in both the 

near-field and the far-field by adjusting the incident light duration and energy. Specifically, we 

introduced the thermophysical responses of biomolecules (i.e. DNA, proteins and lipid) to 

plasmonic heating by showing some bio-applications of plasmonic nanomaterials. Lastly, we 
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reviewed examples on optical manipulation of biosystem enabled by nanostructures. In summary, 

based on the principles of plasmonic heating reviewed here, it is increasingly possible to control 

biology at the molecular, cellular and tissue level by simply turning on a laser “switch”.  

In this thesis, we present a method which uses the nanoscale plasmonic heating of AuNPs 

to precisely inactivate proteins, called molecular hyperthermia (MH).  

In chapter 2, I will introduce the concept of MH and demonstrate the feasibility of protein 

inactivation by MH. We will show that nanosecond pulsed laser heating of AuNP leads to an 

ultrahigh and ultrashort temperature increase, which causes selective unfolding and inactivation of 

proteins adjacent to the AuNP in solution.   

In chapter 3, I will further prove that MH can be used in living system by showing the 

protein inactivation by MH in live cells. Two examples of proteins inactivation by MH will be 

shown to demonstrate MH is a promising method with broad applicability to switch off protein 

activity in live cells without genetic modification.  

In chapter 4, I will numerically investigate protein inactivation by MH. The numerical 

model enables us to quantitatively investigate the important parameters for MH and provides a 

better understanding of the protein inactivation response to the near-field plasmonic heating.  

In chapter 5, I will draw conclusions and point out some important questions for the future 

development of MH.  
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CHAPTER 2  

MOLECULAR HYPERTHERMIA: SPATIOTEMPORAL PROTEIN UNFOLDING AND 

INACTIVATION BY NANOSECOND PLASMONIC HEATING 
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and inactivation by nanosecond plasmonic heating. Small 2017, 13, 1700841-1700847. 
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2.1 Introduction 

Proteins are the functional machinery of biological systems and the development of 

techniques to change a protein’s conformation and control its function with both high spatial and 

temporal resolutions is a crucial pursuit in the development of next-generation medicine. This 

capability is being rigorously pursued as it offers significant and broad implications for uncovering 

a protein’s folding and unfolding mechanisms, elucidating a protein’s biological function in situ,69-

71 non-invasively manipulating biological activity,61 and developing novel therapeutics for disease 

treatment. This is partially evidenced by the development and application of optogenetic 

approaches that have utilized light-responsive activity-modulating proteins in the last decade.61, 72 

While the genetic modification represents a challenge for clinical translations, such novel 

approaches to spatiotemporally modify protein conformation and function promise to lead to 

paradigm shifting advances. 

Nanoparticles offer a direct interface with proteins and there have been significant 

advances in using nanoparticles for the long-term labeling and tracking of proteins in living cells 

owing to their excellent photostability.73-75 While nanoparticle labeling has led to new 

understanding of protein localization and dynamics in live cells, the ability to further manipulate 

protein structure and activity with a high spatiotemporal resolution represent a significant 

advancement with a wide range of new possibilities and applications. Continuous wave laser 

heating of plasmonic nanoparticles is known to induce a macroscopic temperature change and have 

been widely studied for photothermal hyperthermia therapy.31 Recently, Thompson et al. 

demonstrated that gold nanorod heating under continuous wave laser leads to enzyme inactivation 

76 and attributed this effect to the nanoscale heating effect in addition to the macroscopic heating. 
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The laser heating increases the medium temperature by 10 to 20°C, however, such a temperature 

change is insufficient to inactivate enzymes by holding the enzymes at equivalent temperatures 

without nanoparticles. While promising, the large temperature change may lead to changes in other 

cellular proteins at hyperthermic temperatures.  

Pulsed laser heating of plasmonic gold nanoparticle (AuNP) is known to create a highly 

localized heating.30, 41, 77, 78 Here we utilize AuNP and pulsed laser heating to generate a highly 

localized ultrahigh temperatures in a few nanoseconds to cause ultrafast protein unfolding and 

inactivation. To test the idea, we conjugated an enzyme protein, α-chymotrypsin, to AuNP through 

either the covalent bound or electrostatic absorption. By measuring and comparing the enzyme 

activity before and after the nanosecond laser irradiation, we determined the fraction of protein 

inactivated by the nanosecond plasmonic heating. The heating is localized within a few nanometers 

around the nanoparticle without changing the bulk medium temperature. We then systemically 

investigated the effects of AuNP size, distance between AuNP and protein, and laser pulse number 

on the protein inactivation, and found a well-defined protein inactivation impact zone around the 

AuNP in the nanometer scale as a function of laser pulse energy and AuNP size.  We further 

examined the fate of AuNP and AuNP-protein conjugate after laser treatment, and uncovered the 

AuNP aggregation due to protein unfolding at high laser intensities. Both the high spatial 

(nanometers) and temporal (nanoseconds) capabilities offered by this new technique will find 

broad applications in the biophysical study of protein folding/unfolding, inactivation of protein 

activity in situ to elucidate protein function, remote manipulation of biological activity, and 

development of novel methods to treat diseases. 
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2.2 Experimental section   

2.2.1 Gold nanoparticle (AuNP) synthesis 

All glassware and magnetic stir bars were cleaned with aqua regia for 30 min and rinsed 

with Millipore water.15 nm colloidal AuNP was synthesized by the Frens’ method as previously 

reported.79, 80 Briefly, 1 mL HAuCl4 (25 mM) was add to 98 mL water in a 250 mL Erlenmeyer 

flask and brought to a boil. Under rigorous stirring, 1 mL sodium citrate (112.2 mM) was rapidly 

added to allow the reaction for 10 min. The flask was then removed from the hot plate after the 

reaction was completed.  

30 nm AuNP was synthesized using 15 nm AuNP as the seed.11 Briefly, 15 nm AuNP 

concentration was adjusted to 2.23 nM. 880 µL of HAuCl4 (25 mM), sodium citrate (15 mM) and 

12.5 mL 15 nm AuNP (2.23 nM) were added into 86 mL water. Under rigorous mixing, 880 µL 

hydroquinone (25 mM) was added into the vortex swiftly to observe the immediate color change. 

The solution was stirred for half an hour under high speed stirring, and then changed to low speed 

stirring overnight. 

5nm colloidal gold nanoparticle was synthesized following a previously reported 

procedure.81, 82
  Briefly, 1mL of HAuCL4 (25mM) was added to 80mL water in 250mL Erlenmeyer 

flask, and the solution was heated to 60oC in a water bath. The reduction solution was prepared by 

mixing 16mL water, 4mL Trisodium citrate (1% w/v), 1mL tannic acid (1% w/v) and 1mL 

Potassium carbonate (3.26mg/mL). The reduction solution was kept in hot water bath until the 

temperature reaches 60oC. Under vigorous stirring, the reduction solution was added swiftly into 
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the flask at one time and the reaction was kept at 60 oC for half hour, and then at 90 oC for 10 mins. 

The flask was then removed from the water bath and allowed to cool to the room temperature.  

2.2.2 Egg white experiment  

15 nm AuNP (200 uL, 6 nM) was added to 200 uL water and egg white respectively. 

Samples were mixed by pippetting gently and allowed to incubate for 30 mins. Laser experiment 

was conducted to irradiating samples by nano second laser pulse with energy density in 114 ± 4 

mJ/cm2. Samples in the bulk heating group were heated in a water bath at 100 °C for 10 mins. All 

samples were placed on a glass slide for photography, with a visual guide underneath (Figure 

2.2A). 

2.2.3 Covalent conjugation of protein onto AuNP  

AuNP was first coated with heterofunctional polyethylene glycol (PEG) molecules (1kDa, 

Nanocs, thiol and carboxyl functionalization on the two ends) by incubation for 2 hours at room 

temperature with slow stirring. The ratio of PEG molecule to AuNP is dependent on both PEG 

molecular weight and AuNP size, as previously reported.83 In our experiment, the ratio of PEG to 

AuNP was 1000, 5500, and 100,000 for 5 nm, 15 nm and 30 nm AuNPs, respectively. The excess 

PEG was removed by centrifugation (3 times, 25 min each). Centrifugation speed was dependent 

on AuNP size (2000 g for 30 nm, 10000 g for 15 nm, and 100,000 g for 5 nm). All particles were 

stored at 4 C. To test whether the PEG is fully coated onto AuNP, standard PBS (1X) solution 

was added into PEG-coated AuNP. Any color change indicates unsuccessful PEG coating. PEG 
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length is estimated by calculations reported before; the Rmin of folded PEG on AuNP is calculated 

as its Flory radius (RF).84 

 𝑅 = 𝑎𝑁 /  (2.1) 

Here, we take a=3.5 Å which is the length of one repeating unit of PEG. N=1000/44=22.73. 

The full expansion of PEG is calculated simply with 𝐿𝑚𝑎𝑥 = 𝑎𝑁 = 7.95 𝑛𝑚. 

α-chymotrypsin (Cht, from bovine pancreas, type II) was purchased from Sigma-Aldrich 

(C4129). 2 mL Cht (2 mg/mL) was dialyzed twice, with a duration of 0.5 hour each time and in at 

least 1 L of Cht stock buffer which contains HCl (1 mM) and CaCl2 (2 mM). After dialysis, Cht 

solution was stored at -20C. The concentration of Cht can be determined by absorbance at 280 

nm with extinction coefficient E280= 50000 M-1 cm-1.  

The size of Cht is estimated by assuming the protein shape is a sphere. The protein minimal 

radius Rmin is calculated from the equation below, 

 𝑅 = 0.066𝑀 /  (2.2) 

M is the molecular weight in Dalton. Rmin is in nanometers. 

To conjugate the protein onto AuNP, AuNP was re-suspended in MES buffer (100 mM 

pH=5.5). 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) solution (2 mM) and sulfo-N-

hydroxysuccinimide (sulfo-NHS) solution (4 mM) were then prepared. 100 µL of EDC and 400 

µL of sulfo-NHS were mixed and then added into 1 mL gold nanoparticle, immediately followed 

by rigorous stirring. The mixture was then incubated for 15 min at room temperature and AuNP 

was then cleaned by centrifugation to remove unreacted EDC and sulfo-NHS. After washing, 

AuNP was then re-suspended in HEPES buffer (10 mM pH=8.0) and mixed with Cht, immediately 
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followed by rigorous stirring. After reacting for 2 hours, the excess protein was removed three 

times by centrifugation. The protein-conjugated AuNP was stored at 4 C and used within 2 days. 

2.2.4 Electrostatic adsorption of protein to gold nanoparticle  

The formation of a protein corona on AuNP is highly dependent on pH.83 From previous 

work,41, 45, 85 the optimum pH for protein passive adsorption is around the isoelectric point, i.e. pH 

= 8.9 for Cht. We dissolve the protein into Tris-HCl buffer with pH=8.8; under vigorous stirring, 

AuNP was injected into the protein solution. The ratio of Cht to AuNP is dependent on the gold 

nanoparticle size and kept the same as for covalent conjugation. The excess protein was removed 

by centrifugation.   

2.2.5 α-chymotrypsin activity assay 

We used a substrate cleavage assay to measure α-Cht activity.86 Briefly, the substrate 

solution was made by adding Suc-Ala-Ala-Pro-Phe-NA (Sigma-Aldrich S7388) into the buffer 

solution which contains 0.1 M tris and 0.01 M CaCl2 and the pH was adjusted to 8.0 by adding 

HCl. The substrate concentration was kept at 1 mM. To test the sample enzymatic activity, 12 µL 

sample and 60 µL substrate solutions were mixed together. The absorbance was recorded at 410 

nm for 2 minutes using a BioTek Synergy 2 Multi-Mode plate reader. The slope of the absorbance 

change was used to calculate the enzyme activity. 

2.2.6 Alkaline phosphatase (ALP) activity assay 

We used a substrate cleavage assay to measure ALP activity.87 Briefly, the substrate 

solution was made by adding 4-Nitrophenyl phosphate disodium salt hexahydrate (pNPP, Sigma-
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Aldrich p4744) into buffer solution which contains 0.1 M Diethanolamine and 0.5 mM MgCl2 with 

the pH adjusted to 9.8 at 37 °C by adding HCl. Similar to the Cht activity, the substrate 

concentration is much higher than the enzyme concentration, specifically at 10 mM. To test the 

sample enzyme activity, 12 µL sample and 60 µL substrate solutions were mixed together. The 

absorbance was recorded at 405 nm for 2 minutes using a plate reader at 37 °C. The slope of the 

absorbance change was used to calculate the enzyme activity. 

2.2.7 Nanoparticle characterization 

AuNP samples were measured by dynamic light scattering (DLS) using a Malvern Nano 

ZS (Malvern instruments, UK). Each sample was set to equilibrate to 25 °C for 120 seconds. UV-

vis spectra of AuNPs were obtained by using a Beckman DU800. AuNP concentration was 

determined by the formula below: 

 𝐶 =
𝐴

𝜀𝑏
 (2.3) 

In which C is the AuNP concentration (mol/L), A is the absorbance, b is the path length 

which is 1cm for our case, and 𝜀 is determined by the following formula,82 

 𝜀 = 12402.24
3

2
𝜋𝐷

.

 (2.4) 

Transmission electron microscopy (TEM) data was measured using a JEM 2100F 

analytical TEM. The nanoparticle sample was placed as a droplet on the copper mesh (PELCO 

160, PELLA Inc.) and air-dried for 2 hours before imaging. 

Native agarose gel electrophoresis was performed to further check protein conjugation onto 

AuNP and changes after laser treatment. Samples were loaded in 1% agarose (Fisher Scientific 
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Inc.) and run in 1X TBE buffer (Tris-Brorate-EDTA buffer, Fisher Scientific Inc.) at 60 V for 1.5 

hours, followed by coomassie blue staining to visualize proteins.88 

2.2.8 Nanosecond laser experiment  

The sample was irradiated by a nanosecond laser pulse generated from a Nd:YAG laser 

(Quantel Q-smart). The laser wavelength is fixed at 532 nm. The laser pulse has a Gaussian 

temporal profile and the duration is 6 ns. The 40 µL sample was diluted to OD=0.1 and held in a 

micro UV cuvette. The laser beam was guided to pass into the cuvette. The laser pulse energy was 

monitored by a beam splitter with 88% of the laser energy directed to the sample and 11% to the 

laser power meter (FieldMaxII, Coherent USA). After the laser treatment, 12 µL of sample was 

taken to measure the protein activity.  

2.2.9 Photoacoustic experiment 

Photoacoustic experimental data was collected using a 5 MHz single element ultrasound 

transducer (V308-SU Olympus) in series with a 25 Watt power amplifier (325LA E&I) and digital 

oscilloscope for signal measurement. Samples are prepared in DI water and placed in a dialysis 

bag to seal and hold the 30 nm AuNPs. The laser is exposed perpendicular to the sample bag to 

allow collection of the photoacoustic signal. 

2.2.10 Circular Dichroism (CD) spectrometer characterization of protein unfolding 

Protein secondary structure and its thermal stability is analyzed by far-UV CD 

spectroscopy (Aviv CD spectrometer model 430).89, 90 α-Cht samples are prepared at 
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approximately 1mg/mL. The mean residue weight ellipticity θMRV is calculated using the following 

equation: 

 𝜃 =
𝜃

𝑐𝑑𝑛
 (2.5) 

Here θ is the observed ellipticity (deg), c is the Cht concentration (mg/mL), d is the path 

length of the cuvette (0.1 cm), and n is the number of peptide bonds in Cht (n for Cht is 241 based 

on its PDB database entry). 

As a control experiment, a protein sample was heated in a water bath to 100 °C and an oil 

bath to 150 °C for 40 min. Further, the protein thermal stability was measured by increasing the 

temperature from 25 °C to 105 °C and recording every 2 °C with 1 min equilibrium time and 2 s 

averaging time. The heating rate was set to 5 °C per minute. The mean residue molar ellipticity 

was measured at 230 nm which corresponds to the α-helix structure.   

A Boltzmann fit (Equation 2.6) of signal was done by Origin 9.1 software. 

