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Abstract

Modulating neural activity is essential to clinical treatment of neurological
disorder and to the study of neural function. In particular, there has been growing
interest in the development of a contact-free and high spatial selective infrared
neural stimulation (INS) technique for use in clinics as well as research area.
Despite a potential of INS for modulating neural activities, INS suffers from
limited light confinement and tissue damage due to bulk heating. This dissertation
provides fundamental information on the development of enhanced INS that could
circumvent the limitations of conventional INS. The first part of this dissertation
demonstrates for the first time that localized surface plasmon resonance of gold
nanorods (GNRs) could induce neural depolarization with safe manner by lowering
the stimulation threshold. To perform optical stimulation of neural tissue with
GNRs, controllable fiber-coupled laser diode system, GNRs complex and neural
cells are prepared. Pulsed near-infrared (NIR) light to efficiently absorbed to GNRs
rather than bulk tissue and converted into localized heat which finally triggers
neural activation. In the second part of this dissertation, surface-modified GNRs
are used to bind to neuronal membrane to achieve washout resistance and to locally
heat the neuronal membrane for which neural activation is responsible. INS using
cell-targeted GNRs are employed in other types of cells, which is discussed in third

part of this dissertation. Transient intracellular calcium waves are evoked in the



astrocyte cells revealing GNRs-mediated INS stimulation can be applied in variety
of cells. In the last part of this dissertation, the mechanism underlying GNRs-
mediated INS is discussed. [llumination of NIR light to the GNRs at their resonant
wavelength leads to local electromagnetic field enhancement and the generation
localized heat. Local heat diffuses to the nearby plasma membrane which result
transient temperature elevation. Transient temperature increase lead to capacitance
change and/or opening of the temperature sensitive ion-channel (e.g. transient
receptor potential vanilloid 1 (TRPV1) channel) which both trigger the neural
depolarization. A neuron model is developed to theoretically and mathematically
demonstrate on the mechanism underlying GNRs-mediated INS. These
experimental and theoretical findings are expected to open up new possibilities for
applications to non-invasive investigations of diverse excitable tissues and

treatments of neurological disorders.
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Chapter 1: Introduction

This chapter introduces the motivation behind the research for this
dissertation, particularly why gold nanorods (GNRs) are employed in optical neural
stimulation. In addition, this chapter defines the objectives of the thesis on
developing safe, effective and wide applicable optical neural stimulation system

with theoretical elucidation.

1.1. Background

1.1.1. Neuroprosthetic devices

Neuroprosthetic devices are implantable electronics devices that can replace
or restore the impaired sensory and motor function by external stimuli of neural
tissue. Until now, people suffering from hearing loss, vision loss and movement
disorder benefit from cochlear implant [1-3], retinal implant [4-6], and deep brain
stimulation (DBS) [7, 8], respectively. Among them, cochlear implant has been the
most successful and helped more than 120,000 people since 1980s. Patient with a
damaged hair cells cannot hear, since the hair cells cannot translate sound wave to
electrical signal. In this case, cochlear implants directly stimulate auditory nerve
bypassing the damaged hair cells and enable patient to hear. The success story of
cochlear implant inspired engineers and clinicians to develop an electronic device
for the blind patients. Age-related macular degeneration (AMD) and retinitis
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pigmentosa (RP) are the most common retinal degenerative diseases leading to
blindness. Patients suffering from these diseases have a problem in photoreceptor
which converts light into electrical signal. Similar to the cochlear implant, retinal
implant directly simulate optic nerve and substitute the function of the
photoreceptor [9]. Finally, DBS stimulates neural tissue in the deep brain area for
the treatment of Parkinson’s diseases, essential tremor, and movement disorder [7].
The fundamental idea underlying neuroprosthetic devices is the modulation of
neural activity by external stimulation. The principles and the methodologies of

neural stimulation techniques will be detailed in the following chapter 1.1.2.

1.1.2. Neural stimulation techniques

Modulating neural activities is important to the clinical treatment of
neurological disorder as mentioned in chapter 1.1.1 and to the study of the
neuroscience. Up to date, electrical stimulation has been commonly used. Injection
of electric charges to the neural cell alters the conductance of voltage-gated ion
channels and lead to neural activation [10]. Electrical method is simple, reliable,
robust and easy to control [11]. However, electrode must be inserted into and
directly contact to the neural tissue causing severe tissue damage [11, 12].
Moreover, since biological tissue is a good conductor, electric charge spreading is
inevitable limiting spatial selectivity [11]. Alternative neural stimulation techniques
such as magnetic [13-15], mechanical [16] and optical methods [12, 17-20] have
been suggested to modulate neural activities in central and peripheral nervous

systems (Table 1).

As one of the most promising neuro-modulation technique, optical

stimulation has gained popularity in the last decade, due to its appealing features
e q i
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compared to the electrical stimulation: contact-free and electrical artifact-free
stimulation with a spatiotemporally precise control [12, 17-19]. In particular,
optogenetics technique has gained increasing attention in modulating neural
activity by expressing light-sensitive cation channels such as channelrhodopsin-2
(ChR2) and halorhodopsin on the membrane of neurons [18, 19]. Although it is an
excellent tool for preclinical breakthroughs, optogenetics is still unavailable in
clinical use owing to controversial issues of genetic manipulation in human.
Femto-second pulsed laser is an alternative tool for stimulating neural cells
requiring neither genetic modification nor exogenous chemical compound with
high spatiotemporal precision [21, 22], but it may produce significant photo-
damage due to the generation of reactive oxygen species (ROS) upon laser

irradiation [23] (Table 1).

Table 1 Comparison of neural stimulation techniques

Electric Mechanical Magnetic Optogenetics Optical method

method method method method (INS, femtosecond)
Robustness o A X o A
Spatial A A x o o
selectivity
Cellular
damage X A A X A
free
Surgical
procedure X o o x A
free
1.1.3. Infrared neural stimulation (INS)

Infrared neural stimulation (INS) is a method that could modulate neural

activities by irradiating pulsed infrared light with a light wavelength in the range of



1.4 um ~ 6 um and duration of 100 us ~ 1000 ps [17, 20]. In 2005, Jonathon Wells
et al., first demonstrated that low-level, pulsed infrared light could elicit compound
nerve and muscle potential in rat sciatic nerve in vivo [24]. They were able to
evoke neural activities by optical pulse having energy below the tissue ablation
threshold. Following the work done by Jonathon Well et al, INS has been
successfully employed not only in the peripheral nervous system (PNS) but also in
the central nervous system (CNS). Optical stimulation of thalamocortical brain
slice was able to evoke action potentials without electrical artifact [25]. Attempts to
use of INS in the clinics especially for the cochlear implant have emerged since
optical stimulation has incomparable spatial selectivity against electric stimulation
used in the conventional cochlear implant [26-28]. The first human trials were
conducted on human spinal nerve roots and found out INS worked well on human
nerve as well. In this case, thermal damage was first noted at 1.09 J/cm? and a
safety ratio of 2:1 was identified [29]. Moreover, attempts to optimize the
stimulation parameters as well as speculation of reducing radiant exposure have
been performed. Austin R. Duke et al. found that combined optical and
subthreshold electrical stimulus can lower the radiant exposure energy [30, 31].
Interestingly, in some case of which duration of optical pulse is bigger than 1 ms,
nerve conduction was blocked. Austin R. Duke et al, showed pulsed infrared light

could inhibit electrically initiated axonal activation in Aplysia [32] (Table 2).

While the underlying mechanism of INS is not clear yet, recent evidences
have suggested that heat-related physiological change seems to be a key factor [17,
33]. Shapiro et al. have shown that transient heat near the plasma membrane
induced an increase in the membrane capacitance, leading to a membrane potential
change even without the aids of ion channels [34]. They experimentally discovered

that membrane capacitance is increased when irradiating pulsed infrared light in an
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artificial lipid bilayer prepared from 1:1 phosphatidylcholine (PC) and
phosphatidylethanolamine (PE). The transient capacitance change led displacement
current through the membranes, finally generating action potentials in ‘artificial
neuron’ which is oocyte co-expressing voltage-gated sodium (Navl.4 a,) and
potassium (Shaker) channels. Aside from the heat induced capacitance change,
researchers discovered that principal temperature sensors are expressed on the
neural cells including sensory nerve endings [35, 36]. At present, six temperature-
sensitive transient receptor potential (TRP) have been described. Among them
TRPV1 which are activated upon noxious heat (> 43 °C) are thought to be main
factor involving heat activated TRP channel [37]. In 2010 Huang et al. showed
thermal activation of temperature sensitive ion channel (e.g. TRPV1) can trigger

action potentials in cultured neurons [14] (Table 2).

Table 2 History of infrared neural stimulation

Year Stimulation Target Summary
2005 Rat sciatic nerve *  Neural activation using infrared light
in vivo [24] (2~10 pm).
2006 Gerbil cochlear *  Cochlear nerve activation using infrared light
in vivo [38] (2.12 pm).
2009 Rat sciatic nerve * Combination of optical (1.875 pm) and
in vivo [30] electrical stimulation.

¢ Combined method lowers the laser threshold.

2010 Thalamocortical *  Optical stimulation (2.51 ~ 10 um) can activate
brain slice ex vivo central nervous system.
[25]

2012 Primary retinal * Optical stimulation (1.875 um) of sensory
ganglion cell culture neuron is affected by TRPV4 channel.

in vitro [36]

2012 X. laevis oocytes * Transient heat induces transient capacitance
HEK & Attificial cell change which result neural depolarization.
in vitro [34]




2013 Aplysia in vivo [32] *  Neural inhibition using NIR light (1.86 pum).

2015 Human spinal nerve *  Feasibility of INS in human nerve.
roots in vivo [29] *  Thermal damage of 1.09 J/cm?.

Despite a potential of INS for modulating neural activities, INS suffers from
the limited light confinement and bulk tissue heating. Conventional INS
incorporating infrared wavelength in the range of 1450 ~ 2200 nm has been in
trouble with tissue damage due to strong water absorption [39]. Although tissue
damage is different for the stimulation strategy and condition [40], possible tissue

damage due to light absorption by a bulk tissue is still existing [41, 42].

In order to overcome the limitations of conventional INS, localized surface
plasmon resonance of nanoparticles were used to locally heat the neural tissue and
to avoid bulk tissue heating. We will introduce localized surface plasmon resonance

(LSPR) of gold nanoparticles in the following chapter.

1.1.4. Localized surface plasmon resonance (LSPR)

Recently, gold nanoparticles of various shapes including nanospheres,
nanorods and nanoshells have been frequently used to offer a light-induced
functionality due to their unique optical property, called localized surface plasmons
(LSPs) [43, 44]. llumination at their resonant frequency leads to an efficient light
absorption and local electromagnetic field enhancement, where the absorbed
energy is converted to heat [43]. Unlike propagating surface plasmons supported
by a planar gold surface, nanoparticle plasmons induce the quantized electron

oscillations confined to nanoscale volume, providing a means for manipulating
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light-matter interaction.

Among aforementioned nanoparticles, GNRs have gained attention due to its
high photothermal efficiency [45] and easy tunability of their SPR resonance,
whose spectrum can be adjusted from the visible to the infrared light by controlling
their aspect ratio [44]. GNRs have two distinct LSPs modes in terms of their
orientation with light (Figure 1). In the longitudinal mode, incoming EM-wave
oscillates the electrons in the long-axis of GNRs, while electrons oscillate along
short-axis in the transverse mode. Longer wavelength of electric field is required to
induce electron oscillation along the long-axis of GNRs compared to the
wavelength required to induce electron oscillation along the short-axis. Among
these two modes, longitudinal mode has bigger extinction cross-section area than
that of the transverse mode [44]. Therefore, the longitudinal mode is more

prominent for the photothermal conversion from the LSPs of GNRs.