 𝑦 = 𝐴
(𝐴 − 𝐴 )

1 + exp (
𝑥 − 𝑇 ,

𝑑𝑥
)

 (2.6) 

The center of the sigmoidal curve, defined as the melting temperature 𝑇𝑀,𝑎𝑝𝑝 of Cht, is 

approximately 60°C.  

2.2.11 ThermoFluor assay of protein unfolding  

SYPRO orange dye was used to test the Cht thermal unfolding and aggregation kinetics.91 

The dye can generate a strong fluorescence yield once bound to the hydrophobic interior of the 

protein which can be exposed by thermal unfolding. Aggregation of protein can be monitored by 

the flurescence signal decrease due to protein precipitation. Cht was diluted in Cht stock buffer to 

5 μM mixed with 200X diluted SYPRO orange solution (S6651, Thermo Fisher Inc). Samples 
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were kept in a 96 well plate and heated from 25 °C to 99 °C with a 30 s equlibrium time and 0.5 

°C increment. The fluorescence measurements were obtained by q-PCR (CFX96 touch, Biorad).  

2.3 Results and discussion  

First, we analyzed the temperature response of AuNPs and the surrounding medium in 

response to nanosecond laser pulses.  As shown in Figure 2.1A, the AuNP sample was irradiated 

by a 532 nm nanosecond laser. When measuring the bulk solution temperature with a thermal 

couple, no temperature change in the medium was observed from the laser treatment (Figure 2.1C), 

indicating that the thermal response is limited to the nanoscale. We then analyzed the heating of 

an individual AuNP by using AuNP optical absorption properties and solving the heat conduction 

equation. Figure 2.1B shows the temperature profile of a single nanoparticle after a single 6 ns 

laser pulse exposure. The temperature of AuNPs rises rapidly due to plasmonic absorption. The 

temperature with AuNP is uniform due to the small size and high thermal conductivity (thus very 

small Biot number). The heat diffuses from AuNP to the surrounding water and causes a significant 

temperature increase and steep temperature gradient within several nanometers around AuNP. 

Importantly, the temperature rise is limited to the nanoparticle and its immediate surrounding 

medium. Because the laser input energy is insufficient to heat up the entire solution (Figure 2.1C). 

When measuring the bulk solution temperature with a thermal couple, no temperature change in 

the medium was observed from the laser treatment, indicating that the thermal response is limited 

to the nanoscale. This is fundamentally different from photothermal therapy, which requires 

macroscopic temperature changes that lasts seconds to minutes and lead to cell death within the 

entire tumor.92 This nanoscale confinement can cause significant superheating to the water 
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adjacent to the nanoparticle and previous studies have confirmed that the water can be superheated 

to 85% of its critical temperature, or up to 276 °C, without vaporization.30, 93, 94 The laser energy 

density values used in this study are considered below the vaporization threshold based on previous 

measurements (400 mJ cm-2 for 250 nm gold nanoshells and 10 ns laser pulse, and dramatically 

increased vaporization threshold for smaller AuNP).95 To further confirm the nanoscale GNP 

heating, we measured the photoacoustic signal (Figure A1) corresponding to thermoelastic 

expansion of the GNP and water,34 which is a result of the nanoscale heating. Furthermore, gold 

nanocrystals have vortexes and edges (Figure A5) and lead to higher heat generation96 and altered 

temperature distribution of water around the AuNP. The effect of AuNP shape on the nanosecond 

thermal responses and protein inactivation will be demonstrated in Chapter 4. 

 

Figure 2.1. Plasmonic heating of AuNP with nanosecond laser pulses. (A) The nanosecond 
laser pulse heats up AuNPs without increasing the solution temperature. The nanoscale plasmonic 
heating induces protein inactivation adjacent to AuNP. (B) Spatial and temporal temperature 
profile (from room temperature) of 15 nm AuNP in response to a 6 ns laser pulse with a Gaussian 
profile (87 mJ cm-2). The heating is confined tens of nanometers within the AuNP surface and lasts 
less than 25 ns (insert). The experimental conditions do not cause vapor bubble formation.  (C) 
The nanosecond heating does not change the bulk temperature of the AuNP solution. The 
temperature was measured before and after laser pulse irradiation for 15 nm and 30 nm AuNP 
solutions. The laser energy densities used here are consistant with the highest energy used in the 
protein inactivation experiment. Briefly, for single pulse, the energy densities of laser are 603 ± 5 
mJ cm-2 (15 nm AuNP) and 611 ± 6 mJ cm-2 (30 nm AuNP). For 20 laser pulses, energy of 248 ± 
4 mJ cm-2 per pulse was used. There is no measurable bulk temperature change after laser 
irradiation even at the highest laser energy level. 
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Next, we demonstrated experimentally that proteins adjacent to AuNP can be efficiently 

and selectively unfolded and inactivated by nanosecond laser pulses. AuNP with a diameter of 15 

nm were synthesized. First, AuNP was mixed with egg white and treated by nanosecond laser 

pulse. Compared with bulk heating (100 °C, 10 min) that causes egg white protein unfold and 

aggregate (i.e. opaque appearance),  the nanosecond laser pulse doesn’t change sample 

macroscopic properties (i.e. stays transparent, Figure 2.2A).  This shows that the nanosecond laser 

pulse selectively causes nanoscale protein unfolding and inactivation close to AuNP, without 

affecting most proteins that are not bound to AuNP. To further investigate the selective protein 

inactivation, proteins were either absorbed directly to the AuNP or conjugated with a polyethylene 

glycol (PEG, 1 kDa) spacer between the protein and AuNP. Here we used a protein enzyme, α-

chymotrypsin (Cht), as its activity can be readily measured by a colorimetric assay. Approximately 

15 Cht molecules are bound to one 15 nm AuNP (Figure A4). To check the Cht thermal stability, 

circular dichroism (CD) spectrum of Cht was performed (Figure A2). The denaturation 

temperature for Cht α helix structure was found to be 59 °C under both bulk and slow heating. 

After applying a single 6 ns laser pulse, the activity of Cht-AuNP conjugate showed a laser energy 

dependent inactivation (Figure 2.2B). When Cht was not conjugated to the AuNP or no AuNP was 

present, the protein remained intact and catalytically active. The addition of the 1 kDa PEG spacer 

between AuNP and Cht required an increase in the laser energy to achieve similar level of protein 

inactivation. Specifically, the 1 kDa PEG spacer increased the laser pulse energy required for 50% 

of protein inactivation from 82 to 127 mJ cm-2. This is because the presence of PEG molecules 

increases the distance between Cht molecules and AuNP. The PEG spacer length can be calculated 

using a previously reported method,84 leading to an estimated PEG layer thickness in the range of 



 

39 

2.28 nm (mushroom structure) to 7.95 nm (fully expanded) as detailed in the supplemental 

information. Since the temperature decreases rapidly from the AuNP surface, the local temperature 

change that the protein experiences in the presence of a PEG spacer is much lower than the case 

without the PEG spacer.  
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Figure 2.2. Experimental characterization of the nanosecond protein inactivation. (A) The 
nanosecond protein inactivation is specifc to proteins around the AuNP surface. Inactivation or 
denaturation of egg white make itself opaque. First column shows bulk heating of the egg white-
AuNP mixture, egg white only, and AuNP only, while the second and third columns show the 
nanoscale heating and no treatment for the same samples, respectively. The bulk heating changes 
the egg white and egg white-AuNP mixture to an opaque appearance, compared with the 
transparent appearance of nanoscale heating treatment and no treatment. A background cross label 
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is used for visualization. Laser pulse energy density is 114 ± 4 mJ cm-2 for the nanoscale heating. 
(B) Effect of the distance between AuNP and protein on the protein inactivation. Legends: Protein 
refers to α-chymotrypsin (Cht); AuNP protein mixture refers to simply mixing Cht with the 
polyethylene glycol (PEG) protected AuNP without conjugation; 15 nm AuNP-PEG-Protein refers 
to α-chymotrypsin conjugated onto AuNP via 1kDa PEG spacer; 15 nm AuNP-Protein refers to α-
chymotrypsin conjugated to AuNP by electrostatic absorption. (C) Effect of AuNP size on the 
protein inactivation (diameter, 5 nm, 15 nm and 30 nm). Protein is conjugated to AuNP surface 
via a 1 kDa PEG spacer. (D) Effect of laser pulse number on the protein inactivation; and (E) 
Specificity of the nanosecond protein inactivation. ALP refers to alkoline phosphatase. Cht is 
conjugated to AuNP surface while ALP is not conjugated to AuNP surface. Laser energy density 
is 510 ± 25 mJ cm-2, AuNP size is 15 nm. 

We further studied different AuNP sizes (5 nm, 15 nm and 30 nm) and found that the larger 

30 nm AuNP requires less laser energy for Cht inactivation compared with smaller 5 nm and 15 

nm (Figure 2.2C). The laser pulse energy required for 50% protein inactivation reduced from 127 

mJ cm-2 for 15 nm AuNP, to 47 mJ cm-2 for 30 nm AuNP. Interestingly for 5 nm AuNP, the protein 

activity remained at 66% even at a very high laser pulse energy density 576 mJ cm-2, while all 

protein activity was lost when conjugated to 15 nm and 30 nm AuNP. This clearly demonstrates 

that the protein inactivation due to the nanoscale plasmonic heating is strongly size dependent, 

since large AuNP absorbs more laser energy than smaller AuNPs and thus leads to higher 

temperature changes.  Next, we examined the use of multiple laser pulses (Figure 2.2D). The 

catalytic efficiency of Cht continued to decrease for up to 10 laser pulses, beyond which no further 

loss in protein activity was observed. The final protein inactivation at 10 laser pulses shows a 

strong laser pulse energy dependence. Finally, we demonstrated that protein inactivation is specific 

to the protein that is tagged or linked to the AuNP in solution. By linking AuNP to Cht but not 

alkaline phosphatase (ALP), the Cht activity was selectively reduced without significantly 

affecting the function of ALP. As shown in Figure 2.2E, one laser pulse decreased the Cht activity 
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to 9% but ALP activity still stayed high at 79%. The slight decrease in the ALP activity may be 

due to some passive absorption of ALP to AuNP. 

 

Figure 2.3. Impact zone for the nanosecond laser pulse induced protein inactivation around 
AuNPs. (A) Schematic of the protein cinactivation impact zone and analytical result of the 
predicted protein activity due to the nanoscale heating. (B) Effect of laser energy and AuNP size 
on the impact zone. 

Furthermore, we analyzed the kinetics of nanosecond plasmonic heating-induced protein 

inactivation. Molecular dynamic simulations of protein unfolding at elevated temperatures (up to 

550 K) have suggested that proteins can unfold as fast as within nanoseconds.97, 98 However, the 

experimental measurement at such short time scales has been challenging. Earlier T-jump 

experiments measured protein unfolding kinetics within milliseconds 99 and recently a laser gold 

film heating study by Steel et al. confirms protein unfolding and inactivation within tens of 

nanoseconds.43 Further comparison of the measured protein inactivation rate suggests that protein 

inaction follows an Arrhenius behavior, although the inactivation rate spans over 10 orders of 

magnitude (k, 10-3 to 108 s-1) in a wide temperature range. As an approximation, the nanosecond 

protein inactivation around AuNP was calculated using the Arrhenius kinetics (activation energy 
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= 244.05 kJ mol-1, and frequency factor = 9.75×1038 s-1).99  The result suggests that the 

combination of the rapid temperature rise and the sharp temperature gradient creates a highly 

localized region of protein inactivation next to the nanoparticle surface, referred to as the impact 

zone. Here we quantitatively define the impact zone (z) as the distance between the AuNP surface 

to the position where the protein has 50% of its original activity after the nanosecond laser pulse 

treatment (Figure 2.3A).  

𝑧 = 𝑅 % − 𝑅  (2.7) 

By analysing a range of AuNP sizes (5 nm to 70 nm) and laser pulse energies, the impact 

zone ranges from 0 nm up to 16 nm (Figure 2.3B). Larger nanoparticles require less laser intensity 

to inactivate proteins and also generate larger impact zones, due to the higher laser energy 

absorption and lower surface-to-volume ratio for heat dissipation. Very small 5 nm AuNP gives a 

very small impact zone and thus does not inactivate proteins efficiently as evidenced by our 

measurement (Figure 2.2C). Also, increasing laser energy density for the same AuNP size 

increases the impact zone due to the higher temperature which accelerates protein unfolding and 

inactivation, consistent with our experimental observations in Figure 2.2. Here we note that the 

increase in laser energy is limited by the possibility of vaporization which has been shown to repel 

the protein from AuNP surface with shorter picosecond laser pulse durations.100 Further 

comparison of the theoretical analysis and experimental measurement shows that the laser energy 

for the protein inactivation is on the same order of magnitude (tens to hundreds of mJ cm-2). Here, 

the location of the protein was taken as 1.9 nm based on a spherical protein shape approximation.101 

The length of the 1 kDa PEG spacer was estimated to be approximately 4.0 nm for 5 nm AuNP, 

3.9 nm for 15 nm AuNP and 5.8 nm for 30 nm AuNP based on hydrodynamic measurements 
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(Figure A3). The slight difference in the PEG length estimation may be attributed to the different 

footprint of PEG on the two AuNP sizes.83 

 

Figure 2.4. Protein unfolding leads to aggregation of protein-AuNP conjugate at high laser 
intensities. (A) PEG-coated AuNP is sTable under all laser intensities attempted (up to ~609 mJ 
cm-2). (B) High laser intensity (609 mJ cm-2) leads to protein-AuNP conjugate aggregation while 
moderate laser intensity (137 mJ cm-2) does not cause aggregation. 

Lastly, we examined the fate of AuNP and AuNP-protein conjugate after laser treatment. 

By comparing TEM images (Figure A5) before and after the laser treatment, no significant AuNP 

structure change was observed at moderate laser intensities (137 mJ cm-2) while AuNP 

fragmentation was observed at high laser intensity (~600 mJ cm-2). This is consistent with previous 

reports on the laser fragmentation of plasmonic nanoparticles with high laser intensities.102 

Interestingly, when comparing PEG and Cht conjugated AuNP, the PEG coating stabilizes the 

AuNP while the Cht-AuNP conjugate shows significant aggregation after high energy laser pulse 

treatment, as seen in the DLS (Figure 2.4), agarose gel electrophoresis (Figure A6), and UV-Vis 

measurements (Figure A7). This is possibly a result of protein unfolding, which exposes the 
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hydrophobic interior and leads to the aggregation of the Cht-AuNP conjugate, similar to the protein 

aggregation after complete unfolding (Figure A8).103, 104 

2.4 Conclusion  

In conclusion, the nanosecond plasmonic AuNP heating selectively unfolds and inactivates 

targeted proteins and offers a novel platform to remotely manipulate protein structure and activity 

without genetic modification. The effects of AuNP size, laser energy and pulse number on the 

protein inactivation process were systematically studied. Our findings not only quantified the 

protein inactivation kinetics but also revealed the aggregation behaviour of protein-AuNP 

conjugates at high laser intensities and thus significant protein unfolding. Further work is 

warranted to investigate the ultrafast kinetics of the protein unfolding by time-resolved X-ray 

scattering105-107 and detailed structural change using hydrogen/deuterium exchange and mass 

spectrometry (H/DX-MS).108-110 In particular, further work is needed to understand the mechanism 

and kinetics of protein unfolding at these extremely high temperatures and very short time scales 

(nanoseconds). Furthermore, the selective protein inactivation combined with nanomaterial 

labeling may prove useful for basic protein functional research,64, 111, 112 remote control of 

biological activity and behavior, and in therapeutic applications. 
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CHAPTER 3  

TRANSIENT PHOTO-INACTIVATION OF CELL MEMBRANE PROTEIN ACTIVITY 

WITHOUT GENETIC MODIFICATION BY MOLECULAR HYPERTHERMIA 
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Z., Transient photoinactivation of cell membrane protein activity without genetic modification 
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3.1 Introduction 

Selective and remote manipulation of protein function in living systems is important to 

elucidate the protein function and develop precise therapeutics for disease treatment. Advances in 

tool development have made significant impact in this direction. Among the various modalities, 

optical control of protein activity in live cells offers unparalleled spatial and temporal resolution. 

Current approaches include optogenetics,113, 114 chromophore-assisted light inactivation (CALI)115, 

116 and synthetic photoswitches.53, 117 Optogenetics uses light to control cell activity, especially in 

neurons that have been genetically modified to express photo-sensitive proteins. Over the last 

decade, this technique has been instrumental in our understanding on how specific cell types 

contribute to brain activity and neurological diseases. While it has had transformative impact in 

the field, optogenetics requires genetic modification to enable the photosensitivity of target 

proteins. CALI is probably the most general method for optical control of protein activity with 

high spatial and temporal resolution and has been used in many areas in cell biology. CALI utilizes 

a photosensitizer to produce reactive oxygen species (ROS) and inactivate the adjacent proteins 

during light exposure. While small molecule photosensitizers (typically xanthene-based) have a 

high efficiency to generate ROS, it is challenging to design small molecules to target proteins in 

live cells. On the other hand, photosensitizers such as KillerRed are genetically encoded in target 

cells. Importantly, CALI efficiency is dependent on  the expression level of photosensitizer when 

genetically encoded and on the cellular microenvironment such as oxygen concentration and 

endogenous reducing agent (glutathione).64 Synthetic photoswitches (e.g. based on azobenzene) 

have also emerged as a promising strategy to control protein activity with light, but currently there 

are a very limited number of photoswitches and thus narrow options of light source (i.e. 
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wavelength). Therefore, it remains challenging to optically control protein activity in live cells 

without genetic modification and independent of the cellular microenvironment.  

Nanoparticles provide an interface to manipulate the function of living systems from 

cells118, 119 to macromolecules such as proteins.120 Cellular behavior control with noninvasive 

stimulation such as magnetic,121, 122 acoustic123 and optical methods60 can be achieved with the 

assistance of nanoparticles. Among these stimulation methods, optical control of cellular 

behavior76, 124 using plasmonic nanoparticles provides the highest spatiotemporal resolution, 

including neuron firing,59, 60, 125-127  heat shock protein expression,68 and optoporation.35, 128, 129 

Continuous photothermal stimulation of plasmonic nanoparticles leads to global heating in the 

tissue (Figure. 1) and has been used for hyperthermia therapy of cancer. Physically, it is possible 

to apply short laser pulses to excite plasmonic nanoparticles and create a nanoscale hotspot, or 

“thermal confinement” when the pulse duration is less than the timescale of heat diffusion.30, 41, 130 

The possibility of “molecular hyperthermia” (MH) was introduced recently, defined as using 

ultrashort laser pulses (nanosecond) to excite a plasmonic gold nanoparticle (AuNP) as a 

nanoheater to unfold and inactivate targeted proteins with a very well-defined impact zone (on the 

nanometer length scale).41, 99, 131 The heating is confined within nanometers of the nanoparticle 

(nanoscale hotspots) and doesn’t cause bulk heating, which allows for the possibility to control 

protein activity without affecting the cell viability. While it has been shown that MH can photo-

inactivate isolated proteins of interest, it remains unclear whether MH works in complex cellular 

environments. 

In this report, we demonstrate that MH can inactivate protein in situ and control cellular 

activity with two examples. In the first example, we targeted a membrane receptor, protease 
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activated receptor 2 (PAR2), which is important in pain sensitization signaling.132, 133 Ca2+ imaging 

analysis demonstrates that PAR2 can be inactivated in situ by MH without compromising cell 

proliferation. In the second example, we demonstrate the photo-inactivation of a tight junction 

protein in brain endothelial monolayers, which is important in maintaining the blood-brain barrier 

(BBB),134, 135 but also limits therapeutic delivery to the brain. MH of tight junction protein 

(junctional adhesion molecule A, or JAM-A) leads to a reversible BBB opening in vitro that 

recovers within 6 hours. We further demonstrated that the energy levels for MH is insufficient to 

form vapor nanobubbles around AuNP. Our results indicate that MH is a promising approach to 

manipulate protein activity in live cells without genetic modification and develop therapeutics with 

high spatiotemporal resolution. 
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Figure 3.1. Schematic to illustrate the time and length scales of molecular hyperthermia 
(MH) compared with hyperthermia. Area left of the line represents thermal confinement. The 
thermal diffusion time is proportional to the square of size.136 

3.2 Methods 

3.2.1 Reagents and cells 

Tetrachloroauric (III) trihydrate (HAuCl4·3H2O: 99.9%), sodium citrate tribasic dehydrate 

(≥99%) and hydroquinone (≥99%) were purchased from Sigma-Aldrich. Heterobifunctional 

polyethylene glycol OPSS-PEG-SVA (3.4 kDa, OPSS-PEG-SVA-3400) were purchased from 

Laysan Bio Inc. Poly(ethylene glycol) 2-mercaptoethyl ether acetic acid (Thiol-PEG-Carboxyl, 
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600 Da, PG2-CATH-600) were purchased from Nanocs Inc. Fluorescein isothiocyanate–dextran 

(FITC-dextran) and WST-1 cell proliferation reagent (05015944001) was purchased from Sigma-

Aldrich. Propidium iodide (PI) is purchased from Cayman chemical (14289). Mouse IgG isotype 

control (Ctrl Ab, 31901) was purchased from Invitrogen. Anti-PAR2 antibody (MAB3949) was 

purchased from R&D systems. Anti-JAM-A antibody BV16 was kindly provided by Dr. Elisabetta 

Dejana’s lab.134 Human cerebral microvessel endothelial cells (hCMEC/D3) were purchased from 

EMD Millipore. HEK293 cell with Ca2+ indicator TN-XXL was kindly provided by Dr. Paul 

Slesinger’s lab.137 PAR2 agonist 2-aminothiazol-4-yl-LIGRL-NH2 (2AT) was provided by Dr. 

Theodore Price’s lab.138 Somatostatin (SST) was purchased from Sigma-Aldrich (S9129). Pierce 

modified lowery protein assay kit was obtained from ThermoFisher Scientific (23240). 

3.2.2 Gold nanoparticle synthesis  

AuNP seeds were synthesized following the modified Frens’ method.79 Briefly, 1 mL 

HAuCl4 (25 mM) was added to 98 mL pure water and allowed to boil on a hot plate with vigorous 

stirring. 1 mL sodium citrate (112.2 mM) was then added swiftly and reacted for 10 minutes. After 

cooling the solution to room temperature, water was added to bring the volume to 100 mL. The 

AuNP seeds had a concentration of 2.23 nM and average size of 15 nm in diameter. AuNP seeds 

were stored in room temperature and used within one week. 

To synthesize 45 nm AuNPs, we first mixed 94.4 mL pure water with 973 μL HAuCl4 (25 

mM), 973 μL sodium citrate (15 mM) and 3.7 mL AuNP seeds (2.23 nM). With vigorous stirring, 

973 μL hydroquinone solution (25 mM) was injected rapidly. The solution quickly switched color 

to purple and then to red in a few minutes. The reaction was done overnight at room temperature. 
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Then the 45 nm AuNPs were concentrated by centrifugation (1300 g, 30 minutes) and stored at 4 

°C for use within one month.  

3.2.3 Surface modification of AuNPs and characterization.  

Antibody conjugation to AuNP was performed following a previously reported protocol.139 

First, the antibody for PAR2 or JAM-A was dissolved in phosphate buffer saline (PBS, 1X, 

pH=7.4) with a concentration of 0.5 mg/mL. To modify the PEG onto the antibody, the antibody 

solution was then added in OPSS-PEG-SVA solution (0.03mg/mL in 2 mM borate buffer, pH=8.5) 

with molar ratio as 1:132.139 The tubes were slowly rotated for 3 hours at room temperature. To 

remove extra PEG molecules, the solution was dialyzed (20 kDa dialysis bag, Spectra/Pro Biotech, 

131342T) overnight at 4 °C. To modify the AuNP surface with antibody, 45 nm AuNP colloidal 

solution was added to PEG-antibody conjugate solution with molar ratio of 1:150 and reacted at 

room temperature for 3 hours. Then 100 μL Thiol-PEG-Carboxyl (4 mg/mL, in 2 mM borate 

buffer, pH = 8.0) was added into 1 mL AuNP solution to backfill the AuNP surface. For the AuNP-

PEG sample, Thiol-PEG-Carboxyl solution (2 mg/mL, in 2 mM borate buffer, pH=8.0) was added 

into bare AuNP solution with the molar ratio 1:150. Particles were then washed with borate buffer 

3 times (1300 g, 30 minutes, with 0.5% tween-20) and then re-suspended in cell medium for further 

experiments. To confirm the antibody conjugation efficiency, we measured protein concentration 

in the supernatant after centrifugation by the Pierce-modified Lowry assay after antibody 

conjugation to AuNPs. The standard curve was obtained by measuring standard BSA dilutions. 

After considering that the signal ratio between mouse IgG and BSA is 1.2 from the user manual in 

the Pierce-modified Lowry assay, a standard curve of IgG was obtained. The numbers of 
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antibodies/AuNP was calculated by subtracting the free antibody number from the initial total 

antibody quantity and divided by the AuNP concentration.   

Dynamic light scattering (DLS) (Malvern instruments, Nano ZS) and UV-vis spectrometer 

(BioTek Synergy 2) were used to characterize the nanoparticle conjugation. The AuNP 

concentration was determined with the Beer-Lambert law (Equation 2.3-2.4). Size of the particle 

(D) was determined by transmission electron microscope (TEM) (JEOL 1400+, 100 keV). The 

AuNP solution was carefully dropped on a copper mesh (PELCO 160, PELLA Inc.) and air-dried 

for 2 hours before TEM imaging.  

3.2.4 Western blotting  

Western blotting experiments were performed following the procedure reported before.140 

Male mice (C57BL/6) were sacrificed by decapitation under anesthesia as approved by IACUC at 

University of Texas at Dallas. The DRG neuron tissues were collected and flash frozen on dry ice. 

The lysis solution (50 mM Tris-HCl buffer, 150 mM NaCl, 1 mM Ethylenediaminetetraacetic acid 

(EDTA), 1% Triton X-100, pH=8.0, with protease and phosphatase inhibitors) was used to 

homogenize frozen DRG tissues. The sample was then centrifuged at 14000 rpm for 15 minutes at 

4 °C. Protein was then separated into 10% SDS-PAGE gel, and transferred onto 0.45 PVDF 

membrane (Millipore, IPVH00010) at 30V overnight at 4 °C. The concentration of protein was 

checked with BCA assay to confirm the protein quantity was the same for different samples. To 

reduce the non-specific binding, the membrane was blocked with 5% non-fat milk powder 

(NFDM, Bio-rad, 1706404) dissolved in 1X Tris-HCl buffer containing 1% Tween-20 for 3 hours. 

Subsequently, membranes were washed with 1X Tris buffered saline with 0.1% Tween-20 (TTBS, 
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pH=7.5, VWR) 3 times for 5 minutes each. Then primary antibody (MAB3949, 5 μg/mL) was 

used to incubate overnight at 4 °C. The membrane was then washed with 1X TTBS 3 times for 5 

minutes each and incubated with secondary antibody at room temperature for 1 hour. Antibody for 

Glyceraldehyde 3-phosphate dehydrogenase (GADPH) was used to stain GADPH to check that 

the same number of cells were added for both samples. The membrane was then washed with 1X 

TTBS 6 times for 5 minutes each. The band signal was then generated with immobilon western 

chemiluminescent HRP substrate (Millipore, WBKLS0500) and detected by Bio-Rad ChemiDoc 

Touch (Hercules, CA).  

3.2.5 Ca2+ measurement with plate reader  

HEK393 cells with Ca2+ indicator were cultured in 75 mL cell flask with cell medium (1% 

Pen Strep, 10% FBS in DMEM) in 37°C and 5% CO2. The day before the experiments, cells were 

seeded on a collagen coated 96 well plate (Costar, 3603). Cell culture medium was replaced by 

100 μL artificial cerebral spinal fluid (ACSF; 125 mM NaCl, 5 mM KCl, 10 mM D-glucose, 10 

mM HEPES, 3.1 mM CaCl2, 1.3 mM MgCl2, pH=7.4) for each well at 30 minutes before Ca2+ 

measurements. The signal was then monitored in a plate reader (Biotek Synergy H4), with light 

excitation of 436 nm, and the cyan (ECFP) and yellow (Citrine) signals were collected at 485 ± 10 

nm and 527 ± 12 nm with 9 s interval. After reading baseline for 3 minutes, 50 μL of agonist in 

ACSF was mixed into each well, and the signal was then collected for another 4 minutes. The 

fluorescence resonance energy transfer (FRET) ratio change ΔR/R was calculated with the 

following equation: 
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∆𝑅

𝑅
=

𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 527

𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒 527

𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 485

𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒 485
− 1 

(3.1) 

The maximum FRET ratio change (Max. ΔR/R) indicates the PAR2 activity. SSTR2 activity was 

measured following the same procedure as PAR2.  

3.2.6 Transendothelial electrical resistance measurement.  

The hCMEC/D3 cells were incubated in EndoGRO-MV complete media with FGF-2 

supplement (Millipore, SCME004) on a collagen-coated porous membrane in a transwell filter 

insert (Falcon, 353097, 6.4 mm membrane diameter). Cells were cultured for 6 to 7 days at 37 °C 

and 5% CO2 to form a tight monolayer.  

TEER measurements were performed to monitor the cellular monolayer formation as well 

as the BBB opening by MH. Briefly, Millicell ERS-2 Voltohmmeter (Millipore, MERS00002) was 

used to measure the electrical resistance across the cellular monolayer. The resistance of collagen-

coated culture membrane (no cells) was used as baseline. The TEER value was obtained by 

subtracting baseline from the resistance of the endothelial monolayer.  

3.2.7 Permeability measurement  

Permeability measurement was performed to quantify the molecular transport across the 

cell monolayer barrier. The culture insert was placed in the serum free cell medium. Cells were 

incubated in 37 °C and 5% CO2 for 30 minutes. FITC-dextran solution with different molecular 

weights (300 μL/well, 1 mg/mL, in cell medium) was added into the well. Culture medium from 

the bottom well was sampled at different times to obtain the concentration of FITC-dextran that 
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had crossed the cellular barrier. The permeability (Papp, cm/s) was calculated with the following 

equation: 

𝑃 =
𝑑𝑄

𝑑𝑡

1

𝐴𝐶
 (3.2) 

Here Q is the quantity (mg) of molecules that have diffused through the cell monolayer, t 

is time duration (s), A is the membrane area (cm2), and C is the initial concentration of FITC-

dextran (mg/mL).  

3.2.8 Immunocytochemistry staining  

Cells were first seeded on a glass bottom Petri dish (MatTek, P35G-0-10-C) one day before 

the experiment. To check the AuNP targeting site on live cells, the AuNP samples (0.5 nM) were 

then incubated with cells for 15 mins at 4 °C. The cells were rinsed by ACSF 3 times. Then 100% 

methanol was used to fix the cell. The secondary antibody (Alexa 488 or Alexa 647 conjugated 

donkey anti-mouse IgG, 0.2 μg/mL) was then incubated with cells for 1 hours under room 

temperature. Free secondary antibody was removed by washing with PBS. Then cells were washed 

carefully with PBS buffer. Cell nuclei were stained with Hoechst 33342 (5 μg/mL) for 7 minutes. 

Cells were finally washed with PBS 3 times and imaged under a confocal microscope (Olympus 

FV3000RS). We also conducted ICC experiments on prefixed cells. Briefly, 100% methanol was 

used to fix the cell first. After 5 minutes and washing with PBS (1X, pH=7.4), cells were incubated 

with blocking buffer (2% BSA, 5% donkey serum, 0.05% Tween-20) for 2 hours at room 

temperature. The primary antibodies or AuNP samples were then incubated with cells (MAB3949 

(10 μg/ml), BV16 (5 μg/mL), AuNP samples (0.5 nM)) overnight at 4 °C. The secondary antibody 

staining steps and Hoechst staining steps are same as the procedure described before. The green 
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channel (FITC filter) shows TN-XXL in HEK293 cell transferred with TN-XXL. The red channel 

(Alexa 647 filter) shows that secondary antibodies (conjugated with Alexa 647) bind to MAB3949.  