/ N\ ee
/ \ e E-field E-field

/ \ /
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/

S

Transverse mode (short wavelength) Longitudinal mode (long wavelength)

Figure 1 Illustration depicting two types of localized surface plasmon of gold nanorods;
transverse (left), longitudinal (right) modes.

Plasmonic nanoparticles have been widely employed in variety fields
including enhanced raman scattering [46], sensing or imaging for medical
diagnostic and therapeutic medical applications [39, 47, 48]. In the therapeutic
medical applications, GNRs are delivered to the target, for instance cancer cells,

and generate localized heat for selective treatment [49]. Similar to the therapeutic
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applications of GNRs, we could speculate that the introduction of GNRs near the
plasma membrane can locally heat the membrane without bulk tissue heating.
Introduction of GNRs near the plasma membrane could overcome the limitations
of the conventional INS which arise from the fact that the bulk neural tissue absorb

light regardless of the specific area in which is responsible for neural activation.

1.2. Objectives

1.2.1. GNRs-mediated NIR neural stimulation system

Since INS requires high laser exposure to evoke an action potential and
employs the wavelength in the region of 1450 nm ~ 2200 nm in which water in the
tissue strongly absorb the light, conventional INS suffers tissue damage and
shallow penetration depth. The objective of this dissertation is to overcome the
limitations of conventional INS by combining NIR light with GNRs, finally

realizing enhanced INS in terms of safe, effective and wide applicable.

NIR spectrum was selected as a light source of noninvasive neural
stimulation for several reasons. First, cells are more transparent in this wavelength
compared to the infrared light [39, 50]. Moreover, compared to the visible light,
NIR light can pass through the skin as well as the skull [50]. Due to these
appealing features, NIR light has been spotlighted on the development of the

authentic noninvasive neural stimulation.

While NIR light easily pass through the tissue, GNRs were then used to
absorb the light energy delivered to the deep inside the tissue as shown in Figure 2.

Matching the resonant wavelength of GNRs with the wavelength of the NIR light,

GNRs efficiently absorb NIR light to generate local heat via non-radiative_I damping _
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of LSPs [51].

In this study, enhanced INS using LSPRs of GNRs was shown by
demonstrating following features: (i) safe INS in terms of low laser exposure; (ii)
effective INS in terms of GNRs conjugation with plasma membrane; (iii) wide

applicable INS in terms of optical stimulation of non-neuronal cell.

Pulsed NIR light

Figure 2 Schematic illustrating optical neural stimulation combined with GNRs and NIR
light. GNRs absorb pulsed NIR light and generates local heat near the plasma membrane to
initiate neural activation.

1.2.2. Theoretical elucidation on the origin of GNRs-mediated
INS

To verify NIR light combined with GNRs locally elevate the temperature
near the membrane to generate action potentials, theoretical elucidation underlying
the GNRs-mediated INS was quantitatively solved using MATLAB. From the we
designed the model describing from the laser exposure to the initiation of action

potentials step by step as shown in Figure 3.

Interaction of light with GNRs was identified using the Gans theory. Heat

diffusion from the GNRs to the nearest neuronal membrane was numerically solved
O 1] = —
: e
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by 1-dimensional heat diffusion equation. With an aid of Gouy-Chapman-Stern
theory, time course of membrane surface potential of each side of the neuronal
membrane and the change in membrane capacitance was quantified. Moreover, the
TRPV1 channel was modeled which is gated depending on the temperature. Both
membrane capacitance change and TRPV1 channel were introduced in Hodgkin-

Huxley model to generate action potentials.

Laser Exposure

!

Heat generation
due to LSPRs

!

Heat diffusion to the
plasma membrane

o —

Activation of [ Increase in ]

TRPV1 channel double layer capacitance

[ Ion channel opening ] [ Displacement current ]

Generation of
action potential

Figure 3 Flow chart showing the mechanisms underlying GNRs-mediated INS.
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Chapter 2: Materials and Methods

This chapter demonstrates the materials associated with GNRs-mediated NIR
neural stimulation system. This chapter starts from the design and the verification
of laser system, GNRs complex and their thermal characteristics upon laser
irradiation. Finally, in order to demonstrate safe, effective and wide applicable INS,

neural cells were selected with corresponding recording systems.

2.1. Experimental overview

Enhanced INS using LSPR of GNRs was demonstrated by performing three
subtopic experiments; (i) safe INS, (ii) effective INS, and (iii) wide applicable INS
as shown in Figure 4. Moreover, theoretical mechanisms underlying GNRs-
mediated INS were elucidated with numerical analysis. To validate the GNRs-
mediated NIR stimulation could safely and effectively stimulate neuron as well as
other non-neuronal cell, laser system, GNRs, neural cells, and recording system
were prepared. First, laser system was developed to generate 980 nm wavelength
laser beam. Secondarily, to absorb the light energy and generate localized heat near
the plasma membrane, GNRs complex was prepared. Combination of laser and
GNRs were used to activate the neural cells. Neural cells were selected that could
effectively demonstrate safe, effective and wide applicable INS. Finally, after
determining the appropriate neural cells, recording systems that correspond to
%]
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neural were chosen and developed. We summarized our experimental methods in

Table 3.

Safe INS

in terms of low laser exposure

Effective INS

in terms of delivery of GNRs to the plasma membrane

. L + Cell membrane targeted GNRs
Wide INS applications

in terms of optical stimulation of non-neuronal cell * In vitro hippocampal neuron
and /n vivo rat motor cortex
» Cell-targeted GNRs mediated using cell-targeted GNRs
astrocyte stimulation

Enhanced INS using LSPR of GNRs

Figure 4 Schematic diagram illustrating steps toward enhanced INS using LSPRs of GNRs.

Table 3 Overall experimental configuration of GNRs-mediated NIR stimulation system.

Safe INS Effective INS Wide
applicable INS

Laser 980 nm fiber-coupled laser diode system (all cases)

GNRs Bare GNRs Antibody- Antibody- Antibody-
conjugated conjugated conjugated
GNRs GNRs GNRs

Neural Rat sciatic Rat cultured Rat motor Rat cultured

cells nerve hippocampal cortex astrocyte
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(in vivo) neuron (in vivo)

Recording | Electrical Electrical Electrical Optical
recording recording recording recording
(Single (Multiple (Single (Ca*" indicator)
channel) channels) channel)

2.2. Laser system

2.2.1. Design

We designed laser system to optically stimulate various types of neural cells
by considering the following criteria; (i) wavelength of laser should be in the range
of the optical window, (ii) intensity of laser should be at least 30 W according to
the maximum stimulation threshold observed in the research done by Jonathon
Wells et al [12], (iii) parameters such as pulse duration, number of pulses, pulse
frequency, and pulse intensity should be manipulated, (iv) laser beam should be
easily focused on the various type of cells, and (v) timing of the optical stimulation
should be recorded in order to match with optically evoked neural signal recording.
Based on the above mentioned criteria, fiber-coupled laser system was developed

consisting of two parts; control part and operation part.

In the control part, a LabVIEW-based laser controller software was built to
control the laser system and to record the neural signals. The software was
designed to set the parameters of optical stimulation pulses and to deliver the laser
modulation signals to the current driver in the operation part through the digital
acquisition (DAQ) board as shown in Figure 5. The neural signals were recorded

3§ 53 17
13 A = - TH



simultaneously with a synchronization with optical pulses.

Operation part was designed to generate the laser beam based on the pre-set

optical stimulation parameters. It consists of power supply, current driver, laser

diode and lens. The temperature of the laser diode, status of current driver, applied

current into the laser diode, limits of the current driver were fed into the controller

part to check and monitor the status of the laser (Figure 5).

Detail parts of each component are shown in the chapter 2.2.2 and 2.2.3.

Fan out FanlIn
Laser beam
. N é
- -
Current
Power Driver L?ser Lens
Supply Diode
(Constant current
modulation)
N
g - =] é =
= = = =
2| 2| 2| g g
= 'f = o _
= 3 = 5 -
-~ - - a1 =%
- = o] b =
. . 2l | <O 2 5
Triggered modulationof = = £ =
stimulation pulses -
and recording

Labview-based Software

&
DAQ

Signal Recording

Recording System

Figure 5 Schematic diagram of the laser system consisting of control part and operation part.
In the control part, LabVIEW-based software was designed to control laser and record the
neural signal. Focused optical pulses were generated from the control part.

2.2.2. Hardware

In the operation part, we integrated lens, a laser diode, a current driver, and a

power supply. The laser diode with a wavelength of 980 nm was used to optically
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stimulate a neuron. 980 nm wavelength was chosen since this wavelength is more
transparent to the biological tissue including skin and skull compared to visible and
infrared light over 1.4 um. The laser diode was directly coupled to the 400 um core
optical fiber having a numerical aperture equal to 0.14 (Pearl P14 Series, nLIGHT,
Vancouver, WA, USA). Fiber-coupled laser is advantageous when delivering laser
beam in various experimental circumstances. To focus a laser beam, collimator and
focusing lens were mounted at the end of the fiber creating a beam diameter of
~600 pm laser pulses. We monitored the temperature of the laser diode by
measuring the resistance of the embedded thermistor and converted temperature

from the measured impedance using the Equation 1.

1 .
7= 1.4x 10734237 x107*In(R) + 9.9 x 10~8(In(R))3 Equation 1

where, T is the temperature [K] and R is the resistance [ohm] of the thermistor.

Fiber-coupled laser diode was driven by the current driver (PLD 10K-CH,
Wavelength Electronics Inc., MT, USA) according to the optical stimulation
parameters (Figure 6). Laser modulation signals were delivered to the driver from
the control part. The modulation signals which convey the information of optical
pulses were converted into current which operates the laser diode (Equation 2).

Finally, modulated current from the current driver are fed into the laser diode.

Ligser giode = 4:6 X Vimoquiation Equation 2

where /juser giode 18 the input current of laser diode [A] and Vioduiasion 18 the modulated
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input voltage of laser diode driver.

At last, power supply was connected to the laser driver to operate the system
and to generate optical pulses. Moreover, Air-cooling method using fans were

integrated to cool down the laser system (Figure 6).

I B

2 <.
¢

B

Figure 6 A picture of fiber-coupled laser diode system

In the control part, DAQ (PXI-6221 and PXI-6132, National Instruments,
Austin, TX, USA) were used to deliver laser modulation signals to the current
driver and send the status of the laser system such as temperature of the laser diode,

status of current driver, applied current into the laser diode, a limit of the current
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driver to the software. This system is also connected with an electrophysiological
setup to acquire optically evoked neural activities through 4-channels DAQ (PXI-

4462, National Instruments).

2.2.3. Software

A LabVIEW-based software has been developed to control the laser system,
acquire and analyze the data real-time. The software consists of three parts as

controller part, recording part, and analyze part.

First, optical and recording parameters were configured in the controller part.
In particular, parameters involving optical pulses such as pulse duration, pulse
frequency, and pulse intensity can be configured. In the recording system,
recording conditions (e.g. types of digital filter and its specific performance and
number of averaging of the recorded data) can be easily configured. Second, the
software acquires recorded data which were temporally synchronized with the
onset of optical pulses by a common trigger clock. Data were acquired
continuously and repeatedly for every 1 s. Finally, the software analyzes the

recorded data real time and show the recorded data.