3.2.9 Molecular hyperthermia inactivation in situ.  

Cells were first incubated in 40 μL antibody-modified AuNP in cell culture medium for 30 

minutes. To remove free particles, cells were then carefully washed with bath solutions (ACSF for 

HEK293 cells, PBS for hCMEC/D3 cells). Then laser pulses (Quantel Q-smart Nd:YAG laser, 

FWHM = 6 ns, 532 nm, diameter of laser beam is 10 mm (Intensity = 1/e2)) were used to irradiate 

directly to each well. The laser energy was monitored with a laser energy meter (FieldMaxII, 

Coherent USA). After laser irradiation, cells were incubated in the working solution (ACSF for 

HEK 293 cells, cell medium for hCMEC/D3 cells) for further experiments. To check whether 

MAB3949 affects PAR2 activity, we incubate HEK293 cells with MAB3949 (0.02-67 nM in 

ACSF, 100 μL/well) 30 minutes before the Ca2+ assay.  

3.2.10 Nanobubble signal measurement  

AuNP solution was flowed through a glass capillary tube (VitroTube, 82400-050). The 

pump laser (532 nm, FWHM=6 ns, frequency=50 Hz) and the probe laser (MKS R-30989, 633 

nm, continuous wave) were focused and co-localized at the center of the capillary tube. The probe 

laser signal was recorded by a photodetector (Menlo systems, FPD510). The probe laser energy 

was adjusted by an optical filter (Thorlab, NDC-25C-2M). The data and nanobubble probability 

was processed by MATLAB 2016a. The Boltzmann fitting of the probability was calculated in 

Origin 9.1 software.  
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3.2.11 Propidium iodide staining 

HEK 293 cells were seeded on a circular glass bottom dish for 24 hours before the 

experiment. The cells were first incubated with AuNP-MAB3949 (0.32 nM) or cell culture 

medium for 30 minutes. Extra AuNPs were washed away by ACSF. The positive control group 

was obtained by killing cells with 100% methanol (10 min incubation). Cells of the MH group and 

laser only group are irradiated with the laser (100 mJ/cm2, 10 pulses). After laser irradiation, cells 

are incubated in ACSF for 30 minutes followed by staining with PI for 10 minutes (10 µg/mL in 

ACSF). Cells are then washed by ACSF. The cells are then fixed with 100% methanol for 10 

minutes (including positive control). Hoechst 33324 was used to stain the cell nucleus for counting 

purposes.  Cells were finally washed with PBS 3 times and imaged under a confocal microscope 

(Olympus FV3000RS). 

3.2.12 Ca2+ imaging with 2-photon imaging system.  

HEK293 cells were seeded on a circular glass slide in a 24 well plate 2 days before the 

experiment. On the day of the experiment, glass slides were transferred to petri dishes. AuNP-

MAB3949 (0.2 nM, 70μL) was added carefully on top of the slide to cover the cells for 30 minutes 

under 4 °C. Then extra particles were removed from cells and ACSF was used to wash away free 

particles. We used a black marker to mark the outside of the petri dish and the laser irradiation 

partially compromises the marker, a convenient method to indicate the laser treated cells. Half of 

the petri dish was covered with cardboard to block the laser beam (6 mm in diameter) while leaving 

the other half exposing to the laser. The laser fluence is 100 mJ/cm2 and 10 pulses were used. A 

multichannel perfusion system (DWV, 64-1940) was used to load ACSF and drugs (1 μM 2AT in 



 

59 

ACSF). To image the fluorescent signal on the 2-photon system (Olympus MPE-RS twin), the 

laser excitation wavelength was set at 820 nm. The cyan (ECFP) and yellow (Citrine) emission 

was set at 485 nm and 527 nm respectively. ACSF was perfused to cells for the first 52s to obtain 

the baseline followed by perfusing 2AT for 16 seconds. ImageJ was used to analyze the images.141 

The regions of interest (ROI) were drawn near the edge of laser irradiation. ΔR/R was calculated 

using Equation (3.1).   

3.2.13 WST-1 cell proliferation measurement.  

Cells were cultured in a 96 well plate with 50,000 cells per well. Cells of the experimental 

groups were incubated with 35 μL AuNP-MAB3949 (in cell medium) for 5 to 30 minutes as 

indicated in the figures, while the control group was incubated with the same amount of cell 

medium. Extra AuNPs were washed away with ACSF. Then cells were irradiated with the laser 

(marked as 0 hour time point). ACSF was replaced with 0.1 mL cell culture medium and the cells 

were then incubated at 37 °C and 5% CO2. At various time points (30 mintues to 8.5 hours) after 

laser irradiation, 10 μL WST-1 stocking solution was added to each well. The cells were further 

incubated at 37 °C and 5% CO2 for 2.5 hrs. The absorbance was read by a plate reader at 450 nm. 

The signals were normalized with signals from control samples, i.e. cells without laser treatment 

or AuNP incubation.  

3.2.14 Simulation of AuNP plasmonic heating and protein inactivation.   

Absorption cross section area (Cabs) was calculated by Mie theory and the Discrete dipole 

approximation (DDA) method. Then the temperature profile was obtained by simulating the 

heating process of AuNPs by a one nanosecond laser pulse (45 nm AuNP: fluence F = 100 mJ/cm2, 
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full width at half maximum or FWHM τ = 6 ns; 3 nm AuNP: F = 280 mJ/cm2, τ = 1 ns,) using 

COMSOL 5.3. We assume a homogeneous heating source inside the particle and the volumetric 

heat generation of the laser pulse with Gaussian shape is defined by Equation 3.3 

𝑄 =
𝐶 𝐹

𝑉

2.355

𝜏√2𝜋
𝑒

. ( )

 (3.3) 

where VNP is AuNP volume, t is time and t0 = 7.64 ns which is the center of the pulse. Qv has unit 

of W/m3. The thermal interface conductance of the AuNP surface was set as 105 MW/(m2·K.142 

3.2.15 Molecular dynamics simulation of AuNP heating:  

Molecular dynamics (MD) simulation was performed using the LAMMPS software 

package. The interactions between gold atoms are described by an embedded atom method (EAM) 

potential,143 and the CHARMM TIP3P water model was utilized in the simulation.144 The 

interaction between water and gold atoms was considered by prescribing a Lennard-Jones (LJ) 12-

6 interaction between oxygen and gold atoms. A cutoff radius of 10 Å was used in the LJ potential 

to reduce the computational cost. Table B3 reports the parameters for the non-bonded interactions 

used in the MD simulation. The water domain was set as a cubic box with side length 15 nm. The 

AuNP was placed in the center of the water domain with a diameter of 3 nm. The water molecules 

between the box domain and the outside of a spherical domain of 6.5 nm radius were maintained 

at a constant temperature of 300 K to serve as a heat sink. The laser pulse was treated as a heating 

source of the gold atoms. The absorption cross-section of the 3 nm AuNP was calculated by Mie 

theory.145 During the laser heating, an isoenthalpic-isobaric ensemble (NPH) was prescribed to 

maintain the overall pressure of the remaining water region at 1 atm.  
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3.2.16 Statistical information.  

Except where otherwise noted, values are reported as mean ± standard deviation (s.d.). 

Statistical significance analysis was calculated using the two-tailed student t test in MATLAB 

R2016a. A statistically significant value was denoted with two asterisks (**) for p < 0.005. 

3.3 Results and discussion 

3.3.1 AuNP-antibody conjugation and characterization.  

First, we designed and characterized an antibody modified AuNP to target PAR2. PAR2 is 

an important G-protein coupled receptor implicated in pain.132, 133 During inflammation or cancer, 

protease-activated receptors (PAR) are activated by proteolytic cleavage of the extracellular amino 

terminus and lead to diverse pathologies including pain sensitization.146 Proteolytic cleavage of 

the N terminus of PAR2 results in exposure of a tethered ligand that activates the receptor to induce 

signaling (Figure 3.2A). One consequence of the PAR2 activation in the periphery nervous system 

is sensitization of neurons responsible for transmitting noxious information to the central nervous 

system (CNS). Importantly, nociceptive neurons express PAR2, and PAR2 activation on these 

neurons leads to enhanced signaling via a variety of channels including the capsaicin and noxious 

heat receptor, TRPV1. For instance, PAR2 is responsible for protease sensitization of TRPV1 in 

vivo, leading to thermal hyperalgesia.147, 148 Thus, targeting and photo-inactivating PAR2 will 

allow us to control pain signaling (Figure 3.2A). As a routinely used cell line in the PAR2 research 

community,149 human embryonic kidney 293 (HEK293) cells were used in this study to investigate 

PAR2 activity. PAR2 activation leads to intracellular Ca2+ concentration increase through the 

inositol 1,4,5-trisphosphate (IP3) signaling pathway.150 Here, the FRET sensor (TN-XXL) 
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monitors Ca2+ during PAR2 activation by a specific PAR2 agonist (Figure 3.2B).138, 151 We selected 

gold nanospheres with a diameter of 45 nm as nanoheaters due to their relatively high absorption 

cross section and because they facilitate protein denaturation farther than 10 nm away from 

themselves.131, 152 

The prepared AuNP was characterized by transmission electron microscope (TEM) and 

dynamic light scattering (DLS) to confirm its size and lack of aggregation (Figure B1B and C). 

Conjugation of poly(ethylene glycol) 2-mercaptoethyl ether acetic acid (Thiol-PEG-Carboxyl) 

onto AuNP increased the hydrodynamic diameter by 15 nm, in agreement with previous reports.84 

Both PAR2 target antibody (MAB3949) and control antibody (Ctrl Ab) coating further increased 

the hydrodynamic size by 11-12 nm. UV-Vis measurements showed that the AuNP absorbance 

peak shifted slightly from 531 nm to 532 nm after conjugating with Thiol-PEG-Carboxyl, and then 

again to 536 nm after anti-PAR2 antibody (MAB3949) conjugation (Figure B1D). A Western blot 

experiment was then performed to confirm MAB3949 antibody specificity to PAR2. PAR2 was 

observed by MAB3949 staining in the dorsal root ganglion (DRG) sample from wild type mouse 

(PAR2 +/+) at around 50 kDa, with a negative staining for PAR2 knockout mouse (PAR2 -/-, 

Figure B1E). PAR2 expression on HEK293 cells was also tested and confirmed by 

immunocytochemistry (ICC) experiments with methanol-prefixed cells (Figure B1F). 

Furthermore, we show that MAB3949 antibody binds to PAR2 after conjugation onto the AuNP 

surface by ICC staining on HEK293 cells (Figure 3.2C). Specifically, cells incubated with AuNP-

MAB3949 show a clear binding on the cell membrane, while control antibody modified AuNP 

(AuNP-Ctrl Ab) doesn’t bind with the cell membrane. It is worth noting that the cells incubated 

with AuNP-MAB3949 have relatively stronger signal than the case with MAB3949 in methanol-
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prefixed cells. This is because multiple antibodies (5728 antibodies/AuNP, Figure B2) 

conjugated on the AuNP amplify the secondary antibody binding and the resulting fluorescent 

intensity. 

3.3.2 Photoinactivation of PAR2 by molecular hyperthermia in situ.   

Next, we demonstrated that PAR2 can be inactivated by MH on live HEK293 cells. We 

first tested and confirmed that the engineered HEK293 cell with Ca2+ indicator137 is a robust model 

to study PAR2 activity. The addition of PAR2 agonist 2-aminothiazol-4-yl-LIGRL-NH2 (2AT, 

330 nM) leads to a robust increase in the citrine channel and decrease in the ECFP channel (Figure 

B2B). A dose-response curve was then obtained from analyzing the FRET signal (Figure B3C-D). 

It is worth noting that the FRET signal (ΔR/R) was triggered within 10s after 2AT addition at all 

concentrations. However, the time duration to reach the maximum ΔR/R reduces with increasing 

2AT concentration. Later, we consider the maximum FRET ratio change to compare PAR2 

activity. 

Then, we tested the effect of MH on PAR2 activity. Three experimental groups were used: 

MH including PAR2 targeting AuNP (AuNP-MAB3949), control antibody modified AuNP 

(AuNP-Ctrl Ab), and cells alone with no AuNP treatment (Ctrl). The AuNP was incubated with 

cells at 4C to prevent cell uptake. Our results suggest that laser irradiation alone (Ctrl group, 532 

nm, 100 mJ/cm2, and 10 pulses) does not cause a significant difference in either PAR2 activity or 

cell proliferation (Figure B4A), and the antibody alone (MAB3949) does not change PAR2 activity 

(Figure B4B). Comparing AuNP-MAB3949 and AuNP-Ctrl Ab under the same laser exposure 

(532 nm, 100 mJ/cm2, 10 pulses), a significant drop (>80 %) in PAR2 activity was observed for 
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the AuNP-MAB3949 group at concentrations above 0.32 nM (Figure 3.2D&E) while there is no 

significant change for the AuNP-Ctrl Ab group (except at higher AuNP concentration 0.5 nM). 

Without laser irradiation, neither the AuNP-MAB3949 group nor the AuNP-Ctrl Ab group showed 

an obvious drop in PAR2 activity (Figure 3.2D&E). Further investigation shows a gradual drop in 

PAR2 activity as the pulse number and intensity were increased (Figure 3.2F). Also, increasing 

the incubation time of AuNP to 30 mins does not dramatically change the PAR2 inactivation 

(Figure B5A). At conditions that lead to a significant PAR2 activity drop in the AuNP-MAB3949 

group, we found no significant differences in the cell proliferation between AuNP-Ctrl Ab and 

AuNP-MAB3949 groups regardless of laser fluence (Figure B5B). This suggests a specific 

molecular level photo-inactivation by MH. Also, we measured the bulk medium temperature after 

laser irradiation and confirmed that there is no obvious temperature rise, indicating that the 

temperature change is limited to the nanoparticle and its immediate surroundings (Figure B5D). 

Next, propidium iodide (PI) staining was performed to test for possible cellular membrane damage 

and necrosis (Figure B6). The MH group does not show significant PI signal increase compared 

with the control groups. This result demonstrates that the MH does not cause membrane damage 

or necrosis. Finally, we investigated the PAR2 function recovery and cell proliferation at different 

time points. The PAR2 activity drops to 20% at 1.5 hours after MH treatment, and gradually 

increase to 80% at 8.5 hours (Figure 3.2G). The reversible PAR2 activity does not directly imply 

that photo-inactivation process is reversible. The cell is recycling the protein and possibly 

synthesizing new proteins during this time. As a result, even if the protein inactivation is 

irreversible, we can still observe protein function recovery after several hours.  
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Figure 3.2. Photo-inactivation of PAR2 by molecular hyperthermia. A) Schematic of PAR2 
inactivation by molecular hyperthermia. B) Schematic illustrating the Ca2+ signaling due to PAR2 
activation. Gαq is heterotrimeric G protein subunit, PLC is phospholipase C, IP3 is inositol 
trisphosphate. C) Fluorescent immunocytochemistry imaging of HEK293 cells. Nucleus is in blue 
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(Hoechst 33342), FRET Ca2+ sensor protein TN-XXL is in green, and PAR2-targeting antibody 
modified gold nanoparticle (AuNP-MAB3949) is in red (stained by Alexa 647 conjugated 
secondary antibody, indicated by white arrows), Control antibody modified gold nanoparticles 
(AuNP-Ctrl Ab) as a control show minimum signal (scale bar: 10 μm), AuNP concentration 
[AuNP] = 0.5 nM. D) The FRET ratio (ΔR/R) signal for different groups: (a) AuNP-Ctrl Ab, no 
laser; (b) AuNP-MAB3949, no laser; (c) AuNP-Ctrl Ab, with laser; (d) AuNP-MAB3949, with 
laser. [AuNP] = 0.32 nM. Laser conditions: 532 nm wavelength, fluence at 100 mJ/cm2 and 10 
pulses. The incubation time for AuNPs is 5 minutes.  E) Dose response of PAR2 activity under 
different particle concentrations for different groups. The groups are color-coded as in Figure 2D. 
F) Dose-response curve for PAR2 activity under different laser fluence and pulse numbers. 
[AuNP] = 0.32 nM and AuNP incubation time is 5 minutes. G) PAR2 function recovery and cell 
proliferation after molecular hyperthermia treatment. The experimental conditions are the same as 
(d) group in Figure 2D. Laser were irradiated at 0 hour time point (indicated by red arrow). The 
normalized ΔR/R and cell proliferation indicate normalization with the control group (without 
AuNP incubation or laser treatment).  