In some situations, where commercial recording systems were used for
recording, only the laser controller part and the trigger clock are adopted to
synchronize recorded data with optical pulses while neglecting recording part. All

the versions of software we implemented are shown in Figure 7.
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Figure 7 Pictures of LabVIEW-based software with recording part (left) and without
recording part (right).

2.2.4. Calibration

The laser system was calibrated in two aspects; laser intensity and temporal

profile of pulse.

Laser diode was driven by current input generated from the laser driver. We
measured the pulse energy while increasing the input current that fed into the laser
diode. Energy of optical pulse was measured using energy meter (PM 100D, ES11C,
Thorlabs, Newtown, NY, USA) with a fixed duration of 1 ms. Linear relationship
between the current and the pulse energy was found and a fitting curve having an

Equation 3 (Figure 8).

y = 0.0085 X x — 0.0052 R? = 0.9953 Equation 3
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Figure 8 Graph of laser input current and the optical pulse of 1 ms duration.

Temporal profile of laser pulse was monitored using photodetector

(PDA100A-EC, Thorlabs). Pulse frequency, number of pulses, and the repetition

rate were well controlled as configured parameters. However, laser response to the

onset of laser driver is lagged by 50 ps and the short tails appeared at the end of the

pulse. Figure 9 shows linear relation of measured pulse duration with an preset

pulse duration.
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Figure 9 Relation of preset pulse duration and measured duration (left). Temporal profile of

laser pulse preset by 100 ps duration (right).
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2.3. GNRs complex

2.3.1. Characteristics of GNRs

At first, structural and optical properties of GNRs were characterized.
Streptavidin-coated GNRs (C12-10-980-TS, Nanopartz Inc., Loveland, CO, USA)
with a concentration of 3.4x10'*/mL and 2.8 mg/mL were prepared. The size and
shape of GNRs were characterized by transmission electron microscopy (TEM,
Libra 120, Carl Zeiss, Germany) and extinction spectrum was measured using a
wide-band spectrophotometer (UV-1800, Shimadzu, Japan) to find a surface
plasmon resonance peak. As shown in Figure 10, average values of the length and
width of GNRs are measured as 80.4 + 6.3 nm and 15.3 + 0.58 nm, respectively,
resulting in the aspect ratio equal to 5.3. For elongated GNRs with two plasmonic
resonance modes, as a longitudinal mode at A = 977 nm along the long-axis is more
prominent for photothermal effect than a transverse mode at A = 505 nm, pulsed
infrared laser with a wavelength of A = 980 nm is chosen as a light source of NIR
stimulation (Figure 11). Moreover, due to the geometrical inhomogeneity,
broadening at the SPR peak was observed which causes reduced photothermal
efficiency. While extinction peak of GNR is adjustable in a wide range of visible
and NIR wavelengths depending on the aspect ratio [44, 48], the use of resonant
wavelength in NIR band is considered advantageous in terms of heat generation in

a deep tissue [39].
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Figure 10 TEM image of GNRs.

Extinction (a.u.)

400 600 800 1000
Wavelength (nm)

Figure 11 Extinction spectrum of GNRs.

2.3.2. Photothermal effect of GNRs

For optically evoked action potentials, it has been hypothesized that
temperature elevation vicinity of the neuron cell can depolarize the membrane
potential by directly changing membrane capacitance or opening the temperature-

sensitive ion channels [34, 36, 52]. Thus, local heat generation by GNRs and rapid
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heat dissipation are important for spatiotemporally precise stimulation of neuronal
activity. In order to measure the temperature change induced by the GNRs-
mediated NIR stimulation, FITC bound to GNRs was employed because its
fluorescent intensity is proportional to the temperature change of surrounding
medium [14, 53]. Therefore, the temperature dependence of biotinylated FITC was
characterized in aqueous solutions. While the solution containing FITC is slowly
heated in a custom-made chamber equipped with a temperature controller (TC02,
MultiChannel systems), the fluorescent intensity was recorded with high sensitive
CCD camera (Zyla 5.5 sCMOS, ANDOR, UK) and the average fluorescent
intensity in a region of interest was obtained during temperature change. Figure 12
shows a linear decay of normalized fluorescent intensity with an increasing
temperature. Linear regression analysis shows that fluorescent intensity as a
function of temperature change is determined to be y = —0.0047x + 1.002 and
R’=0.9852. Fit line obtained is used to estimate the time-varying temperature

characteristic.

After finding the relation between temperature change and fluorescent
intensity, we measured the temperature change due to the laser exposure. We
enclosed 10 uL solution containing biotinylated FITC (1 mg/mL) bound to GNRs
(1.7x10"/mL) between a microscope slide glass and a cover glass (Marienfeld-
Superior, Lauda-Konigshofen, Germany). Laser beam with a radiant exposure 190
mJ/cm? and a pulse width of 400 ps was irradiated on the thin sandwiched sample
and fluorescent signals were collected during 10 ms before and 100 ms after the
onset of optical stimulation with a frame rate of 500 frames per seconds.
Fluorescent intensity of each image was averaged and converted into an average
temperature. When a solution containing biotinylated FITC bound to GNRs was

irradiated by the laser, the temperature rapidly increases up to 5 °C within 20 ms
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and returns to the base level room temperature immediately (Figure 13). On the
other hand, no significant temperature change occurred in the solution without
GNRs. This indicates that local temperature increases by illuminating GNRs can
induce a selective and localized heating of neuron cells depending on the presence
of GNRs and contribute to a rapid and spatiotemporally precise optical stimulation

of neuron cells.
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Figure 12 Graphs of normalized fluorescence intensity of FITC upon temperature change.
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Figure 13 Temperature profile of the medium with and without GNRs upon optical stimulus
(yellow box)
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2.3.3. Orientation of GNRs

Unlike spherical gold nanoparticles, GNRs respond to the light to generate
LSPs depending on their orientation between the light. As mentioned in chapter
1.1.4, longitudinal LSP is induced when the direction of polarization of incident
light matches the long-axis of GNRs, while the transverse LSP is generated when
the incident light is perpendicular to the long-axis of GNRs. To create the
longitudinal LSP mode which is more prominent for photothermal conversion than
the transverse mode [44], the incident light should be polarized with respect to the
long-axis of GNRs. Unfortunately, neither semiconductor laser is polarized nor
GNRs are uniformly oriented along polarization of incident beam. In this situation,

the coupling efficiency of light with GNRs should be considered.

The amount of light coupled to the GNRs increases when GNRs absorb
much more electric field. We could speculate that the absorption cross-section area
increases as amount of light coupled to the GNRs increases. In this chapter,
extinction (= absorption) cross-section area is used compare the light interaction

with GNRs.

Before considering the relation of light with GNRs, we assumed the
followings; (i) direction of polarization is set to maximize the LSPs of GNRs, (ii)
polarized light is originally made by passing unpolarized light through polarizing
filter, (iii) concentration of GNRs is low enough so that extinction cross-section
areas of each GNRs do not overlap, and (iv) probabilities of GNRs with specific

orientation are assumed as below.
Single orientation (0 < 8 < 2m)

p(@) =1 (when6 =0)
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0 (when 6 #0)

Random orientation (0 < 8 < 2m)

1

p(6) = o

At first, the extinction-cross section area of a single GNR is determined. The
extinction cross-section area of a GNRs upon its orientation angle is defined as
Equation 4 [54, 55]. For longitudinal LSPR mode, extinction cross-section areca
maximized when direction of polarization of light matches to the long-axis of

GNRs at longitudinal LSPR mode.

Ooxt = 0 COS% a + 0, sin® a = oy cos® a Equation 4

(0. = 0 at longitudinal mode)

Based on the extinction cross-section area of a single GNR, we could find
the average extinction cross-section area of total GNRs. By simply multiplying the
extinction cross-section area with a probability of GNRs with a certain direction
and integrate for all directions, then we could find the average extinction cross-

section area as shown in Equation 5.

21 2T .
f f oycos?(0)p(0) x cos?(p)p(p) dody Equation 5
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a(8/¢): extinction cross — section area at polarization angle of 6/¢

p(8/¢): probability of GNRs with polarization angle of 8/¢

Long-axis
of GNR

Direction of light
polarization

y

Figure 14 Direction of light polarization and long-axis of a GNR

From the Equation 5, we determined the average extinction cross-section
area of GNRs for all cases of polarizations of light and the orientations of the

GNRs as shown in the Table 4.

Table 4 Average extinction cross-section area of GNRs
upon polarizations of light and GNRs orientations.

Light Polarization GNRs Orientation Average extinction
cross-section area
(normalized)
P 0,0, 1
p es(PRa OR‘PS 0.5
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P OR‘PR 0.25

U 0.9, 1
U Or®s 1
U OrPr, OsPr 0.5

P represents polarized light.
U represents unpolarized light.
0/, represents that GNRs are oriented in single orientation in the direction of 8, ¢.

0/@pg represents that GNRs are oriented randomly in the direction of 6, ¢.

Since we used unpolarized light, detail explanations for the case of
unpolarized light is discussed. When GNRs are oriented in a single direction for
instance y-axis as shown in the Figure 15, the average extinction cross-section area
becomes the maximum since the direction of light propagation matches to the long-
axis of GNRs. Similarly, the maximum extinction cross-section area is obtained
even for the case when GNRs are randomly distributed in 6 direction (or xy-plane)
(Figure 16). However, the situation is changed if the GNRs is randomly distributed
in the plane of electric field of oscillation (Figure 17). Some GNRs whose long-
axes are not aligned in the polarization direction of light generate reduced LSPs.
From the Equation 5, when shining an unpolarized light to randomly distributed
GNRs, the average extinction cross-section area is reduced to half from the
maximum extinction cross-section area which can be obtained in the case when

using polarized light with GNRs aligned in parallel.
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Figure 15 Unpolarized light and GNR oriented in the direction of y-axis.

Figure 16 Unpolarized light and GNRs oriented in the direction of each linearly polarized
light

Figure 17 Incident light in z-direction and randomly distributed GNRs in yz-plane.
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Overall, to attain maximum extinction cross-section area, long-axes of GNRs
must be perpendicular to the direction of incident light as followings: (i) polarized
light with uniformly oriented GNRs whose long-axis are perpendicular to the
direction of light; (ii) unpolarized light with randomly distributed GNRs in a plane

normal to the direction of light.

We could categorize our experiments in terms of the orientation GNRs: (i) in
the in vitro experiments, GNRs are randomly distributed in quasi-2D surface, (ii) in
the in vivo experiments, GNRs randomly distributed in 3D volume. When GNRs
are randomly distributed in quasi-2D surface and the light are irradiated normal to
the 2D surface, then GNRs generates nearly the maximum LSPs. However, when
GNRs are randomly distributed in 3D volume, average LSPs generated by GNRs is
about the half the maximum. We will show about the types of tissue the in section
2.4. GNRs in the experiments using cultured hippocampal neurons and cultured
astrocyte cells distributed in quasi-2D surface, while GNRs in the experiments

using rat sciatic nerve in vivo, and motor cortex in vivo distributed in 3D volume.