3.3.3 PAR2 inactivation in laser-targeted cells.  

Furthermore, we demonstrated that MH can switch off protein activity in laser-targeted 

cells. By incubating cells with AuNP-MAB3949 and exposing only half of the cells to laser pulses, 

we compared the cellular PAR2 response with and without laser irradiation in the same petri-dish 

(Figure 3.3A). By perfusing 2AT and imaging under 2-photon microscopy (Figure 3.3B-C), the 

cell response was imaged at real time. The results suggest that the region without laser irradiation 

had an obvious Ca2+ release after 2AT loading while the region with laser irradiation had a much 

attenuated Ca2+ release (Figure 3.3D). The 10s delay of Ca2+ release after 2AT loading is probably 

due to the drug diffusion from the loading pipette to cells. This result suggests MH allows laser 

targeting of selected cells to photo-inactivate PAR2 activity.  

3.3.4 Molecular selectivity of PAR2 inactivation by MH.  

Finally, we tested the molecular specificity of PAR2 inactivation. We used HEK293 cells 

transferred with somatostatin receptor 2 (SSTR2), another GPCR protein that can be activated by 
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somatostatin (SST) (Figure 3.3E). We then inactivated PAR2 by MH and measured SSTR2 and 

PAR2 activities. The results show that the SSTR2 activity remains the same as the control groups 

while the PAR2 activity reduces by 50% (Figure 3.3F and Figure B7). This demonstrates that MH 

can selectively switch off the activity of targeted cell receptors while not affecting other cell 

membrane receptors. We note that the molecular specificity is not due to laser focusing on specific 

receptors since this is well below the diffraction limit and not physically possible. Instead, the 

nanoparticles target specific receptors and the laser excites the targeted nanoparticles to inactivate 

the receptor, while leaving other non-targeted receptors intact.  



 

68 

 

Figure 3.3. High spatial resolution and molecular specificity for PAR2 photo-inactivation by 
molecular hyperthermia. A) Experimental design: after targeting PAR2 with AuNP-MAB3949, 
half of the cells were blocked from laser irradiation. B) Experimental setup including 2-photon 
imaging of cytoplasmic Ca2+ release. C) Fluorescence images of cells after laser irradiation (scale 
bar: 50 μm). The line indicates the border of laser irradiation, with the bottom left side receiving 
laser irradiation (ROI in red) and the top right side without laser irradiation (ROI in blue). D) Ca2+ 
signals for different ROIs. The red line is the FRET ratio from the cells in the red semicircle (with 
laser) and the blue line indicates the FRET ratio from the blue semicircle (no laser). ACSF refers 
to artificial cerebral spinal fluid. E) Schematic to illustrate the photo-inactivation of PAR2 without 
compromising somatostatin receptor 2 (SSTR2) activity. F) PAR2 and SSTR2 activity after 
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molecular hyperthermia treatment. [AuNP] = 0.32 nM and AuNP incubation time is 5 minutes. 
Laser conditions: 532 nm wavelength, fluence at 100 mJ/cm2 and 10 pulses.  

3.3.5 Targeting of junctional adhesion molecule-A (JAM-A) by surface modified AuNPs 

JAM-A is one of the tight junction proteins that are located between brain endothelial 

cells,134 and is an important component of the blood-brain barrier (BBB). Here we test whether 

targeting and photo-inactivation of JAM-A leads to BBB opening (Figure 3.4A). To target JAM-

A, we first modified AuNPs with BV16 (antibody to human JAM-A)134 and observed similar 

changes in hydrodynamic size and absorbance peak shift (Figure B8) as with PAR2 antibody 

conjugation. JAM-A expression was confirmed between cells by immunocytochemistry staining 

(Figure B9). The immunocytochemistry staining of the AuNP-BV16 group showed a clear signal 

between cell boundaries while the AuNP-PEG group did not show any obvious signal, confirming 

antibody binding activity after conjugation to AuNP (Figure 3.4B). 

3.3.6 Molecular hyperthermia inactivation of JAM-A.  

Next, we investigated MH to photo-inactivate JAM-A and potentially manipulate BBB. 

First, we showed that the AuNP accumulation and laser irradiation does not affect cell proliferation 

(Figure 3.4C). To characterize the changes in the BBB, the transendothelial electrical resistance 

(TEER) was measured (Figure 3.4D-E). With MH, the TEER value dropped to 60% in 30 minutes 

(AuNP-BV16 group) while no significant drop was observed for AuNP-PEG groups and control 

groups (without AuNP incubation). Also, with absence of laser irradiation, we did not observe any 

significant drop in TEER values for all three groups. After 6 hours, the TEER value for the MH 

group recovers to the original level comparable with the control groups. This is important since it 
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indicates that MH treatment leads to a reversible BBB opening. The endothelial barrier function 

was also assessed by measuring the permeability of macromolecules (Figure 3.4F). The results 

show that the permeability of FITC-labeled dextran increased more than 25 times (molecule weight 

from 4 kDa to 70 kDa) (Figure 3.4G).  
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Figure 3.4. Photo-inactivation of a tight junction protein (JAM-A) by molecular 
hyperthermia to manipulate the blood-brain barrier (BBB). (A) Schematic illustrating the 
JAM-A photo-inactivation by molecular hyperthermia.  (B) Fluorescent immunocytochemistry 
staining for brain endothelial cells (hCMEC/D3) targeted by AuNP-BV16. Nucleus is in blue and 
JAM-A is in green (Alexa 488) (scale bar: 20 μm). (C) Cell proliferation measurements with and 
without laser irradiation and AuNP incubation. Ctrl indicates control group (no AuNP). (D) 
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Schematic illustrating the transendothelial electrical resistance (TEER) measurement. (E) TEER 
measurements before and after molecular hyperthermia. (F) Schematic of permeability 
measurement. (G) Permeability measurements of different sized macromolecules diffusing cross 
the cellular barrier. FD-4 indicates 4 kDa FITC-labeled dextran.  

3.3.7 Comparison of laser fluence for MH and vapor nanobubble generation.  

The heating of plasmonic nanoparticles by a pulsed laser can lead to vapor nanobubble 

formation around the nanoparticle. To determine whether there is vapor nanobubble formation 

under MH, we measured the AuNP under a pump-probe system that detects the presence of vapor 

nanobubble scattering. The laser fluence (100 mJ/cm2) that induces PAR2 inactivation is much 

lower than the nanobubble generation threshold for 45 nm AuNP (295 mJ/cm2 for 5% probability 

and 415 mJ/cm2 for 50% probability, Figure 3.5A). The nanobubble threshold (835 mJ/cm2) for 

30 nm AuNP is higher than that for 45 nm AuNP. The measured nanobubble threshold agrees with 

previous study.153 For comparison, we also included our previous results of photo-inactivation of 

an enzyme (α-chymotrypsin, α-Cht) by MH induced by 30 nm AuNP (Figure 3.5A).131 The α-Cht 

was linked directly to 30 nm AuNP by a PEG linker, and the activity of α-Cht can be monitored 

directly through an enzyme colorimetric activity assay. Similar to PAR2 inactivation, α-Cht 

inactivation is dependent on laser fluence. The laser fluences required to induce protein 

inactivation are lower than the nanobubble generation threshold for 30 nm AuNP (Figure 3.5A). 

Further comparison shows a large difference in the laser fluence for 50% protein inactivation and 

nanobubble generation probability (Figure 3.5B). Therefore, we have confirmed that the MH does 

not lead to nanobubble generation.  



 

73 

 

Figure 3.5. Protein inactivation by molecular hyperthermia (MH) does not lead to 
nanobubble generation. (A) Protein inactivation and nanobubble generation probability as a 
function of laser fluence. Photo-inactivation of α-chymotrypsin (α-Cht) by 30 nm AuNP (in 
solution) is adapted with permission from ref 131. Copyright 2017 John Wiley and Sons. The blue 
dash and solid lines are Boltzmann fitting for nanobubble probability measurements for 30 and 45 
nm AuNP respectively. The blue shaded zone indicates >5% bubble generation probability. (B) 
Laser fluence at 50% protein inactivation and nanobubble probability. 

3.3.8 Estimation of AuNP and surrounding medium heating.  

To understand the local temperature change during MH, we simulated the laser plasmonic 

heating process of AuNP and its surrounding medium. The optical properties of 45 nm AuNP was 

obtained by Mie theory and the simulation accuracy was confirmed by comparing with 

experimental measurement (Figure B10A).22 A nanosecond laser pulse (Full width half maximum, 

FWHM=6 ns) is applied to the AuNP (Figure B10B). Finite element modeling (FEM) of the 3D 

temperature profile (at 8 ns, Figure B11A) shows that the particle temperature increases 

dramatically and the immediate surrounding medium is heated. The heating process by the 
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nanosecond laser pulse is fast and lasts around 40 ns (Figure B11B). Although the temperature 

increases of AuNP and surrounding medium is dramatic, the heating area is confined to tens of 

nanometers from the AuNP surface (Figure B11C).  Next, we compared the FEM with molecular 

dynamics (MD) simulation for a smaller 3 nm AuNP. A small AuNP is modeled here due to the 

computational limitation of MD (Figure B11D). The gold temperature given by MD is much higher 

than the FEM result while the water temperature at the interface is lower than the FEM result 

(Figure B11E&F). This indicates that there may be some size-dependent properties that are not 

considered in the FEM simulation.  Further studies are required to elucidate the temperature 

changes during MH combining computational and experimental approaches. 

3.3.9 Protein manipulation by plasmonic nanoparticles and short laser pulses 

In this study, we show that molecule hyperthermia (MH) allows optical switch-off of 

protein activity in live cells with two distinct examples (PAR2 and JAM-A). First, PAR2 is a G-

protein coupled receptor (GPCR) and is implicated in disease conditions such as allergic asthma, 

cancer, arthritis, and chronic pain.133, 154 PAR2 can be activated in response to various exogenous 

and endogenous proteases, usually elevated in inflammation or cancer. Proteolytic cleavage of the 

N terminus of PAR2 results in exposure of a tethered ligand that activates the receptor to induce 

signaling. In the periphery nervous system, PAR2 has become an important target to understand 

and treat diseases such as chronic pain. Second, JAM-A is part of the tight junction protein 

complex, which is a key component of the blood-brain barrier (BBB). BBB is an important 

mechanism to protect brain functions from toxins and pathogens in blood circulation. However, it 

also presents a major challenge and leads to insufficient drug delivery to treat brain diseases. 
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Optical switch-off of JAM-A by MH causes temporary disruption of BBB and offers a promising 

way to enhance drug delivery to the brain for a variety of brain diseases including gliomas.  

In contrast to photothermal heating that leads to global tissue heating including cancer 

hyperthermia, optical control neuron firing and optical control of cell behavior with thermally 

sensitive ion channels, molecular hyperthermia utilizes the thermal confinement enabled by 

ultrashort nanosecond lasers. Specifically, the nanoscale confined heating of MH operates in a 

fundamentally different time and spatial scale (10-9s, 10-9 m, Figure 1) when compared with global 

heating (1-100 s, 10-3 – 10-2 m). Excitation of plasmonic nanoparticles with even shorter laser 

pulses (picosecond or femtosecond) leads to fundamentally different mechanisms from 

photothermal effects, and has been explored for optoporation of cells and the release DNA/RNA 

from AuNP surface.155, 156  

Nanosecond laser excitation can lead to nanobubble generation at higher laser fluence than 

MH (Figure 5). Several recent studies have reported using nanosecond laser excitation of 

membrane-targeted AuNP for optoporation. For example, Xiong et al. utilized 2040 mJ/cm2 (70 

nm AuNP, 7 ns laser) to generate nanobubble and efficiently trigger optoporation.157 Yao et al. 

reported the cell-membrane permeabilization at 400~600 mJ/cm2 laser fluence (30 nm AuNP, 103 

NPs/cell, 4 ns laser) for adhesive cells.158 Comparison of the laser fluence from Yao et al. with 

Figure 5 shows that the laser fluence is close to nanobubble generation threshold and much higher 

than MH. Therefore, we attribute the protein inactivation by MH to the nanoscale heating while 

the membrane optoporation by AuNP and nanosecond laser excitation is possibly a result of vapor 

nanobubble generation.  
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There are several unanswered questions in this area. First, what is the temperature of the 

nanoparticle and surrounding water during plasmonic heating of gold nanoparticles? It is not trivial 

to obtain temperature values of both gold nanoparticles and water directly from experiment. The 

numerical model in this study used thermal properties of bulk materials and thermal interface 

conductance measured by femtosecond excitation. The thermal interface conductance on the 

nanoscale is still an emerging area with many unknowns. The nanoscale thermal properties, 

including the thermal conductivity of water, are reported to have a recognizable difference from 

their bulk values.159 It remains a challenge to develop new methods to reliably predict and validate 

temperature changes of nanoparticles during short laser excitations (e.g. nanosecond pulses). 

Second, what is the fate of AuNP? There have been some reports on nanosecond pulse induced 

particle reshaping and fragmentation.153 It is known that nanosecond laser pulses can lead to 

nanoparticle reshaping towards a more spherical geometry (for example 20-30 mJ/cm2 for 40 nm 

AuNP). The fluence we use in this paper is higher than this value and we anticipate some particle 

reshaping and even fragmentation.  Further investigation will be necessary if it is desirable to avoid 

particle fragmentation. For example, it may be possible to reduce the chance of particle 

fragmentation by further stretching the pulse duration to reduce the local temperature and extend 

the nanoscale heating duration.160 Third, how does the protein structure react to such intense 

heating? Previous studies suggest not only changes in the secondary structures of proteins but also 

in the primary structure.44-46 However, the mechanism of this protein inactivation phenomenon 

remains unclear although there have been some molecular dynamics simulations in this area.161 

The fate of the protein under MH needs further investigation. Lastly, how does the protein 

expression level affect the MH? The exact number of PAR2 and JAM-A expressed on the cell 
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surface remains to be quantified. An important next step would be to determine the receptor density 

on the cell membrane and number of AuNP targeted on the membrane. Towards this, MH may be 

a useful tool for precisely probing and manipulating protein activity at a single-cell level.162,163 

Another question is how the cell reacts to MH in real time. It may be an interesting topic to 

investigate cellular responses such as intracellular pathways164, 165 in real time after MH.  

3.3.10 Broad applicability of MH 

There has been significant interest in the use of plasmonic nanoparticles to control cell 

behavior.59, 60, 125 However, most of the techniques require thermally sensitive ion channels such 

as expressing TRPV-1 in cells, thus limiting their applications. Here MH utilizes the intrinsic 

properties of nanoscale heating to inactive neighboring proteins, thus allowing broad applications 

as demonstrated here. Furthermore, MH doesn’t require genetic modification and thus removes a 

barrier as a more general method to optically switch off protein function and control cell behaviors. 

Furthermore, MH utilizes plasmonic nanoparticles that can be engineered to strongly absorb in the 

near-infrared window for in vivo applications such as using gold nanorods166-168 or nanoshells.92 

This is a significant advantage compared with other approaches such as CALI and synthetic 

photoswitches where few photosensitizers and photoswitches work in the near-infrared window.  