2.4. Neural cells

We demonstrated that combination of GNRs and NIR stimulation is safe,
effective and wide applicable by performing experiments in different types of cells.
First, Safe INS in terms of low laser exposure was experimentally confirmed in the
in vivo rat sciatic nerve. Optically evoked neural responses were recorded
electrically. Second, effective INS in terms of delivery of GNRs to the plasma
membrane was demonstrated in cultured rat hippocampal neuron in vitro and rat

motor cortex in vivo. Multielectrode arrays (MEAs) were used to record neural
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activities of cultured hippocampal neurons. Cell-targeted GNRs-mediated INS
induced motor behavior were videotaped with simultaneous electrical recording.
Finally, wide applicable INS in terms of optical stimulation of non-neuronal cell
was experimentally confirmed in cultured rat astrocyte in vitro. Calcium imaging
was performed to optically monitor intracellular calcium transient of cultured

astrocyte.

2.5. Experimental protocols

2.5.1. Safe INS

To validate GNRs-mediated INS can safely stimulate neural cells with low
laser exposure, in vivo rat sciatic nerve and electrical recording system was used.
We performed the experiments in the following process; (i) preparation of rat, (ii)
injection of GNRs to the rat sciatic nerve, (iii) optical stimulation and electrical

recording, and (iv) histological analysis.

Spraque-Dawley rat (~350 g) was anesthetized with intraperitoneal injection
of urethane (1.5 g/kg). All animals were treated in accordance with the animal
research guidelines of Use Committee of the Institute of Laboratory Animal
Resources at Seoul National University. To access the sciatic nerve, an incision was
made from the biceps femoris muscle to the gluteus muscle. The muscle covering
the nerve was carefully removed to expose the nerve surface while continually

moistened with saline buffer.

Prior to optical stimulation of sciatic nerve, GNRs were prepared and
injected to the sciatic nerve in vivo. Injection was conducted using microprocessor-

controlled injection system (Nanoliter 2010, World Precision Instrurnents,_lSar_asota,
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FL, USA) which was mounted on a micromanipulator [56]. A 75 um diameter, 30°
beveled pulled glass capillary injection tip (SBB-75X, Sunlight Medical,
Jacksonville, FL, USA) was coupled with the injection system. GNRs were filled
in the glass capillary tip via front filling. The tip was moved until it pierced the
tissue of the distal part of the exposed nerve bundle. Once the penetration was

achieved, GNRs were injected at the rate of 23 nL/s.

The distribution of gold nanorods inside the nerve bundle was visualized as
follows. Sciatic nerve bundle was excised and the specimen was fixed via
Karnovsky’s fixation (primary fixation). Washing out the Karnovsky’s solution by
0.05 M sodium cacodylate buffer was, then, followed. Lipid fixation was
conducted (post fixation, 2 % osmium tetroxide and 0.1 M cacodylate buffer). After
washing the sample, an en-block staining was performed. The samples were
dehydrated by soaking into the ethanol solution. Infiltration by spurr’s resin was
performed after transiting the environment as the resin friendly by propylene oxide.
The polymerized specimen block was sectioned with a 5 nm thickness via
ultramicrotome (MTX, RMC, USA). The sample was reviewed via the 80 kV TEM

(JEM1010, JEOL, Japan).

Fiber-coupled laser at A = 980 nm illuminated the proximal part of the nerve
bundle where a 1 pL of GNR solution was injected in advance using micro-injector
while extracellular electrical recording was performed at the distal as shown in
Figure 18. Optically evoked responses were recorded via electrical recording
system. From the preamplifier (x10), optically evoked signals were pre-amplified
and were fed into the differential AC amplifier (Microelectrode AC Amplifier
Model 1800, AM systems, Carlsborg, WA, USA) whose gain was set as 1,000 and

band-pass filter was ranged from 10 Hz to 10 kHz. Amplified electrical signals
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were recorded with a data acquisition system (PXI-4462, National Instruments,
Austin, TX, USA). Data recording were pre-triggered 1.6 ms prior to the optical
stimulation pulse and the signals were monitored while 15 signals were averaged

simultaneously.

Stimulation & recording
controller

Differential amplifier ( X 1,000)
& filter (10 Hz ~ 10,000 Hz)
I Fiber-coupled

980 nm laser diode

Pre-amplifier ( x 10)

ki-\ £ Stimulation

probe
Tungsten

microelectrode A
P(O‘“ma\

jn-vivo e
pistal Sciatic nef

Figure 18 Schematic of stimulation and recording system of rat sciatic nerve in vivo

For identification of laser mediated tissue damage, the nerve was excised and
immediately subjected to laser irradiation. The nerve was, then, placed in 4 %
paraformaldehyde solution and sent for the paraffin embedding. The tissue block
was sectioned sagittally with 4 um thickness and placed on the glass slide. The
tissues were stained with hematoxylin and eosin (H&E) [41]. All the sections were

reviewed using a photomicroscope (Axiophot, Carl Zeiss, Germany).

2.5.2. Effective INS

In the chapter 2.5.1, we presented that an optical neural stimulation using
NIR light incorporating plasmonic nanoheaters injected in a proximity of neuron

cells could reduce the stimulation threshold. However, unconjugated nanoparticles
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might be ineffective when they are washed off by extracellular fluid flow. Strongly
bound nanoparticles to the target are more critical in central nervous system (CNS)
because body fluid such as cerebrospinal fluid (CSF) in CNS flows continuously
through living cells to dump out the metabolic wastes [57-59]. Therefore, it is
essential to make a strong conjugation GNRs and the surface of membrane to

overcome GNRs washout due to convective solution.

In this chapter, in vitro cultured hippocampal neuron was used to verify cell-
targeted GNRs effectively depolarize neuron with fast neural response. Moreover,
cell-targeted GNRs were employed to rat motor cortex in vivo to cortically control

the motor behavior.

25.2.1. Cell-targeted GNRs-mediated NIR stimulation of cultured
hippocampal neuron

We performed the experiments in the following process; (i) primary
hippocampal neuron culture, (ii) conjugation of GNRs to the neuronal membrane,

(iii) optical stimulation and electrical recording.

Hippocampi were dissected from Sprague-Dawley rat embryos (E19) under
sterile conditions in accordance with the animal research guidelines of Use
Committee of the Institute of Laboratory Animal Resources at Ewha Womans
University (IACUC No. 15-045). Cells were dissociated using 5% trypsin-EDTA
for 15 mins prior to trituration and then were plated at 1,800 cells/mm? on multi-
electrode arrays (MEAs, MultiChannel systems, Reutlingen, Germany) coated with
poly-L-lysine (P4707, Sigma-Aldrich, St. Louis, MO, USA) [60, 61]. Culture of
hippocampal cells for 2 to 3 weeks was found to provide tightly synchronized

periodic bursting, which was advantageous for distinguishing spontaneous activity
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from optically evoked activity [61, 62]. The culture medium refers to the method
by Brewer et al.; Neurobasal medium (NEUROBASAL™ Medium, 21103,
GIBCO®, CA, USA) with B-27 supplement (17504-044, GIBCO®, CA, USA), 2
mM glutamax (35050, GIBCO®, CA, USA), and antibiotics (15240, Life
technologies, Carlsbad, CA, USA) [63]. Cultures were kept in an incubator at

36.5°Cat5 % COx.

Biotinylated antibody was employed to target the neuron cell membrane
combined with streptavidin-conjugated GNRs as shown in Figure 19. As it has
been well known that Thy-1 antigen exists as a glycosylphosphatidylinositol (GPI)-
anchored protein on the surface of neuron cells [64, 65], the neuronal surface was
tagged by biotinylated anti-Thy-1 antibody. GNRs covered with streptavidin are
intended to bind with biotinylated antibody which is located on the surface of
neuron so that GNR-mediated heat could effectively raise the temperature of the

neuronal membrane.

“ " “ Gold Nanorod

Streptavidin

™ Biotin

Thy-1.1 antigen-antibody complex

Cell membrane

Figure 19 Schematic illustrating cell-targeted GNRs

We determined an incubation time to minimize an internalization of GNRs
by living samples and to form a strong antigen-antibody reaction for stable

attachment of GNRs. From the previous reports, we found that anti-Thy-1.1
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antibody generally requires at least an hour to bind to the cell membrane [64, 66].
Hence, we set an incubation time of antibody-conjugated GNRs at 2 hours to

realize a strong and stable attachment.

In order to verify whether streptavidin-conjugated GNRs were well bound to
the cell membrane, the distribution of GNRs was visualized according to the
following processes: Cultured neuron cells 18 days in vitro were fixed in warm 4%
paraformaldehyde for 15 mins and washed with PBS three times. Subsequently,
without perfusion of Triton X-100 which is a routine immunocytochemistry
protocol, BSA was applied to prevent a non-reactive binding. Cells were then
washed with PBS before incubating in biotinylated anti-Thy-1 antibody (554896,
BD Biosciences, San Jose, CA, USA) diluted by 1:100. After washing with PBS
three times, streptavidin-coated GNRs (5.1 x 10'"/mL) were added to form
antibody-GNRs complex. Cells were washed three times and incubated with
biotinylated FITC (B-1370, Life Technologies, Carlsbad, CA, USA) for staining.
Using an inverted microscope (IX71, Olympus, Tokyo, Japan), we visualized the

distribution of GNRs.

Cultures incubated in the MEA were transferred to a recording system and
visualized through an inverted microscope to obtain a bright field image. We used a
glass MEA (MultiChannel systems) with 30 um diameter titanium nitride for
electrode, silicon nitride for insulation layer and transparent indium tin oxide for
contact pads and tracks. MEA is composed of 59 electrodes laid out in a
rectangular grid with 200 pm inter-electrode spacing. Signals were pre-amplified
(x1100), filtered in a bandwidth from 1 Hz to 3 kHz by MEA 1060-Inv-BC
amplifier (MultiChannel Systems), and digitized using MC-Card (MultiChannel

Systems). Neural signal recordings were pre-triggered for 100 ms prior to the
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electrical/optical stimulation and end until 1 s. All the recorded data were analyzed

using an off-line software MC-Rack (MultiChannel Systems) and filtered digitally

(70 Hz highpass filter).
Fiber-coupled
980 nm laser system
Stimulation
Stimulation & recording probe
controller
Cultured
hippocampal
neuron
MEA recording & on MEA
stimulation unit
Inverted
microscope

Figure 20 Experimental setup of stimulation and recording for cultured hippocampal neuron.

Prior to optical stimulation, electrical stimulation and recording were
performed in advance to check the neural response to the stimuli. We produced an
anodic-first biphasic current stimulation pulse of current level of 20 pnA and a width
of 200 ps per phase using stimulus generator STG-4008 (MultiChannel Systems).
10 stimulation pulses with a period of 60 s were delivered and the evoked
responses of cultured neuron cells were recorded. Subsequently, fiber-coupled laser
diode was used to optically stimulate a neuron. Accurate positioning of NIR
stimulation was controlled by monitoring a visible guiding beam through optical
microscope (Figure 20). After determining a stimulus area, 10 stimulation pulses
with a period of 60 s and a pulse width of 400 us were delivered and optically
evoked responses are recorded. Prior to optical stimulation, the culture medium
was replaced with 1.5 mL of artificial cerebrospinal fluid (aCSF, composition (in
mM): 124 NaCl, 4.5 KCI, 1.2 NaH,PO4, 26 NaHCOs, 1 MgClL, 2 CaCl,, 10

Glucose with 15 mins 5% CO; bubbling) and maintained in the incubator (36.5°C,

-
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5% CO») for 15 mins for stabilization.