3.3.11 Intracellular proteins as targets 

The two proteins in this work are both located on cell surfaces for ease of targeting. GPCRs 

are a class of the most important transmembrane proteins that transfer extracellular messages to 

intracellular signaling. More than 40% of all modern drugs and almost 25% of the top 200 best-

selling drugs target GPCRs.169 While the importance of membrane proteins can’t be overstated, 
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there are potential methods to deliver nanoparticles to target intracellular proteins. For example, 

one study suggests that hydrophobic surface modification of silicon nanoparticle conjugates 

enhances intracellular protein delivery to target intracellular protein machinery.170 In addition, it 

is possible to use other targeting methods besides antibodies as was used in this report. In 

particular, antibodies may have limited applicability for intracellular targets due to their large size, 

complex structures and disulfide bonds.171 Some promising methods utilize relatively smaller 

molecules such as aptamers172 and nanobodies173 to provide more flexibility for intracellular 

protein targeting. Also, the majority of therapeutics utilize small molecules due to their small size 

and amphiphilic properties. Thus, an alternative is to use a small molecule as a target ligand instead 

of using antibodies to achieve intracellular MH.174  

3.4 Conclusions  

In this study, we demonstrate that molecular hyperthermia (MH) allows us to optically 

switch off protein activity in live cells without genetic modification. MH is based on the nanoscale 

plasmonic heating of AuNPs to inactivate targeted proteins of interest. To demonstrate the broad 

applicability of MH, we show that MH can inactivate protease activated receptor-2 (PAR2), a G-

protein coupled receptor implicated in pain, and junctional adhesion molecule A (JAM-A), one of 

the tight junction proteins in the blood-brain barrier. In both cases, the photo-inactivation of the 

target protein did not compromise cell proliferation. Furthermore, the laser fluence used for MH 

is not sufficient to generate vapor nanobubble around AuNPs. MH is a promising method with 

broad applicability to switch off protein activity without genetic modification and will find many 

applications in biomedical sciences. 
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CHAPTER 4  

COMPUTATIONAL INVESTIGATION OF PROTEIN PHOTOINACTIVATION BY 

MOLECULAR HYPERTHERMIA 
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4.1 Introduction 

Using light to selectively and remotely control biological functions of living systems is a 

long-pursed objective in biomedical science.175 Various approaches have been developed during 

the last decade, such as optogenetics176 and synthetic photoswitches.53, 117 Optogenetics utilizes 

photosensitive molecules to genetically modify the protein of interest and enables light 

manipulation of targeted cells. This revolutionary technique helps us understand how specific cell 

type contributes to complex neural circuits and brain functions. While optogenetics is undoubtedly 

powerful, the requirement of genetic modification still limits its clinical and translational value for 

human. Another emerging approach to control protein activity with light is by synthetic 

photoswitches. However, there are limited numbers of photoswitches (mostly based on 

azobenzene) available, thus narrow options of wavelength window. To overcome these drawbacks, 

nanoparticles provide promising opportunities in this area.50, 155, 177, 178 One good candidate is the 

plasmonic nanoparticle that strongly interacts with light.179 Upon light irradiation, plasmonic 

nanoparticles convert electromagnetic wave energy into thermal energy and heat up surrounding 

medium, known as plasmonic heating.30, 136 Due to plasmonic heating, plasmonic nanoparticles 

have been used to optically control tissue and cellular behaviors, including photothermal therapy 

of tumor treatment31, neuron firing,60, 180, 181 heat shock protein expression68 and optoporation.35, 

129 

The plasmonic heating process can be engineered on different time and length scales by 

controlling the light energy input.99, 182 This is because the heat diffusion is highly related to time. 

When the energy input has a long duration and allows heat dissipation away from the particle, the 

plasmonic heating can lead to a global temperature rise in a large scale (Figure 4.1). This far-field 
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plasmonic heating effect is used in various biomedical applications, such as thermal therapy or 

hyperthermia. To achieve a tissue heating for cancer treatment, long duration or continuous light 

irradiation, i.e. seconds to minutes, is required.183 On the other hand, near-field plasmonic heating 

can be achieved by applying an intense energy input with a duration shorter than diffusion or 

relaxation time of the irradiated volume. In this scenario, the heat does not have enough time to 

dissipate away, and hence causes a highly localized heating, known as thermal confinement. The 

dissipated heat is insufficient to cause a global heating. Depending on the laser pulse duration, the 

localized heating area can be in the nanoscale (Figure 4.1). The nanoscale plasmonic heating 

provides new approaches to trigger cellular or even subcellular thermal responses with ultrashort 

laser pulses.41, 42, 44, 99  

Recently, by taking advantage of nanoscale plasmonic heating, we developed a method 

called molecular hyperthermia (MH) to photoinactivate protein activity.131, 184 MH utilizes 

ultrashort laser pulses (nanosecond) to excite a plasmonic nanoparticle (AuNP) as a nanoheater to 

thermally inactivate proteins adjacent to the nanoparticle. MH selectively inactivates enzymes 

targeted by AuNP and leaves untargeted enzymes intact, demonstrating the spatial selectivity of 

MH.131, 160 We further showed that MH can be used to inactivate cell membrane proteins in live 

cells without compromising cell viability.184 MH is a promising method to selectively and remotely 

manipulate protein activity and cellular behavior. However, MH is a complicated process, and 

involves not only heat transfer but also temperature-dependent chemical reactions (thermal 

inactivation of proteins). So far, most models of nanoparticle plasmonic heating focus only on heat 

transfer process.42, 77, 185 To better understand the MH, a numerical model would allow us to 

quantitatively describe protein inactivation induced by ultrashort laser plasmonic heating.  
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In this work, we developed a numerical model that can quantitatively describe the near-

field heating and protein inactivation during MH. With this model, we further investigated the 

important parameters for MH, such as laser pulse shape, temperature-dependence of material 

properties, and particle shape. This work provides a better understanding of the protein inactivation 

response to the near-field plasmonic heating, and design guidelines for biomedical applications of 

MH. 

Figure 4.1. Comparison between molecular hyperthermia and hyperthermia. Molecular 
hyperthermia utilizes short laser pulse (nanoseconds) to generate nanoscale heating (near-field) 
and inactivate proteins without killing cells. On the other hand, hyperthermia uses macroscale 
heating (far-field) of plasmonic nanoparticles induced by continuous irradiation (seconds to 
minutes) to kill tumor tissue. 
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4.2 Method 

4.2.1 Analytical solution for single particle heating  

The analytical solution of spherical nanoparticle heat transfer is used as a benchmark for 

numerical solution. The model is a spherical nanoparticle as a heat source immersed in water. The 

heat generation is homogeneous inside the nanoparticle and two-temperature effect is negligible 

in this study. The reason is that the electron-electron interaction time (femtoseconds) and electron-

phonon thermalization time (picoseconds) are very short compared with laser pulse duration 

(nanoseconds).29 In the analytical solution, we neglect the interfacial thermal resistance, and we 

discuss its effect in numerical solution. The single particle heat conduction model in spherical 

system was analytically solved by Laplace transformation.186 The governing equations, boundary 

and initial conditions were listed in Table 4.1: 

Table 4.1. Heat transfer governing equations, boundary and initial conditions. 
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𝑇 | = 𝑇 |  (4.4) 

𝜕𝑇

𝜕𝑟
= 0 (4.5) 

𝑇| = 𝑇 = 300 𝐾 (4.6) 

𝑇| = 𝑇 = 300 𝐾 (4.7) 
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Table 4.1. continued 

𝑄 =
𝐶 𝐹

𝑉 𝑡
[𝑢(𝑡) − 𝑢(𝑡 − 2𝜇)] 

 
(4.8) 

The analytical solution for this heat transfer model is listed in Table 4.2. The analytical 

solution was calculated in Matlab 2016b software.  

Table 4.2. Analytical solution of single nanoparticle heated by rectangular pulse. 

Heating 

process 

𝑇 (𝑟, 𝑡)|

=  𝑇

+
𝑅

𝑘

𝐶 𝐹

𝑉 2𝜇

1

3

𝑘

𝑘
+

1

6
1 −

𝑟

𝑅

−
2𝑅 𝑏

𝑟𝜋

exp (−
𝑦 𝑡

𝛾 )

𝑦

∞ (sin 𝑦 − 𝑦 cos 𝑦) sin(
𝑟𝑦

𝑅 )

[(𝑐 sin 𝑦 − 𝑦 cos 𝑦) + 𝑏 𝑦 𝑠𝑖𝑛 𝑦]
𝑑𝑦  

(4.9) 

𝑇 (𝑟 = 0, 𝑡)|

=  𝑇

+
𝑅

𝑘

𝐶 𝐹

𝑉 2𝜇

1

3

𝑘

𝑘
+

1

6
−

2𝑏

𝜋

∗
exp (−

𝑦 𝑡
𝛾 )

𝑦

∞ (sin 𝑦 − 𝑦 cos 𝑦)

[(𝑐 sin 𝑦 − 𝑦 cos 𝑦) + 𝑏 𝑦 𝑠𝑖𝑛 𝑦]
𝑑𝑦  

(4.10) 

 

 

 



 

85 

Table 4.2. continued 
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Table 4.2. continued 
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4.2.2 Finite element simulation 

All finite element simulations were conducted in COMSOL 5.3 software. The governing 

equations, boundary and initial conditions are same as Table 4.1. The thermal interfacial resistance 

was described as the following equation: 

−𝑘
𝜕𝑇

𝜕𝑟
= −𝑘

𝜕𝑇

𝜕𝑟
=

1

𝑅
 (𝑇 − 𝑇 )|  (4.16) 

The volumetric heat generation by Gaussian pulse was defined as: 

𝑄 =
𝐶 𝐹

𝑉

3

𝜇√2𝜋
𝑒

. ( )

.  (4.17) 
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4.2.3 Protein inactivation calculated by Arrhenius model 

We assume protein inactivation is a two-state, first-order kinetic model with native (N) and 

inactivated (I) state: 

𝑁
( )
⎯ 𝐼 (4.18) 

The temperature-dependence of reaction rate can be described by Arrhenius model: 

𝑘(𝑇) = 𝐴 𝑒  (4.19) 

And the inactivation of protein can be estimated by the following equation: 

𝑠(𝑟) =  𝑒 ∫ ( )  (4.20) 

In this study, we selected α-chymotrypsin as our model protein since our previous experiments 

demonstrated the feasibility of α-chymotrypsin photoinactivation by MH.131 The prefactor (A0) of 

protein inactivation is 9.75×1038 s-1 and activation energy is 244.05 kJ mol-1 for α-chymotrypsin.99 

4.2.4 Temperature-dependence of material properties  

The material properties used in numerical and analytical solution are shown in Table 4.3.  

Table 4.3. Temperature-dependence of material properties 

Parameters Expression Temperature-dependent value (ref. 187) 
Constant 

(ref. 187) 

Specific heat 

of gold 

CAu  

[J kg-1 K-1] 

399352.2·T-2+114.8987+0.032288·T 129 
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Table 4.3. continued 

Specific heat 

of water 

Cwater  

[J kg-1 K-1] 

12010.147-80.407·T+0.310·T2-5.382×10-

4·T3+3.625 ×10-7·T4 
4200 

Thermal 

conductivity 

of gold 

kAu  

[W m-1 K-1)] 

330.6431-0.02537·T-8.19×10-5·T2+6.79×10-8·T3-

2.15×10-11·T4 

317 

 

Thermal 

conductivity 

of water 

kwater  

[W m-1 K-1)] 

-0.869+0.009·T-1.583×10-5·T2+7.975 ×10-9·T3 
0.6 

 

Gold density 
ρAu  

[kg m-3] 

19501.44+1.401·T-0.003·T2+3.718 ×10-7·T3 19300 

Water 

density 

ρwater  

[kg m-3] 

838.466-0.69338·T-2.04×10-4·T2+4.30×-8·T3 998 

4.3 Results  

4.3.1 Numerical model validation  

Firstly, we confirmed the accuracy of the numerical model by comparing the numerical 

solution with the analytical solution. Figure 4.1A-B illustrates the geometry and laser profile for 

the model. An AuNP with diameter of 30 nm (DNP = 30 nm) is in the center of a spherical water 

domain. The size of water domain is 300 nm (Dwater = 300, Figure 4.2A). The temperature of the 

water domain boundary is set to 300 K (first-type boundary condition). For analytical solution, the 

AuNP is immersed in an infinite domain of water, which initial temperature is 300K. The single 
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rectangular pulsed laser (10 ns, laser intensity is 25.4 GW/m2) is used to heat the AuNP (Figure 

4.2B). Temperature profiles at three different positions from numerical simulation are compared 

with analytical solution (Figure 4.2C). For both cases, the temperature rises quickly and returns to 

initial temperature (300 K) after 40 ns. This result demonstrates that the simulation time (50 ns) is 

sufficient for single particle to cool down. We also compared the numerical and analytical solution 

of temperature distribution at three different time points (Figure 4.2D). Because the thermal 

conductivity of gold is significantly larger than water, the temperature distribution in AuNP is 

nearly uniform. The temperature difference between numerical solution and analytical solution is 

negligible. This suggests that the water domain is large enough, and the first-type boundary 

condition is satisfactory for this numerical simulation. The MH induced protein inactivation is 

calculated by the Arrhenius model. We assume that the protein distribution is homogeneous around 

the AuNPs. The protein inactivation profile was calculated along the radial direction after single 

pulse irradiation at 50 ns (Figure 4.2E). The inactivation of proteins is localized around the AuNP 

and the border of inactivation zone is quite sharp. We define the impact zone as the distance from 

particle surface to where 50% of protein stay intact (illustrated by pink color in Figure 4.2E). Both 

numerical and analytical solutions give the same impact zone (~10.5 nm, Figure 4.2F). These 

results confirm the accuracy of the numerical method.   
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Figure 4.2. Numerical model validation. (A) The model geometry of numerical simulation. DNP 
is diameter of AuNP. Dwater is diameter of water domain and is set to be 10 DNP. (B) Rectangular 
laser intensity profile in both numerical and analytical solutions. (C) Temperature profile of three 
different positions (illustrated by insert picture) by numerical and analytical solutions. (D) 
Temperature distribution of three different time points by numerical and analytical solutions. (E) 
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Protein inactivation profile in the radial direction after laser irradiation. (F) Impact zone predicted 
by the numerical method and analytical method. 

4.3.2 Effects of pulse shape and duration  

Secondly, we investigated the effect of pulse shape and pulse duration on MH. Here, we 

compared two pulse shapes, i.e. rectangular and Gaussian (bell). Also, we compared different 

durations of the Gaussian pulses. All laser pulses share the same fluence (254 J/m2, illustrated by 

shaded areas, Figure 4.3A). All Gaussian pulses start at 0 ns time point, and their peak position 

varies from 5 ns to 20 ns depending on the pulse durations. Figure 4.3B shows that the temperature 

response of AuNP varies according to pulse shapes and durations. The peak temperature of AuNP 

decreases when the pulse duration is stretched. For the rectangular shape pulse, the peak 

temperature of AuNP appears at the end of the pulse (10 ns). The protein activity distribution was 

then calculated based on the temperature profile (Figure 4.3C). Although all the pulse energy 

inputs are same, pulses with longer duration inactivate less proteins than pulses with shorter 

duration. This is due to the nonlinear temperature-dependence of protein inactivation in the 

Arrhenius model. Pulses with shorter duration generates more intense heat response and 

accelerates protein inactivation. Interestingly, the impact zone of rectangular pulse is same as the 

Gaussian pulse which peak position is at 10 ns (μ = 10 ns, Figure 4.3D). 
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Figure 4.3. Effect of laser pulse shape and duration on molecular hyperthermia. (A) The laser 
profiles with different shapes (Gaussian versus rectangular) and different pulse durations. µ is the 
center of Gaussian pulse. All laser pulses share the same laser fluence (254 J/m2). (B) Temperature 
profile of gold nanoparticle for different pulses. (C) Protein activity distribution after different 
laser pulse. (D) Effect of pulse duration on the impact zone. The dash line indicates impact zone 
of 10 ns rectangular pulse. 

4.3.3 Effect of temperature-dependent material properties 

Thirdly, we studied the effect of temperature-dependent material properties (k, Cp and ρ in 

water and AuNP) on the near-field heating and protein inactivation.  Figure 4.4A shows that no 

obvious difference was observed for temperature-dependent density and specific heat. However, 
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the temperature-dependent thermal conductivity significantly decreases the temperature profiles 

in both gold and water. Consequently, the impact zone decreases 1.4 nm when compared with the 

case with constant properties (Figure 4.4B). If we consider the temperature-dependences for all 

material properties (labeled as [k, ρ, Cp] (T)), the result is the same as the temperature-dependent 

thermal conductivity (labeled as k(T)). These results demonstrate that the temperature-dependent 

thermal conductivity has a significant effect on MH.  