2.5.2.2. Cell-targeted GNRs-mediated NIR stimulation for rat whisker control

INS evoked motor behaviors have been poorly studied to date with a lack of
knowledge of effective stimulation parameters to evoke motor behaviors,
contrasting with the many results of INS evoked neural activities. To demonstrate
the cell-targeted GNRs can effectively initiate motor behavior, whisker region of
rat motor cortex in vivo was selected. In the following, consideration of stimulation
parameters to evoke whisker movement was taken into account. We observed the
whisker behavior while changing optical stimulus parameters such as pulse

duration, frequency, and number of pulses.

We performed the experiments in the following process: (i) preparation of rat,
(i1) injection of GNRs to the whisker motor cortex, (iii) optical stimulation and

electrical recording.

All procedures were carried out with the approval of the Institutional Animal
Care and Use Committee (IACUC) of Seoul National University. Male Sprague-
Dawely rats were used in this experiment. Rats were initially anesthetized with
intraperitoneal injection of urethane (200 mg/kg) to find GNRs-mediated INS can
induce behavior. In fact, we later found out that mixture of Ketamine/Xylazine
injection was more widely used in cortically controlled motor behavior research
[16, 67]. Hence in the following experiment of determining laser parametric effects
on motor behavior was performed under the intraperitoneal injection of a mixture
of Ketamine/Xylazine (20/6 mg/kg intraperitoneally and then supplemental dose
intramuscularly as needed). The depth of anesthesia was frequently monitored by

observing vibrissae movements and testing hindlimb reflex [68]. After anesthesia,
]
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the animals were placed in a stereotaxic frame (David Kopf Instruments, Tujunga,
CA, USA). A craniotomy was performed by stereotaxic coordinates ranging 2.0
mm in the anteroposterior axis and 1.5 to 2.0 mm in the mediolateral axis relative
to bregma. To confirm the placement whisker-responsive sites in vibrissal primary
motor cortex, an extracellular recording electrode was stereotaxically inserted into

1.0-1.2 mm from the surface of the brain (layer V).
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Figure 21 Illustration of GNRs injection and optical stimulation at the injection site.

After determining the exact position of motor cortex corresponding to
vibrissae movement, antibody-conjugated GNRs were injected as depicted in
Figure 21. Prior to injection, biotinylated anti-Thy-1.1 antibody (554896, BD
Biosciences) which binds to neuronal membrane were mixed with streptavidin-
coated GNRs to have a final concentration of antibody and GNRs of 0.138 pg/mL
and 1.41x10'%mL, respectively, with a total volume of 690 nL. Antibody-
conjugated GNRs were filled in pulled glass capillary injection tip with a diameter
of 75 um (SBB-75X, Sunlight Medical) and mounted in a motorized injection
system (Nanoliter 2010, World Precision Instruments) employing direct piston
displacement for nanoscale injection. Precise positioning of injection tip was
conducted using micromanipulator. The tip was inserted further 400 um in depth

from the target vibrissae motor cortex. After the pipette insertion, 230 nL of GNRs
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were injected at a rate of 23 nL/sec. The pipette was left in place for 5 mins for
solution distribution. Injection of GNRs was also conducted in an aforementioned

procedure after pulling injection tip out 400 um and 300 pm in sequence.

[| Laser || Laser
|| Diode Driver

N 7 e
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Figure 22 Illustration of optical stimulation and electrical recording of whisker region of
motor cortex and video taping of whisker.

\
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After GNRs injection, optical stimulation was performed using fiber-coupled
laser system. In the experiment of finding cell-targeted GNRs can induce motor
behavior, beam was focused simply outside of the brain. However, in the following
study involving laser parametric effect upon motor behavior, laser was delivered
inside the brain and recorded the neural signal at the exact position of laser
illumination as depicted in Figure 22. Optical fiber (M84L02, Thorlabs) was
directly coupled to the laser diode at the one end and 200 pm core fiber optic
cannula (CFM22L20, Thorlabs) was mounted at the other end of the optical fiber in
order to deliver laser pulses directly to the target. Implantation of fiber optic
cannula was performed using 3-dimensional micromanipulator after injecting

GNRs complex.

Electrical recording was performed to assess electrophysiological change

upon optical stimulation. Customized tungsten rod electrode (diameter:_ 0.002 in,
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AM systems) was attached parallel to the fiber optic cannula to record optically
evoked neural responses (Figure 23). Neural responses were recorded with data
acquisition system (Powerlab 4/20, ADInstruments, Dunedin, New Zealand)
controlled using Labchart (ADInstruments) software. All recordings were captured
digitally after amplifying from the preamplifier (x10) followed by differential AC
amplifier (1800, AM systems) having gain of 10,000 and band-pass filter ranging

from 0.1 Hz to 10 kHz and analyzed using MATLAB.

Figure 23 Picture of stimulating optical cannula with rod-type recording electrode.

Unfortunately, light induced artifact occurs when shining a light to the metal
electrodes [69, 70] which seems to be associated with the ions movements due to
temperature change upon light irradiation. In this study, an artifact removal
technique with a curve-fitting method [71] was used to remove the artifact. After
removing artifact, spike detection and sorting were performed before 1 s and after 3

s of optical stimulation. Average firing rates were calculated and compared to
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quantitatively assess the effect of different stimuli.

We videotaped whisker movement using CCD camera (C920, Logitech,
Lausanne, Switzerland) before 1 s and after 3 s of optical stimulation. Whisker
movement was measured by reference to image pixels at fixed x positions in the (x,
y) coordinate frame of the camera (to a first approximation, whisker movement is
primarily in the y direction). The angular movement of whisker of interest was

quantified in a frame-by-frame analysis using MATLAB as shown in the Figure 22.

2.5.3. Wide applicable INS

Cultured astrocyte in vitro and optical recording was used to verify glial cells
are responsive to GNRs-mediated optical stimulation, and to show the possibility
of cell-type specific multi-channel stimulation. Brief introduction of astrocyte and

its modulation techniques are dealt below.

2.5.3.1. Techniques of modulating astrocyte’s activities

Although astrocytes occupy a significant proportion in the central nervous
system in terms of volume and population, their functions have been restricted as
passive roles of supporting the network of neurons physically, creating the brain
environment, building up the micro-architecture of the brain parenchyma,
maintaining brain homeostasis, and controlling the development of neural cells. On
the other hand, recent literatures are suggesting that astrocyte is an active
participant in brain signaling and neurovascular coupling, which challenges its
traditional role [72, 73]. When astrocytes are activated by external stimuli,
intracellular Ca?* transients or waves induce a release of neurotransmitters from a

J
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presynaptic terminal [74, 75] and evoke an intracellular Ca?' transients of
neighboring astrocytes, finally leading to a release of gliotransmitters [72, 73, 76,
77]. Tt is interesting that those gliotransmitters are responsible for regulating the
postsynaptic terminal and modulating other glial cells as well as blood vessels [72,

78].

In order to explore the physiological functions of astrocytes, dynamic
modulation techniques for cytosolic calcium have been developed. While
mechanical or electrical stimulation combined with a glass micropipette has been
attempted [75, 79], tissue damage due to invasive insertion of glass micropipette
into the brain tissue is unavoidable. Instead, optical methods have been introduced
to stimulate an astrocyte as a minimally invasive approach. For example, optical
uncaging technique was found to trigger intracellular Ca*" responses by shining
UV-light and unlocking the caged-Ca** or IP3 [80]. However, the use of caged
compounds requires a periodic injection to the target region and the tissue can be

damaged by UV-light exposure for uncaging the molecules.

Optogenetics techniques have been frequently used to modulate an astrocyte
by expressing light-sensitive cation channels on the membrane of astrocytes [81,
82]. Although optogenetics can provide a spatiotemporally precise and controllable
stimulation, it is currently unavailable for clinical use owing to imperative genetic
modification. Femto-second pulsed laser is an alternative tool for stimulating
astrocytes requiring neither genetic modification nor exogenous chemical
compound with high spatiotemporal precision [83, 84], but it may produce
significant photo-damage due to the generation of reactive oxygen species upon
laser irradiation. Introduction of a pulsed infrared light to the brain cortex

intrinsically evokes calcium activities consisting of fast and slow responses that

b i i
42 -"\-\."i '.;'.' 1..'



originate from the neuron and astrocyte, respectively [85]. However, it is still
unclear whether the pulsed infrared light directly stimulates astrocytes when
neurons and astrocytes are intermingled, indicating that direct stimulation of

astrocytes is not guaranteed when they are isolated from the neurons.

Inspired by the plasmonic activation of neuron cells and the lack of studies
associated with photothermal activation of astrocytes using pulsed infrared light,
we demonstrated a novel optical method of direct astrocytes stimulation using

surface-modified plasmonic GNRs.

2.5.3.2. Cell-targeted GNRs-mediated NIR stimulation of cultured astrocyte

We performed the experiments in the following process: (i) primary astrocyte
culture, (ii) conjugation of GNRs to astrocyte membrane, (iii) optical stimulation

and optical imaging.

Astrocyte cultures were prepared from cerebral cortices of Spraque-Dawley
rat through a protocol modified from a previous report [76]. Briefly, cerebral
cortices were isolated from postnatal (P2) rat brains under sterile conditions in
accordance with the animal research guidelines of Use Committee of the Institute
of Laboratory Animal Resources at Ewha Womans University (IACUC No. 15-
045). Tissues were minced and dissociated using 5% trypsin-EDTA (15400, Life
technologies, Carlsbad, CA, USA) after removing meninges and hippocampi. Cells
were plated into a culture flask and grown in Dulbecco’s modified Eagle medium
(DMEM, 11995, Life technologies, Carlsbad, CA, USA) containing 10% fetal
bovine serum (FBS, 16000, Life technologies, Carlsbad, CA, USA), and 1%
Mycozap antibiotics (Lonza, Basel, Switzerland). After five times subcultures,

cultured cells were shaken for 1 hours at 180 rpm followed by 240 rpm for 6 hours
.
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on an orbital shaker [86] and replated in the culture flask.

Similar to the method mention in chapter 2.5.2, streptavidin-coated GNRs
are delivered to the plasma membrane of the astrocytes with an aid of biotinylated
antibodies. It was reported that thymocyte antigen 1 (Thy-1) exists on the surface
of astrocytes in long-term cultures of rat central nervous system [87]. Biotinylated
anti-Thy-1 antibody was employed to tag the surface of astrocyte and make a
conjugation between antibody and GNRs through a strong biotin-streptavidin

interaction.

Experiments were carried out using a home-built fiber-coupled laser system.
Laser diode was modulated to generate pulses of 950 ps duration in all experiments.
The position of incident laser beam having a diameter of ~400 um was identified

using a red guiding beam through optical microscope as shown in Figure 24.

Fiber-coupled
980 nm laser system

Stimulation
probe
Stimulation & recording |_‘®_| CluItured astrocyte
with targeted GNRs
controller
Inverted
microscope
|

Figure 24 Experimental setup of GNRs-mediated astrocyte stimulation and calcium
imaging system.