 

Figure 4.4. Effect of temperature-dependent material properties. (A) Comparison of 
temperature profile in different points for constant and temperature-dependent material properties. 
(B) Comparison of impact zones for constant and temperature-dependent material properties. 

4.3.4 Effect of thermal interfacial resistance 

Next, we studied the effect of thermal interfacial resistance (or Kapitza resistance, RK) at 

gold-water interface on MH. RK originates from the mismatch of phonon transport at the gold-

water interface, which can be significantly tuned by surface chemical modifications (Figure 4.5A). 

In MH, the surface of AuNP is modified with polyethylene glycol (PEG) and antibodies. Thus, it 

is important to estimate the effect of RK on MH in a wide range. In this study, a large range of RK 
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(1×10-10 K m2 W-1 to 1×10-7 K m2 W-1) was investigated to cover data reported previously (Table 

4.4). Figure 4.5B shows that Rk increases the temperature in the AuNP significantly. In contrary, 

water temperature doesn't change with RK significantly. The water temperature has a slight drop 

only when RK is larger than 1×10-8 Km2/W (Figure 4.5B). There is a small drop in water 

temperature due to the heat flux decrease through the gold-water interface (Figure 4.5C). 

Consequently, the impact zone is smaller when RK exceeds 1×10-8 K m2 W-1(Figure 4.5D). 

However, when comparing our results with the RK values reported by previous studies (marked by 

blue shade), the thermal interfacial resistance has a negligible effect on MH. 

 

Figure 4.5. Effect of thermal interfacial resistance between gold and water. (A) Schematic of 
the interfacial resistance between AuNP and water. (B) Temperature profile for different Kapitza 
resistances at t = 9 ns. Insert figures shows the temperature profile of water at 30 nm from the 
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nanoparticle center. (C) Heat flux at the gold-water interface for different Kapitza resistance. (D) 
Impact zone for different Kapitza resistances. The interfacial thermal conductance (G) is the 
reciprocal of Kapitza resistance. 

Table 4.4. Summary of interfacial thermal resistance of nanostructures 

Material Nano-
structure 

Solvent Interfacial 
modification 

Kapitza 
resistance 

(RK, ×10-8 K 
m-2 W-1) 

Methods Ref. 

Pt Nanoparticle Water No 1.61 DMM 188 
Toluene Citrate 0.77 TA 

 AuPt Nanoparticle, 
10 nm 

Toluene Alkanethiol 20 

Nanoparticle, 
3-5 nm 

Water/alcohol Tiopronin 0.50~1.11 189 
Water/alcohol Thioalkylated 

ethylene glycol 
0.29~0.63 

Au-
core/Au
Pt-shell 

Nanoparticle, 
22nm 

Water/alcohol CTAB 0.36~0.56 

Al Flat surface Water PEG-silane 0.48~0.67 TDTR 190 
Flat surface Water OTS 1.54~1.82 

Au Nanoparticle Toluene No 8.33 DMM 188 
Water Citrate 0.83~1.11 SAXS 142 

Flat surface Water C18 1.82~2.22 TDTR 190 
C11OH 0.83~1.25 

Nanorod Water CTAB 0.22~0.77 TA 191 
PEG-COOH ~0 

(underestim
ated) 

Nanoparticle Toluene No 1~2 LJ 
model 

192 
Water 0.59~0.67 

Flat surface No Dodecyltrietho
xysilane 

2.78 TDTR 193 
 

 
 
 
 
  

11-mercapto-
undecyltrimeth

oxysilane 

1.54 
 

11-amino-
undecyltrietho

xysilane 

2.12 
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Table 4.4. continued 

   
11-bromo-

undecyltrimeth
oxysilane 

2.56 
  

Dodecyl-
dimethyl-

monochlorosila
ne 

2.94 
 

Nanorod Methanol CTAB 2.5~3.13 TA 194 
Ethanol 2.63~3.85 
Toluene 2.86~4 
Hexane 3.45~4.76 

Flat surface Water n-
undecanethiol 

(n=11~18) 

1.43~1.67 TDTR 195 

Methyl 3-
mercaptopropi

onate 

0.65~0.8 

11-(1H-pyrrol-
1-yl) 

undecane-1-
thiol 

0.65~0.8 

11-Mercapto-
1-undecanol 

0.45~0.63 

11-Mercapto-
undecanoic 

acid 

0.45~0.63 

Nanorod Water CTAB 1.2 TA 196 
PEG 0.44 

Flat surface Hexylamine SAMs 0.48~1.82 EMD 197 
Carbon Nanotube D2O Polystyrene 

sulphonate 
surfactant 

8.33 TA 198 

 

4.3.5 Effects of nanoparticle shape: nanosphere versus nanorods 

Lastly, we investigated the effect of nanoparticle shape on MH. Gold nanorod (AuNR) is 

another type of nanoparticles that commonly used in biomedical related area. Biological tissue 
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significantly absorbs and scatters visible light, and is more transparent to near infrared light. 

AuNRs response to light in near-infrared range and offer better light penetration depth for 

biological tissue. To estimate the AuNR performance for MH, AuNRs with different aspect ratio 

are studied here (Figure 4.6A). We keep two factors the same for all particles: particle volume 

(VNP) and volumetric heating rate (Qv). These conditions ensure the same amount of heat is 

generated among nanoparticles with different shapes. The results suggest that gold nanosphere 

(AuNS) has the highest temperature increase and nanoparticle temperature decreases with the 

aspect ratio (Figure 4.6B&D-E). Compared with AuNS, AuNR has higher surface area and 

therefore enhances the heat dissipation to the surrounding medium, resulting in a lower 

nanoparticle temperature.  

We further investigated the protein inactivation for different shapes of gold nanoparticles 

(Figure 4.6C&F-G). The impact zone in the axial direction (z-direction) decreases with higher 

aspect ratio. It is interesting that the impact zone in the radial direction (r-direction) firstly increases 

for nanorod with aspect ratio of 2 compared with spherical particle, but then decreases with aspect 

ratio from 2 to 6 (Figure 4.6F). The impact zone in the r-direction reaches maximum value when 

aspect ratio is around 1.75. We further compared the impact volume for particle with different 

shapes, which is defined as the volume where proteins are inactivated by the near-field heating. 

The impact volume decreases with increasing aspect ratio for AuNRs as a result of higher surface-

to-volume ratio and heat dissipation rate than spherical nanoparticle (Figure 4.6G). It is worth 

noting that we only considered constant volumetric heating generation in these comparisons. 

AuNRs have two plasmonic peak, corresponding to localized surface plasmon resonance (LSPR) 

from longitudinal and transverse modes. By adjusting the aspect ratio of AuNRs from 2 to 6, the 
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longitudinal peak can be tuned from 600 nm to more than 1000 nm. Also, the longitudinal peak 

absorption is significantly higher than transverse peak (Figure C1). Thus, by applying laser at 

longitudinal peak, AuNR would generate more heat than AuNS.  
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Figure 4.6. Effect of particle shape on molecular hyperthermia. (A) Different shapes of gold 
nanoparticles. Aspect ratio is defined as the ratio between length and radius of rod. All particles 
have the same volume. (B) Temperature distribution around gold nanoparticles with different 
aspect ratios. (C) Protein activity distribution around gold nanoparticle. 100% indicates all proteins 
are intact and 0% indicates all proteins are inactivated, the boundary of impact zone (50%) is 
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shown in white color. (D) Temperature distribution in the axial direction for gold nanoparticles 
with different shapes. (E) Temperature distribution in the radial direction for gold nanoparticles 
with different shapes. Insert is gold temperature profile as a function of time. (F) Impact zone 
changes with aspect ratio in the axial and radial directions. (G) Impact volume for gold nanosphere 
and nanorods with different aspect ratios.  

4.4 Discussion 

In this study, we built a computational model to study the protein inactivation behavior 

during MH. We studied important factors that affect the protein inactivation in MH including laser 

shape, duration, temperature-dependent material properties, thermal interfacial resistance, and 

nanoparticle shape. The results provide a guideline in designing and applying MH for various 

biomedical applications. There are several interesting aspects that have emerged from our studies. 

4.4.1 Material properties in the nanoscale 

The material properties utilized here are all obtained from bulk materials. However, the 

physical properties of material may vary in the nanoscale. For example, the melting temperature 

of AuNP drops significantly compared with bulk gold when the particle size is smaller than 10 nm 

199. Since we use 30 nm AuNP in our study, the melting point of particles in our study can be 

considered the same as bulk gold (1337K). Also, we limited our laser energy to ensure the 

nanoparticle temperature below gold melting point. Therefore, we didn’t consider the phase 

change effects in this study. However, AuNP could undergo phase change process at high laser 

fluence and possibly reshaping and fragmentation. Besides melting temperature, the thermal 

conductivity is also reported to be highly dependent on material size when it comes to nanoscale. 

Chen et al. estimated the thermal conductivity for 3 nm AuNP to be 24.14 W/(m·K), an order 

magnitude lower than bulk gold.200  In our previous study, we compared finite element model and 



 

101 

molecular dynamics model to investigate the material properties of both gold and water in 

nanoscale.131 We found an obvious mismatch between two models when we use bulk material 

properties in FEM. This indicates that the size-dependence of material properties needs to be 

considered in computational methods. However, a lot remains unknown in this area and further 

experimental and numerical studies are required to elucidate the heat transfer process in the 

nanoscale.  

4.4.2 Protein inactivation in wide temperature range 

In this study, we adopted a conventional Arrhenius model for protein inactivation process 

in which both prefactor and inactivation energy are independent of temperature. This hypothesis 

is valid for low temperature range. However in a wider temperature range, the activation energy 

and prefactor both vary with temperature as demonstrated by our previous study.160 Also, the 

protein inactivation process is assumed to a first-order, irreversible process in this study. The 

thermal inactivation of protein is a much more complicated process and is highly dependent on the 

protein structure.201  

4.5 Conclusions 

In this study, we numerically investigate protein photoinactivation during MH by 

combining the heat transfer model with the chemical reaction model. Impact zone is defined to 

quantify the protein inactivation efficiency. Firstly, we studied the effect of pulse shape and 

duration and found that stretching the laser pulse duration reduces impact zone with the same laser 

energy. Secondly, we demonstrated that temperature-dependent material density and specific heat 

have negligible effect on MH, while temperature-dependent thermal conductivity decreases the 
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impact zone. Thirdly, thermal interface resistance has a limited impact on MH below 1×10-8 K m2 

W-1. Lastly, the nanosphere has larger impact volume than nanorods with the same heat generation. 

In summary, this work provides a theoretical interpretation of protein photoinactivation by MH 

and offers a clear guideline to design MH for biomedical applications. 
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CHAPTER 5  

CONCLUSION AND FUTURE RESEARCH DIRECTIONS 

5.1 Conclusion  

In this dissertation, we firstly introduced fundamentals and applications of LSPR. 

Specifically, we focused on the plasmonic heating in different scales. By carefully checking the 

thermophysical interactions between light and nanoparticle, we demonstrated the feasibility of 

generating a nanoscale heating by tuning the laser energy and duration. By systematically 

reviewing previous works of optical manipulation methods enabled by nanostructures, we 

demonstrated the feasibility to precisely control biological activity in living systems using light 

and plasmonic heating. Secondly, we demonstrated an enzyme protein (α-chymotrypsin) can be 

selectively inactivated by plasmonic heating of AuNP under the irradiation of nanosecond laser. 

Importantly, the nanosecond laser irradiation leads to a nanoscale heating around the AuNP 

without causing macroscopic effects, i.e. collective heating. This indicates a promising method to 

control protein behavior in living system, known as molecular hyperthermia (MH). Next, we 

demonstrated for the first time to switch off protein activity in live cells with MH. We showed that 

protease-activated receptor 2 (PAR2) and a tight junction protein can be inactivated by MH with 

good precision. Importantly, MH is a transient and safe protein inactivation method does not cause 

significant cellular damage. Lastly, to better understand the mechanism of MH, we performed a 

numerical investigation to systematically study the effects of different parameters in MH, 

including laser pulse shape and duration, temperature-dependent material properties, interfacial 

thermal resistance, particle size and shape. This work provides a theoretical interpretation of 
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protein photoinactivation by MH and offers a clear guideline to design MH for biomedical 

applications. In summary, MH uses the plasmonic heating of AuNPs in the nanoscale to thermally 

inactivate proteins of interest. MH is demonstrated to be an effective way to inactivate protein with 

great precision, and can be a potential therapeutic method for disease treatment without genetic 

modification.   

5.2 Future research directions 

For the future development of MH, there are several important fundamental questions need 

be answered: 

(1) How to measure temperature in the nanoscale and in a real-time manner?  

The fundamental of this study is based on nanoscale heating generated by plasmonic 

nanoparticle. We confirmed the nanoscale heating generation with various evidences, including 

photoacoustic, particle fragmentation and protein inactivation (Chapter 2&3). And we used 

numerical model to quantitatively estimate the nanoscale heating (Chapter 4). However, to directly 

measure the temperature in the nanoscale and in real time is always preferred. Unfortunately, there 

are few reliable experimental tools that can meet this requirement so far. Here, we briefly review 

some efforts have been done towards this goal. Plech et al. utilized time resolved small angle x-

ray scattering (SAXS) to investigate the lattice expansion of AuNP with a femtosecond laser 

irradiation. With this method, they measured the temperature of AuNP change on an ultra-fast time 

scale (0.1 ps resolution).202 They also used wide angle x-ray scattering (WAXS) to check the water 

expansion signal. Takami et al. measured the temperature of AuNP by monitoring black body 

emission spectrum.203 They found that the particle can reach a temperature of about 2500 K. 
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Instead of using optical methods, nanometre-scale thermometry can also be used to check the 

temperature around an excited plasmonic nanoparticle. For example, Kucsko et al. used nitrogen-

vacancy centers in diamond nanocrystals to directly measure the local thermal environment on 

length scale as short as 200 nm.204 For the future development of MH, it is necessary to measure 

the temperature directly in the nanoscale and in real time. 

(2) What is the fate of AuNPs under laser irradiation? 

We have observed that the plasmonic nanoparticle can be fragmented after high energy 

laser irradiation (Figure A5). This raises the following question: does particle fragmentation 

contribute to protein inactivation during MH? To answer this question, it is necessary to understand 

the physics of particle fragmentation under the short and ultra-short laser pulse irradiation.  

Previous works have been done and demonstrated multiple mechanisms are responsible to 

laser-induced the particle fragmentation. As stated in Chapter 1, particle fragmentation originated 

from plasmonic heating. Therefore, it is highly dependent on laser duration and energy. 

Fragmentation induced by femtosecond laser pulse is triggered mainly by electron-ejection and 

ionization of the nanoparticle. The ionized nanoparticles could be teared up by Coulomb force 

under high energy laser pulse, known as Coulomb explosion. On the other hand, nanosecond laser 

heats particles without charging them, and induces fragmentation by thermal effect such as 

material melting and thermal evaporation. However, it is still unclear what causes the particle 

fragmentation of AuNPs under picosecond laser irradiation. It is likely to be a mixed mechanism 

of both thermal effects and the Coulomb explosion. In 2020, Ziefuss et al. studied the caloric and 

kinetic related behavior of AuNP fragmentation under picosecond laser.205 They found that the 

particle fragmentation happens within 30 ns after laser irradiation, and an arrested growth of the 
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fragmented particles was observed in a longer time range. However, they cannot determine 

whether the fragmentation was caused by thermal effects or Coulomb explosion. Knowing the 

mechanism of particle fragmentation will helps us to design the plasmonic nanoparticles with 

better laser stability. This will not only benefit applications of MH, but also have a broad impact 

on investigations in plasmonic nanomaterials.  

(3) What is the fate of proteins during MH: fragmentation or unfolding?   

The protein inactivation by MH leads to particle aggregation and indicates the protein 

unfolding (Chapter 2). With a higher laser energy, protein fragmentation was reported (Chapter 

1). 46 It is important to understand protein structure change during MH in both a caloric manner 

and a kinetic manner. The protein fragmentation in liquid under an extreme circumstance is still 

an unknown area due to the lack of effective experimental methods. The plasmonic heating of 

AuNPs with high laser energy can generate localized heating and induces high pressure generation. 

Thus, we can use MH as a novel tool to check the protein structure change under extreme 

conditions.  

(4) Is there any contributions from LSPR effects other than heating? 

Beside of plasmonic heating, there are several effects induced by LSPR (Chapter 1). Hot 

electron transfer is considered to be responsible for various photo-enhanced chemical reactions. 

Essentially, the protein inactivation is a chemical reaction. This leads us to ask: how much does 

hot electron transfer contribute to MH? To differentiate plasmonic heating effect from other 

effects, several practical ways were proposed by Baffou et al, including varying the illumination 

power, the light beam diameter and polarization, etc.206 In the future, we can apply these techniques 

to MH and quantify the contributions from different LSPR effects.  
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APPENDIX A 

SUPPORTING INFORMATION FOR CHAPTER 2 

 

 

 

 

Figure A.1. Photoacoustic measurement of AuNP nanoscale heating induced thermoelastic 
expansion. The photoacoustic signal is at approximately 30 μs. 
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Figure A.2. Circular dichroism (CD) measurement of Cht thermal stability (A) CD spectrum 
for native and denatured Cht. The obvious CD intensity change at 230 nm corresponds to α-helix 
structure and was used to monitor the protein melting temperature. (B) Melting temperature of Cht 
was determined by a temperature scan. A Boltzmann fit was used to calculate the melting 
temperature. 
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Figure A.3. AuNP characterization by dynamic light scattering (DLS). DLS measurement of 
15 nm (A), 30 nm (B) and 5 nm (C). AuNP, including citrate, PEG and Cht coating. The increase 
in particle diameter after PEG coating was used to estimate the PEG length (4.0 nm for 5 nm 
AuNP, 3.9 nm for 15 nm AuNP and 5.8 nm for 30 nm AuNP). 
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Table A.1. The DLS measurement summary for different samples.  

Sample Z-average (nm) PDI 

AuNP 15 nm 17.61 0.053 

AuNP-PEG1K 15 nm 25.44 0.096 

AuNP-PEG1K-Cht 15 nm 28.16 0.165 

AuNP 30 nm 37.29 0.112 

AuNP-PEG1K 30 nm 48.83 0.165 

AuNP-PEG1K-Cht 30 nm 55.02 0.143 

AuNP 5 nm 6.44 0.176 

AuNP-PEG1K 5 nm 14.53 0.252 

AuNP-PEG1K-Cht 5 nm 19.32 0.343 
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Figure A.4. Standard curve for the protein (Cht) activity. The data is measured at 25 °C for 2 
min using the plate reader. 
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Figure A.5. TEM of AuNPs before and after laser treatment. (A) 15 nm AuNP before laser 
irradiation; (B) 15 nm AuNP after low power laser pulse irradiation (137 mJ/cm2). A minor 
population of smaller particles were seen. (C) 15 nm AuNP after high power laser pulse irradiation 
(609 mJ/cm2). Significantly more small particles (3 nm-5 nm) are generated.  



 

113 

 

 

 

 

 

Figure A.6. Agarose gel electrophoresis of AuNP and Cht samples. (A) Electrophoresis for 
native, low laser pulse energy (136.1 mJ/cm2) treated, and heat-treated (100 °C for 30 min) 
samples. Citrated-coated AuNP (labeled as AuNP) is aggregated in the well after adding the TBE 
buffer, while PEG-coated AuNP can run stably in the gel without aggregation. With additional Cht 
coating, AuNP-PEG-Cht conjugate runs slower.  Due to the positive charge of Cht in the running 
buffer, the protein traveled towards the negative charge end that can be seen in negative direction 
after Coomassie brilliant blue staining. The laser treatment does not significant change the 
electrophoresis behavior of AuNP samples. However, the heating (100 °C for 30 min) leads to 
AuNP-PEG-Cht aggregation during to protein unfolding. (B) Electrophoresis for high power pulse 
energy (609.0 mJ/cm2) shows significant AuNP fragmentation as shown the broader band in PEG-
coated AuNP and significant aggregation for AuNP-PEG-Cht conjugate due to protein unfolding. 
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Figure A.7. UV-Vis spectrum for native, laser pulse treated, and heat-treated samples. (A) 
AuNP samples before laser or heat treatment. PEG coating increases the the peak position of the 
spectrum by 1 nm and the Cht coating increases the peak wavelength by 4 nm. (B) Citrated 
stabilized AuNP only show obvious aggregation after bulk heating (boiling for 30 min). (C) PEG 
coated AuNPs are sTable at all conditions attempted. (D) Cht conjugation leads to particle 
aggregation at high power pulse energy (609.0 mJ/cm2) and bulk solution heating (100 °C for 30 
min) due to Cht unfolding.  
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Figure A.8. ThermoFluor measurement of Cht unfolding and aggregation. The data shows 
that the midpoint temperature of the protein unfold transition (Tm) for Cht is around 47 °C. 
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Figure A.9. Journal cover for publication in Chapter 2. 131 
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APPENDIX B 

SUPPORTING INFORMATION FOR CHAPTER 3 

 

Figure B.1. Characterization of PAR2-targeting plasmonic gold nanoparticles (AuNP). (A) 
Schematic of the antibody functionalization on AuNP. (B) Transmission electron microscopy 
(TEM) imaging for 45 nm AuNPs (Scale bar: 50 nm). (C) Dynamic light scattering (DLS) 
measurements for bare AuNP, polyethylene glycol (PEG) coated AuNP (AuNP-PEG), control 
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antibody-coated AuNP (AuNP-Ctrl Ab), PAR2-targeting antibody-coated AuNP in borate buffer 
and in cell medium (AuNP-MAB3949). (D) UV-Vis spectroscopy measurements of AuNPs before 
and after PEG and MAB3949 modification. The insert shows that the antibody conjugation shifts 
the peak by 4 nm, from 532nm to 536 nm. (E) Western blot of dorsal root ganglion (DRG) samples 
from wild type mouse (PAR2 +/+) and PAR2 knockout mouse (PAR2 -/-), GADPH refers to 
Glyceraldehyde 3-phosphate dehydrogenase. (F) Fluorescent immunocytochemistry imaging of 
HEK293 cells (prefixed with methanol). Nucleus is in blue (Hoechst), FRET Ca2+ indicator (TN-
XXL) is in green, and PAR2 is in red (Alexa 633). AuNP-MAB3949, AuNP-PEG, MAB3949 
groups represent incubating PAR2 antibody-AuNP conjugate, AuNP-PEG conjugate, and free 
PAR2 antibody (MAB3949( with the cell after methanol fixing, respectively. The secondary only 
refers to incubating the cell with secondary antibody only without the primary PAR2 antibody. 
Scale bar: 10 μm.  
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Figure B.2. The standard calibration curve to determine antibody concentration on the 
AuNP surface. Protein concentration on the AuNP surface was determined by measuring the free 
antibody in the supernatant after centrifugations (6.21 μg/mL).  
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Figure B.3. Ca2+ signaling induced by PAR2 activation. (A) Schematic illustrating Ca2+ 
signaling due to PAR2 activation. PAR2 agonist 2-at-LIGRL-NH2 (2AT) binding leads to robust 
Ca2+ signals that can be measured by a FRET-based Ca2+ sensor (TN-XXL). (B) FRET response 
of Ca2+ release due to PAR2 activation by 2AT (316 nM). (C) The FRET ratio (ΔR/R) signal for 
different concentrations of 2AT. (D) Dose-response curve of maximum ΔR/R for HEK293 cell in 
response to 2AT (EC50 = 101.5 ± 28.7 nM, n = 4). The black arrow indicates the concentration of 
2AT used in this study. 
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Figure B.4. Additional control experiments for molecular hyperthermia. (A) PAR2 activity 
and cell viability for the control group (cells without AuNP incubation) before and 30 minutes 
after laser irradiation (100 mJ/cm2, 10 pulses). (B) PAR2 activity with MAB3949 incubation 
shows that MAB3949 alone does not affect PAR2 activity up to 66 nM.   
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Figure B.5. Additional data for (A) Molecular hyperthermia of PAR2 under different particle 
concentrations. (B) Cell proliferation for different groups. (C) Replot of figure 2E by adding PEG 
coated AuNP. For all figures: (a) AuNP-PEG, no laser; (b) AuNP-control antibody (Ctrl Ab), no 
laser; (c) AuNP-MAB3949, no laser; (d) AuNP-PEG, with laser; (e) AuNP-Ctrl Ab, with laser; (f) 
AuNP-MAB3949, with laser. (D) Bulk medium temperature measurement before and after laser, 
[AuNP] = 0.5 nM.  
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Figure B.6. Propidium iodide (PI) staining assay to examine cell membrane integrity and 
necrosis. (A) Negative control (no AuNP, no laser), (B) With AuNP incubation, no laser 
irradiation. (C) With laser irradiation (100 mJ/cm2, 10 pulses), no AuNP incubation. (D) MH group 
([AuNP-MAB3949]=0.32 nM, 100 mJ/cm2, 10 pulses). (E) Positive control (prefixed cells with 
100% methanol). (F) Quantification of necrotic cells percentage. The percentage was calculated 
by number ratio of PI-stained and Hoechst-stained cells.  
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Figure B.7. Selective photo-inactivation of protease activated receptor 2 (PAR2) without 
compromising somatostatin receptor 2 (SSTR2) activity. (A) Ca2+ signal by PAR2 activation. 
(B) Ca2+ signal by SSTR2 activation.  
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Figure B.8. Characterization of JAM-A antibody (BV16) coated AuNP. (A) DLS and (B) UV-
Vis measurements. AuNP-PEG is included as a control group. The insert shows that the antibody 
conjugation shifted the peak by 3 nm.   
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Figure B.9. Fluorescent immunocytochemistry staining of hCMEC/D3 cells. AuNP 
concentration is 0.5 nM, BV-16 concentration is 5 μg/mL and incubation time is 30 mins. Nucleus 
is in blue (Hoechst), JAM-A is in green (secondary antibody conjugate with Alexa 488) (scale bar: 
20 μm).  
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Figure B.10. Optical properties of 45 nm AuNPs and laser power profile. (A) Optical 
properties of 45 nm AuNPs simulated by Mie theory. The insert shows a comparison of normalized 
extinction coefficient from Mie theory (line) with experimental measurement (black square). (B) 
Nanosecond laser pulse profile (full width half maximum or FWHM = 6 ns).  
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Figure B.11. Simulation of gold nanoparticle laser heating and comparison of finite element 
method (FEM) and molecular dynamics (MD) simulation. (A) 3D temperature distribution of 
AuNP and surrounding medium at 8 ns in response to a 100 mJ/cm2 nanosecond laser pulse. (B) 
Temperature distribution of AuNP and surrounding medium at different time points. (C) 
Temperature profile of AuNP and surrounding medium as a function of time at different distances. 
(D) Model geometry for molecular dynamics (MD) and finite element method (FEM) simulation. 
(E) Temperature profile at the AuNP center for MD and FEM methods. (F) Temperature profile 
of water at the gold nanoparticle surface for MD and FEM methods.  
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Figure B.12. Schematic illustration of molecular hyperthermia  
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Table B.1. Lennard-Jones (LJ) parameters for TIP3P and and non-bonded interactions.144 

Parameters Values 

𝜀 (𝑘𝐽/𝑚𝑜𝑙) 0.588 

𝜎 (�̇�) 3.383 

𝜀 (𝑘𝐽/𝑚𝑜𝑙) 0.646 

𝜎 (�̇�) 3.166 

𝜀 (𝑘𝐽/𝑚𝑜𝑙) 0.000 

𝜎 (�̇�) 2.473 

𝜀 (𝑘𝐽/𝑚𝑜𝑙) 0.000 

𝜎 (�̇�) 1.781 
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APPENDIX C 

SUPPORTING INFORMATION FOR CHAPTER 4 

 

Figure C.1. Calculated absorption cross section (Cabs) for gold nanosphere and nanorods 
with different aspect ratio.   
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APPENDIX D 

MATLAB FUNCTION 

This Matlab function calculates the analytic solution in Table 4.2.  

function 
[T,radius,time]=goldenberg(R_NP,C_abs,R_dom,I,laser_dur,sim_dur,
dim_t,dim_r) 
syms t r T1 T2 
densw = 1000; 
condw = 0.6; 
condg = 317; 
cpw = 4.2*10^3; 
densg = 19.3*10^3; 
cpg = 129; 
thdifg = 1.27*10^-4; 
thdifw = 1.47*10^-7; 
% GNP size 
R_NP = R_NP*10^-9; 
V = 4/3 * pi * R_NP^3; 
A = 4 * pi * R_NP^2; 
R_dom = R_dom*10^-9; 
% laser properties; 
heatgenerate = I*C_abs*10^-18; %W/m^2*m^2 
g = heatgenerate / V; 
sim_dur = sim_dur*10^-9; 
laser_dur = laser_dur*10^-9; 
lp = thdifg*laser_dur/(R_NP^2); 
% equation constant 
a = R_NP^2 / thdifg; 
b = (condw / condg) * sqrt(thdifg/thdifw); 
c = 1 - condw / condg; 
% for step 
timestep = dim_t; 
mesh = dim_r; 
delt = sim_dur/timestep; 
delx = R_dom/mesh; 
  
for j=1:(timestep + 1); 
     
    t=delt*(j-1); 
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    time(j)=t; 
     
    tau(j) = thdifg*t/(R_NP^2); 
     
    for i=1:(mesh+1); 
  
        r= delx*(i-1); 
         
        radius(i) = r; 
      
        gamma(i) = r/R_NP; 
         
        w(i) = (r/R_NP-1)*sqrt(thdifg/thdifw); 
         
     if tau(j) < lp; 
         
        if gamma(i) < 1; 
             
            in1=@(y)(exp (-y.^2.*tau(j))./(y.^2)).*(sin(y)-
y.*cos(y)).*sin (gamma(i).*y)./((c.*sin(y)-
y.*cos(y)).^2+b^2.*y.^2.*(sin(y)).^2); 
      
            inte1(i,j)=integral(in1,0,inf); %quadgk 
  
            thet(i,j)=condg/3/condw+(1-gamma(i).^2)/6-
2*b./gamma(i)/pi.*inte1(i,j); 
        else  
             
            in2 = @(y)(exp (-y.^2*tau(j))./(y.^3)).*(sin(y)-
y.*cos(y)).*(b*y.*sin(y).*cos(w(i).*y)-(c.*sin(y)-
y.*cos(y)).*sin(w(i).*y))./((c.*sin(y)-
y.*cos(y)).^2+(b^2).*(y.^2).*(sin(y)).^2); 
             
            inte2(i,j)=integral(in2,0,inf); 
             
            thet(i,j) = (condg/3/condw-
2/pi*inte2(i,j))/gamma(i); 
        end 
      else  
          if gamma(i) < 1; 
               
            in1=@(y)(exp (-y.^2.*(tau(j)-laser_dur/a))-exp (-
y.^2*tau(j)))./(y.^2).*(sin(y)-y.*cos(y)).*sin 
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(gamma(i).*y)./((c.*sin(y)-
y.*cos(y)).^2+b^2.*y.^2.*(sin(y)).^2); 
             
            inte1(i,j)=integral(in1,0,inf); 
             
            thet(i,j)=2*b./gamma(i)/pi.*inte1(i,j); 
          else  
            in2 = @(y)(exp (-y.^2.*(tau(j)-laser_dur/a))-exp (-
y.^2*tau(j)))./(y.^3).*(sin(y)-
y.*cos(y)).*(b*y.*sin(y).*cos(w(i).*y)-(c.*sin(y)-
y.*cos(y)).*sin(w(i).*y))./((c.*sin(y)-
y.*cos(y)).^2+(b^2).*(y.^2).*(sin(y)).^2); 
              
             inte2(i,j)=integral(in2,0,inf); 
              
             thet(i,j) = 2/pi*inte2(i,j)/gamma(i); 
          end 
      end 
    end 
end 
thet(1,:)=thet(2,:); 
T = abs(thet * R_NP^2 *g / condg); 
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