Optically evoked intracellular Ca®" transients were monitored by
fluorescence microscopy using the Ca** indicator Rhod-2 (R1245MP, Life
Technologies, Carlsbad, CA, USA). Cells were pre-incubated in artificial

cerebrospinal fluid (aCSF, composition (in mM): 124 NaCl, 4.5 KCI, 1.2 NaH2POs,
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26 NaHCOs, 1 MgCl,, 2 CaCl,, 10 Glucose with 5% CO; bubbling) containing
0.01 mg/mL of Rhod-2 for 15 mins. Cultures were then washed three times with
aCSF prior to fluorescence imaging. Photobleaching was kept to a minimum by
using low intensity excitation light while acquiring images. The fluorescence
images were collected using a CMOS camera (Zyla 5.5 sCMOS, ANDOR, UK).
Intracellular Ca?" transients were monitored 30 s before onset of optical stimulus
and 90 s after NIR stimulation and each image of 2560 % 2160 pixels is acquired

with a rate of 10 frames per second.

2.6. Numerical modeling

This chapter provides the theoretical mechanisms underlying GNRs-
mediated NIR stimulation. From the onset of laser irradiation to the action
potentials are quantitatively discussed. In the first part, existing basic theories will
be discussed. Based on these theories, light interaction with GNRs and neuron

interaction with heat are modeled.

We hypothesized that heat generated from the GNRs due to the damping of
LSPs affects neuronal membrane (Figure 25). lons near the neuronal membrane
redistributed upon thermal heat inducing membrane potential change. Moreover,
temperature increase induces opening of temperature-sensitive ion channels
resulting influx of cations. Both ion redistribution and the opening of ion channel
lead membrane potential change and affect gating condition of voltage-gated ion

channel. Finally, activation of ion channel lead to the generation of action potential.

b i 211 ";
45 M =2-TH @



¢ =V, (T,0) ¢$=0
Idisp
« Qenrs(D)

ITgrpy1
Iy

at

IK+
intra extra
Grrpv1 (Vi T, t)
GNa+ (VmJ t)
GK + (VmJ t)

Figure 25 Mechanisms of GNRs-mediated INS.

2.6.1. Overview

The fundamental mechanisms underlying the GNRs-mediated NIR
stimulation is thermal activation of neuronal membrane. A diagram in Figure 26
illustrates the mechanisms step by step. When laser is illuminated on to the GNRs,
heat is generated due to the LSPs of the GNRs. Total amount of energy generated
by the GNRs can be approximated using Gans theory. Heat generated from GNRs
diffuse to the plasma membrane and resulting temperature elevation. The
temperature profile of the plasma membrane can be numerically solved at given
heat source using 1-dimensional heat diffusion equation. Temperature rise in the
plasma membrane could activate temperature-sensitive ion channel and/or increase
the double layer capacitance formed at each side of the lipid bilayer which in turn
induce displacement current. Both result the membrane potential change (or current
flow) and generate an action potential. Implementing the temperature dependent
gating of the temperature-sensitive ion channel and the double layer capacitance

into the classic model reported by Hodgkin and Huxley, the generation of action
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potentials can be numerically simulated.
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Figure 26 Mechanisms of GNRs-mediated NIR neural stimulation.

2.6.2. Background theory

2.6.2.1. Gans theory

The interaction of a particle particularly small, sub-wavelength conductive
nanoparticle with an EM-field brings about electric-field amplification both inside
and outside of near-field area of particle. This phenomenon is called localized
surface plasmon resonance which is also concomitant enhancement in the
efficiency with which a nanoparticle absorbs and scatters light [88]. The electric
field enhancement of a spherical nanoparticle located at the static electric field is

described as Equation 6 and Equation 7 [88].

3em

L= Equation 6
M e+ 2,

0

47 3,_-! 2 1]| &l



M l Equation 7
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where polarizability is defined as ,a = 4ma® ———
£+ 2¢ey

where a is the radius of sphere, p: dipole moment, p = goemaEo, and € is the

dielectric of particle, em: dielectric of medium.

Absorption and scattering cross-section area due to light interaction with a

homogenous sphere is also derived as Equation 8 and Equation 9 [88].

2

8T, (€~ Em Equation 8
Csca == —
3 £+ 2¢,
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Caps = 4mka’Im (—m> Equation 9
e+ 2ey

In 1912 Gans modified the above two equations to obtain absorption and
scattering cross-section area of prolate and oblate ellipsoids particle and derived

Equation 10 and Equation 11 [89, 90].
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where V' is the volume of nanoparticle, &, is the dielectric constant of surrounding
medium, A is the wavelength of light, &; is the real part of the gold dielectric, &,
is the imaginary part of the gold dielectric, and P; is depolarization factor for three

axes. For spheroid nanoparticle, P.=P,#P-.

P_1—e2[11 (1+e> 1] _ | (B)2
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Finally, the amount of energy absorb in the GNRs upon laser illumination
can be calculated using Rayleigh-Gans theory [91]. The heat absorption (Quss) in

the particle is

Caps! Equation 12

ext =

where v, is the volume of particle, / is the intensity with the dimensions of energy

per unit area and unit time.
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2.6.2.2. Heat diffusion equation

Heat equation is derived from conservation energy and Fourier’s law. By
simply assuming heat flow in a single direction, 1-dimensional heat diffusion
equation can be obtained as Equation 13. The rate of temperature change at a
specific point is proportional to the curvature of temperature with a thermal

diffusivity coefficient (a).

or _ 9°T Equation 13
ot~ “oxz

From the conventional heat diffusion equation, external heat source (Qy) is

added which leads to Equation 14 where £ is the thermal conductivity.

T 0°T Q, Equation 14
— = — =
Jat dx?  k

2.6.2.3. Gouy-Chapman-Stern (GCS) theory

In the early 1910s researchers questioned how the charge distributed near the
metal surface (e.g. metal electrode) which is soaked in the electrolyte. A major
advancement was made by Gouy [92] and Chapman [93]. They independently
proposed an idea of diffuse layer by using Boltzmann relation to describe the
statistical distribution of ions that diffuse away from the surface [94] and Poisson
equation to describe electrostatic interaction of ions near the surface. lon

concentration along the electrolyte which was statistically modeled using

Fa
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Boltzmann equation was then combined with electrostatic Poisson equation to

yields potential profile in the diffuse layer as Equation 15 [94].

tanh (%) Equation 15
= ¢ Kx
tanh (Ze¢0)
4kT
1
2n%z%e?\2
where, K = | ———
( egokT )

where ¢ is the electrostatic potential with respect to bulk solution, e is the electron
charge, k is the Boltzmann constant, 7 is the absolute temperature, and z is the

(signed) charge.

If ¢, is sufficiently small that (zeg,/4kT) < 0.5, then tanh(zed,/4kT) reduces to
zed/4kT everywhere and surface potential can be approximated as Equation 16.
Potential in the diffuse layer always decays exponentially away from the surface.
Moreover, at larger ¢, whose surface is strongly charged, surface potential drops
abruptly indicating diffuse layer is relatively compact. On the contrary to the large

éo, potential drops gradually for the small ¢,.

¢ = poe™™ Equation 16

1
2n02232>5

here, K =
where, ( —

Ion distribution model suggested by the Gouy and Chapman assumed ions as
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a point charges which can approach to the surface infinitesimal distance. This
assumption is actually unrealistic. Stern made a modification of Gouy-Chapman
model while considering ions having finite radius and cannot approach to the
surface closer than their radius or thickness of solvated ions. Simply envision that
x2 is a closest distance to the plane where ions can approach to the surface,
potential inside the x» should be reconsidered while Gouy-Chapman model still
applies at distance lager than x,. The layer inside the plane at x; is called Helmholtz
layer, where charge is not located. Since there is no charge inside the Helmholtz
layer, the potential inside is linear. Therefore, linear decaying along the distance

with a decaying rate equal to the slope of ¢ at x, as Equation 17.

¢

_ X x = ¢ (x < x,) Equation 17
d‘x X=Xp

bo

2.6.2.4. Hodgkin-Huxley model

Hodgkin and Huxley reported mechanisms of ionic movement underlying
the generation of action potentials in the squid giant axons in 1952 [10]. They

received the 1963 Nobel Prize in Physiology or Medicine for this work.

As shown in Figure 27 Hodgkin-Huxley (H-H) model describes the axon
membrane as an electric circuit with four components connected in parallel. The
first one is the capacitor which represents bilipid layer of the axon membrane.
Sodium and potassium channels are described as variable conductance with their
own electromotive force originated from the concentration difference across the
membrane. Similarly, leakage component is depicted as a leak conductance and

electromotive force. : 5 :
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Figure 27 Electrical circuit representing axon membrane depicting lipid bilayer, sodium
channel, potassium channel and leak path.

The H-H model describes the ion channels as variable conductance with
respect to time and voltage. The potassium conductance is described using
maximum conductance and open probability (#). By contrast, sodium conductance
is described using the maximum conductance, open probability of activation gate
(m) and inactivation gate (4). Hodgkin and Huxley empirically found the power of
each open probabilities n, m, h and described the conductance as shown in
Equation 18. The open probabilities of each n, m, & are calculated by rate change of

each close and open state as in Equation 19. All the rate constants (@, () were

empirically derived at 6.3 C as Equation 20 having Qo of 3.

9k = gxkn*V =Vk),  gna = Gnam*h(V = Vyq) Equation 18

Yleak = YGieak v - Vleak)

53 H 2-1tlH



dan dam

e a,(1—n)—fFun, e aym(1—m) — Bym Equation 19
dh
— = an(1— 1) = fph
100100V +6) e Equation 20

% = exp(—100V — 6) — 1

T—-6.3

B, = 125exp(—12.5(V + 0.07)) x 3 10

—100(1000V + 45)  1-63
a, = X 3 10
exp(—100V — 4.5) — 1

—~1000(V + 0.07)) 1-63
X

= 4000 310
P =P ( 18

T-6.3

ap = 70exp(50V + 3.5) x 3710

1000 =63
= X 3 10
P exp(—=100V — 4) + 1

Combining all the conductance components and capacitor component into a

simple electric circuit equation lead to Equation 21.

lee . AV, .
- Cu ar +gxn*(V — Vi) + gnam™h(V — Vya)

+ Yleak (V - Vleak)

Equation 21

where I,y is external stimulating current and A is the current injected area.
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At given externally injected current, membrane voltage (V) can be
numerically calculated using above four equations; coupled ordinary differential
equations (ODEs) of membrane voltage (V) and open probabilities (n, m, /). Note
that, Euler method numerically solves ODEs with given initial values. For example,
consider coupled differential equations with an initial value as shown in Equation

22 where A(f) and B(t) are unknown functions of time.

dA(t)

T F(A@®, B()),

dB(t)
dt
A(ty) =4, B(ty) =B,

— g(A ®), B(t)) Equation 22

Euler method solves every values of A(f) and B(f) with increasing time ¢.
Based on the former values of 4 and B from time #,, subsequent values at time tn+

are calculated using Equation 23.

the1 =ty + AL Equation 23

A(tns1) = A(ty) + At X f(A(ty), B(tn))
B(tn+1) = B(tn) + At X f(A(tn)'B(tn))

Membrane potentials were numerically calculated by solving above
mentioned equations using Euler method. Electrical currents were injected at 10 ms
for 1 ms duration with varying amplitudes through a 10 um diameter circle.
Parameters were shown in the Table 8 and implemented HH-model using
MATLAB. H-H model successfully generated action potentials when stimulating

over 25 pA as shown in Figure 28.
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Figure 28 Membrane potentials calculated numerically using H-H method for six different
external currents.

2.6.3. Laser induced heat modeling

In this chapter, temperature profile at the neuronal membrane upon laser
irradiation is shown by modeling laser induced heat from GNRs. Using a Gans
theory, absorption cross-section area of GNRs at the laser irradiation was
calculated. Total amount energy generated from GNRs was employed to heat

diffusion equation to explore the thermal profile of the plasma membrane.
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2.6.3.1. Infrared light absorption of GNRs

When GNRs experience an EM-wave that matches the resonance frequency
of GNRs, GNRs absorb electric field within in a region of absorption cross-section
area. Gans theory, mentioned in chapter 2.6.2.1, solves the absorption cross-section
area of an ellipsoidal particle. Since the shape of GNR is similar to the ellipsoid,
we could approximate that the absorption cross-section area of GNR as that of the
ellipsoid. As mentioned in the chapter 2.3.1, the diameter and the height of GNRs
were measured as 15.3 nm and 80.4 nm, respectively. GNRs were assumed to be
soaked in cerebrospinal fluid (CSF). Implementing the characteristics of GNRs at
the light wavelength of 986 nm [95] and the dielectric constant of cerebrospinal
fluid measured at 800 MHz and temperature of 37 °C [96], absorption cross-section

area (Coss) was calculated as 1.69 X 10716 [m?].

Substitute the value of absorption cross-section area into the Rayleigh-Gans
theory and assuming the laser intensity of 286 [mJ/cm?], as an exemplar, total heat

generated from a single GNR can be approximated as 4.9064 x 1013 [W/m3].

2.6.3.2. Heat diffusion to neuronal membrane

Heat generated from the GNRs diffuses away from GNRs and reaches the
plasma membrane. Figure 29 shows heat diffusion model while assuming heat
flows one dimensionally. GNRs sheet having a thickness equal to the diameter of
GNRs are located at 0 nm. The coverage of GNRs were determined by assuming
GNRs distributed as in the section 2.3.2. Using the maximum peak temperature and

the laser exposure intensity shown in Figure 13, we deduced that the coverage of
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GNRs as coverage of GNRs as 0.27. However, the coverage of GNRs will be
changed depending on the concentration of GNRs that bound on the membrane,

and whether they clustered or not.

GNRs sheet Plasmma membrane

Thermal heat /

A 4

A 4

A 4

x =0 [nm] x =40 [nm]

Figure 29 Model of heat diffusion from GNRs to plasma membrane.

Temperature profile of plasma membrane can be numerically calculated
using 1-dimensional heat diffusion equation mentioned in chapter 2.6.2.2.
Substituting the external heat source (Qo) with the multiplication of heat generated
from single GNR and a coverage of GNRs. We can solve the 1-dimensional heat
diffusion equation by applying it to the Fourier and Laplace transforms [97].
Thermal conductivity of CSF was assumed as 0.57 [W-m'-K!'] and the following

thermal diffusivity as 1.48X 1077 [m?s™'].

Using the laser parameters of Table 5, temperature profiles were stimulated
at four different laser intensity of 166, 286, 439, 531 mJ/cm? as shown in the
Figure 30. At the onset of laser irradiation temperature increased abruptly and
reached maximum value. Temperature gradually drop to the baseline with a time
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constant around 1.4 ms. It is worth noting that maximum peak temperature shows a

linear dependence with laser intensity which is a result of the 1-dimensional heat

= 286 mJ/cm?

Ilaser

2 4 [ El 10 12 14 16 18 20
time {ms}

e = 531 mlfem?

flow.
10 T T T 10
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8 8
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2 4 & 3 10 12 14 18 18 20
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Figure 30 Temperature profiles of plasma membrane upon laser irradiation of four different

laser intensities.

Table 5 Parameters of laser irradiance and heat diffusion equation.

Parameter Value Unit
Intensity Variable Y
Beam diameter 600 um
Wavelength 980 nm
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Start time 0 ms

End time 1 ms

2.6.4. Neuronal membrane modeling

Laser induced temperature change was obtained in the chapter 2.6.3. In this
chapter, we sought how the membrane capacitance and TRPV1 channel behave

upon temperature increase.

2.6.4.1. Heat induced capacitance change

Extracellular medium vicinity of the plasma membrane (or lipid bilayer)
experiences abnormal electrostatic forces compared to bulk medium. Ions in the
extracellular medium redistribute to form double layer near the plasma membrane
as mentioned in chapter 2.6.2.3. Needless to say, ions in the intracellular medium
also redistribute and form double layer inside the membrane. Each side of the
membrane is composed of a diffuse layer and a Helmholtz layer. Due to the ions
redistribution of both inside and outside of the plasma membrane, potential along
the intracellular medium to the extracellular medium is not uniform. Using the
Gouy-Chapan-Stern theory potential along the intra- and extracellular medium can

be solved, until the surface potentials of each side of the membrane is determined.

Assume, plasma membrane with a thickness J, positioned to separate two
electrolyte solutions. Plasma membrane has a charge on internal side of the
membrane (x = — J,) and outside the membrane (x = 0) as ai, 0o, respectively.
Plasma membrane was assumed to be 1:1 phosphatidylcholine (PC) and

phosphatidylethanolamine (PE) bilayer and monovalent electrolyte having 140 mM
b 5 I:
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of NaCl. Using the Gouy-Chapan-Stern theory with a modification by Genet et al
[98]. Surface potential can be expressed as two coupled equations Equation 24 and
Equation 25 having variables listed in the Table 6 [34]. (R represents the gas

constant which is 8.31 [J-mol!-K™!].)
? Equation 24
& uation
(00 + = (P; — cI)O)) = d

Sm
§ ZjOF
ZETS‘”RTZ ¢;®(e0) | exp | — BT (P, —AD%) | —1

j=1

2
£ Equation 25
<0i + a_m(q’i - cDo)) = 1
m

L - . ZkiF i
267 0RT )" 6 (—o0) (exp ( = (@1 = V) — 80 | ~ 1
k=1

8s° € Equation 26
80,° = 25 (00 + 5 (@~ @) ;

iF
111060 (00) exp (— 2 (0, — M)
iF
74 ¢0(o0) exp (— 2L (@ — A0,°))

650 = 6lip0 +

A £
80! = 2 (o~ 5 (@0~ @)

Equation 27

i rilei (—o0) exp (= 25 (@; = V) — ADH)
Sty i (—o0) exp (— 22 (@; = Vyp) — A0H))

8 =8 +
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Table 6 Definitions and values used to model heat induced capacitance change.

Variable Definition Value Units
T Temperature Variable K]
Initial temperature is
309.5 K

Vin Membrane potential (potential variable [V]
difference between inner and
outer bulk medium)

D, Surface potential of inner side variable [V]
of lipid bilayer

D, Surface potential of outer side variable [V]
of lipid bilayer

Ad! Potential difference of inner variable [V]
stern (or Helmholtz) layer

Ad° Potential difference of outer variable [V]
stern (or Helmholtz) layer

5si Thickness of inner stern (or variable [m]
Helmbholtz) layer

8° Thickness of outer stern (or variable [m]
Helmbholtz) layer

o; Intrinsic charge density of inner —0.006 [C mm?]
side of lipid bilayer

o, Intrinsic charge density of outer —0.006 [C mm?]
side of lipid bilayer

Em Permittivity of lipid bilayer (or 2.5 X Efcespace [A% s*kg! m?)
plasma membrane)

o Thickness of lipid bilayer (or 3 x10° [m]
plasma membrane)

50! Permittivity — of  electrolyte 87.740 — 0.40008¢ + [A2s* kg! m?)
medium 9.398(104)7 -

1.410(10°%7

c;'(—) Concentration of k-th ionic (0.14, 0.14) [M]
species in inner electrolyte

¢;°() Concentration of j-th ionic (0.14,0.14) [M]

species in outer electrolyte




Zki

Valence of k-th ionic species in
inner electrolyte

Valence of j-th ionic species in
outer electrolyte

Permittivity of inner stern (or
Helmbholtz) layer

Permittivity of outer stern (or
Helmbholtz) layer

Hydrated ionic radius of k-th
ionic  species in  inner
electrolyte

Hydrated ionic radius of k-th
ionic  species in  outer
electrolyte

Hydrated size of inner polar
lipid head groups

Hydrated size of outer polar
lipid head groups

(1,-1)

(1,-D

£r5°Y/10

&r5°410

(0.355,0.335) x 10

(0.355,0.335) x 10

0.45 x 10?

0.45 x 10?

[A%s*kg! m?]

[A? s*kg! m?)

[m]

[m]

[m]

[m]

Equation 24 and Equation 25 depend on the temperature which is attributed

from the temperature in Boltzmann equation and temperature dependency of

electrolyte permittivity. Note that membrane surface potentials (®;, @,) can be

solved at fixed membrane voltage (V,,) while changing temperature. Using this

model, we obtained membrane surface potentials over temperature at fixed

membrane potential of =100 mV as shown in Figure 31.

63



-0.24 T T T T T

-0.26 -

-0.28

Voltage (V)
o
w
1

-0.32 ~

-0.341 surface potential at the outer lipid bilayer M ~

= = = surface potential at the inner lipid bilayer ~

-0.36 1 1 1 I 1
260 280 300 320 340 360 380

Temperature (K)

Figure 31 Graph of membrane surface potentials of inner and outer side of the lipid bilayer
(plasma membrane).

Surface potentials (®;, @,) at the onset of laser irradiation can be obtained
by matching the temperature profile after laser irradiation (Figure 30) with the
standard temperature (Figure 31) to find the corresponding surface potentials of
each side of the membrane. Transmembrane potential was calculated as (®@; — @,)
and charge accumulated at the membrane was obtained by multiplication of lipid
bilayer capacitance (0.01 F-m™) and the transmembrane potential. Since membrane
capacitor is equivalent to serially connected lipid bilayer and double layer
capacitors of both inside and outside of the lipid bilayer, amount of charges
accumulated at the membrane capacitor are same as the charges accumulated at
each three capacitors components. Therefore, membrane capacitance (C,) can be
easily computed by the ratio of charge accumulated at the lipid layer and

membrane potential (V) (Figure 32).
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Figure 32 Membrane capacitance change when irradiating laser with an intensity of 286
mJ/cm?.

Transient rise in membrane capacitance upon laser irradiation might be
attributed to the redistribution of ions in the electrolyte of both inside and outside
of the membrane. When the temperature of plasma membrane including both sides
of electrolyte increases, the ions from the electrolyte move away from the plasma
membrane due to the increased mobility of the ions (or increase in diffusion rates
of ions). Although, both positively and negatively charged ions move away from
the membrane, the amount they travel vary due to the difference in the electrostatic
force exerted on each of ions. In the case where the negative membrane potential
(Vm), negatively charged ions are abundant in the intracellular bulk medium. At
equilibrium, charges are distributed to balance the electrostatic force between the
ions. However, temperature elevation induces the movements of ions toward bulk
electrolyte. The positively charged ions move more due to the attraction of bulk
electrolyte compared to the negatively charged ions which are repelled. Inner

surface potential decreases as shown in Figure 33 (left). As two opposite charges
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being separated capacitance of inner double layer increases. Likewise, positively
charged ions are abundant in the extracellular bulk medium. Hence, negatively
charged ions are being attracted and move more toward the bulk medium compared
to the positively charged ions. Therefore, surface potential outside of the membrane
increases as shown in Figure 33 (right) with an elevation of capacitance of outer
double layer. Due to the increase of both inner and outer double layer capacitance,

the total double layer capacitance increases at the onset of laser irradiation.

——— surface potential at the inner lipid bilayer ——— surface potential at the outer lipid bilayer

2 4 & 8 012 14 16 18 20 0 2 4 [ 8 10 12 14 18 18 20
Time (ms) Time {ms}

Figure 33 Profiles of surface potentials of lipid bilayer of both side; inner (left), outer (right)
when laser with an intensity of 286 mJ/cm? was irradiated. Membrane potential (V,,) was
fixed as =100 mV.

2.6.4.2. Heat induced conductance change of ion channels

Our present results shown in chapter 2.6.4.1 have important implications
when considering possible mechanisms for GNRs-mediated NIR stimulation of
neuron where there is no specific ion channel. In this chapter, we questioned what

will happen if neuron has specific ion-channel that response to the temperature.

As we feel every day, we possess a sense of temperature. Thermosensation is
mainly achieved by the thermoTRPs, a subset of transient receptor potential ion
channels. Among them, heat-sensitive TRPV1 channels open above the

temperature of 43 °C. We assumed that TRPV1 channels are responsible for the
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possible factors contributing the current flow through the membrane upon GNRs-

mediated NIR stimulation.

The mechanisms for gating of TRPV1 channels were discovered in 2004 by
Voets et al. They suspected that the temperature dependence might be originated
from the thermodynamic consequence of differences in the activation energies
associated with voltage-dependent channel opening and closing [37]. Given that,
we could describe a TRPV1 channel as a simple two-state model for voltage-gated
channel as below.

a(V,T)
Close —— Open

BV, T)
The opening rate (o) and closing rate (B) can be described as Equation 28,
Values of each parameters are shown in Table 7 [37]. Temperature coefficient for

opening rate (o) and closing rate () are 14.8 and 1.35, respectively.

— A —Eg open 0zFV
a = Aexp ( RT ) eXp ( RT ) Equation 28
B = Bex (_Ea,close> ex <_(1 - S)ZFV)
P\ kT P RT

Defining an open probability of TRPV1 as ‘r’, relation between closing and

open channel can be written as Equation 29.

r
—=a,(1—-1) =B

dt Equation 29

3 ) 211 ";
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Open probability of TRPV1 channel (r) can be numerically solved for
temperature at fixed membrane voltage —0.07 [V]. As shown in Figure 34, open
probability of TRPV1 channel sigmoidally increase as temperature increase from

20 to 44 °C. Open probability reaches near ‘1’ when temperature becomes 44 °C.

Open probability of TRPV1 channel upon temperature (r)
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Figure 34 Open probability of TRPV1 channel upon temperature ranging from 20 to 44 °C.

Table 7 Variables used in opening and closing rate of TRPV1 channel.

Variable Definition Value Units
T Temperature Variable K]
Initial temperature is
309.5 K

vV Transmembrane voltage variable [V]

A Preexponential ~ factor  for 1.61 x 10%7 [s1]
opening rate

B Preexponential ~ factor  for 9.67 x 10° [s1]
closing rate

Egopen Activation energy for opening 208 x 10° [J-mol']

rate

68 H Z2-1H &



E, close Activation energy for closing 232 % 10° [J-mol']
rate
z Effective charge associated 0.71 -
with voltage-dependent gating
6 Fraction of z moved in the 0.5 -
outward direction
R Gas constant 8.31 [J mol! K]
F Faraday constant 96500 [s A mol!]

2.6.5. Capacitance change and conductance change induced
action potential

In this chapter, neuronal membrane was modeled based on a classical H-H
model which considers time- and voltage-dependent sodium and potassium
channels. The H-H model was modified in order to reflect the temperature
dependence of the neuronal membrane. Double layers that formed at each side of
lipid bilayer and temperature-sensitive ion channel were added to classical H-H
model. Overall considerations underlying GNRs-mediated NIR stimulation were
implemented in H-H model to verify our hypothesis is valid. As mentioned in the
beginning of this chapter, starting from the laser irradiation to generation of the

action potential was dealt and this chapter is the final step of this journey.

We hypothesized that GNRs-mediated NIR pulse induces local and transient
heat. Transient heat near plasma membrane alters ions distribution status in the
membrane resulting membrane capacitance to increase. Moreover, conductance of
the TRPV1 channel increases due to the temperature elevation near the membrane.
Either membrane capacitance increase or TRPV1 channel opening affect the

membrane potential which is crucial in the initiation of an action potential.
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Membrane potentials were easily calculated using H-H model as mentioned
in the chapter 2.6.2.4. Membrane capacitance change and conductance change of
TRPV1 channel were employed in H-H model and sought whether these two or
independently may generate an action potential. Influence of each membrane
capacitance change and the TRPV1 channel opening on the generation of an action
potential were monitored and compared. We modeled three types of modified H-H
models; (i) capacitance change considered H-H model, (ii) TRPV1 channel
considered H-H model, and (iii) capacitance change and TRPV1 channel

considered H-H model.

First, temperature-dependent capacitance change of the plasma membrane is
modeled. Plasma membrane with electrical double layer of both sides can be
represented by using a capacitor as mentioned in the section above. Note that
membrane capacitance obtained using GCS model reflects the time-dependent
temperature change rather than a constant value. Therefore, the effects of
capacitance change due to rapid increase in temperature on the neural
depolarization can be explored. Even though membrane capacitance is calculated at
fixed membrane voltage (V,), membrane capacitance is implemented in H-H
model since membrane capacitance is same for all values of membrane voltage (V)

[34].

Conductance of TRPV1 channel was inserted parallel to the electric circuit of
classic H-H model as shown in Figure 35. Assuming the conductance of TRPV1
channel as linear function of open probability ‘r’, and simple electric circuit
equation can be obtained as Equation 30. Note that, open probability (r) was

calculated in the chapter 2.6.4.2.

gtrpvl = g_trpvl Xr
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Figure 35 Electrical circuit representing axon membrane including TRPV1 channel in the
classical H-H model.
Since TRPV1 channels are non-selective cation channel (or cation selective
ion channel), the reversal potential was determined while considering equilibrium
potentials of Ca®*, Na*, and K'. First, equilibrium potential of Ca®" ions were

calculated using Nernst equation (Equation 31),

Epg2+ = Z_T In (Cout> Equation 31

where, R is gas constant, T is absolute temperature, z is valance of ion, F'is faraday
constant, C,, is a concentration of ions outside of the membrane, and Cj, is a

concentration of ions inside of the membrane.

The concentration of Ca>" outside of the membrane is 107 [M]. Most of the
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calcium ions inside the cell are in the nucleus, mitochondria, and endoplasmic
reticulum. Rest of them are in cytoplasm and only few of them are remained as free
ions with a concentration of 2 x 107 [M] [99]. Equilibrium potential for TRPV1

channel is then 0.184 [V].

Interestingly, although TRPV1 channels is a non-selective cation channel,

permeability of TRPV 1 channel to each ion are not same. Ca?* has biggest channel

PC
P

permeability and Na* and K" has nearly the same permeability ( “2: = 9.6) [100].

N

Since Ca*" can pass through the ion channel more easily, equilibrium potential of
Ca?*" affects more on the reversal potential of TRPV1 channel. Therefore, reversal
potential of TRPV1 channel was calculated using Equation 31, having a value of

0.195 [V].

1 .
Vrrpya = 96 (Enygt + Ex+) + Ecg2+ Equation 32
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Chapter 3: Results

This chapter demonstrates the results associated with GNRs-mediated NIR

stimulation in order to achieve safe, effective and wide applicable INS.

3.1. GNRs-mediated safe INS

This study starts with the fact that conventional INS requires high laser
exposure which might cause tissue damage due to bulk tissue heating. To overcome

the high laser exposure, we employed GNRs to the conventional INS.

3.1.1. In vivo rat sciatic nerve

3.1.1.1. Distribution of GNRs

At first in order to confirm the presence of GNRs near the plasma membrane,
we examined a histological study using transmission electron microscopy (TEM)
after injecting GNRs into nerve bundle. According to Figure 36, GNRs were
distributed in the vicinity of the plasma membrane of axons for local heating of the
targeted nerves. Though their size and shape appear non-uniform, it was due to the
fact that GNRs are randomly oriented and embedded in a three-dimensional soft

tissue.
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Figure 36 TEM image of GNRs injected into rat sciatic nerve.

3.1.1.2. Effect of GNRs

Subsequently, to demonstrate that a pulsed infrared stimulation elicits a
neuronal depolarization, we measured CNAPs from rat sciatic nerves in vivo using
male Spraque-Dawley rats aged 10 weeks. The sciatic nerve with a length of ~50
mm from the left thigh was exposed and the surrounding tissues were extracted
before the stimulation. Fiber-coupled laser with a beam diameter of 2 mm was
illuminated the proximal part of the nerve bundle where a 1 pL of GNR solution
was injected in advance while extracellular electrical recording was performed at
the distal end. During the experiments, optically evoked CNAPs were amplified,
filtered and averaged sequentially. Figure 37 shows an exemplar of neural
recording results upon the use of GNRs. While both INS strategies resulted in
CNAPs under identical laser exposure of 0.641 J/cm?, larger neural responses were
produced in the presence of GNRs by more than 6 times. This clearly demonstrates
that laser energy is delivered to the target tissue more effectively through its
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conversion to LSP modes excited by GNRs and the resultant local heating initiates

more number of neurons to be activated.

0.2 {
CNAP without GNRs i

< 0.0 |

E]
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< 02 \

" ael |

-0.4 I :
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Figure 37 CNAP curves recorded when a laser pulse with an exposure energy of 0.641
J/cm? was irradiated to the target nerves with and without gold nanorods.

Having found out the possibility that GNR-based INS elicits evoked
potentials, we investigated its effectiveness on neural activation in two aspects:
responsivity and threshold. Figure 38 shows the direct comparison of CNAPs with
and without GNRs as a function of laser intensity. When a laser exposure was
maintained at less than 1.0 J/cm? to avoid damaging the plasma membrane, an
increase in stimulation power causes an activation of more number of neurons and
leads to a corresponding amplitude increment of CNAP signals. Figure 39 show the
measured CNAP curves when rat sciatic nerves with and without GNRs were
stimulated by a pulsed near infrared laser light in the range from 0.159 J/cm? to
1.046 J/cm?. Of importance is that the linear regression data obtained from the case
with GNR show a steeper slope by 5.7 times. It is likely that the enhanced
responsivity is attributed to an effect of local heat generation which accelerates the

depolarization of neuron cells inside the nerve bundles. In addition, for determining

a stimulation threshold, we measured minimum laser intensity required to detect a .
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neural signal with an averaged magnitude of 60 uV. With an increasing laser power,

stimulation thresholds were found to be 0.159 J/cm? for the INS with GNRs and

0.480 J/cm? for the one without GNRs. The latter is three times bigger than the

former, which implies that the GNR-based INS is more advantageous in terms of

efficiency and safety in nerve stimulation. Summarizing the results, due to a local

temperature elevation by GNRs generating more neural activities and larger CNAP

signals and therefore yielding an improvement in responsivity and stimulation

threshold.
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Figure 38 Graphs of laser radiant exposure versus peak amplitude of the evoked CNAP

during the stimulation.
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Figure 39 CNAPs recorded for different laser powers when the sciatic nerves with GNRs
(left) and without GNRs (right) are stimulated.

o

3.1.1.3. Histological analysis

Finally, we performed the histological analysis of the sciatic nerve exposed
to laser irradiation to assure our stimulation safety for the target tissues. Various
radiant exposures in a wide power range were used to induce tissue damages for
positive control. Twenty pulses with different radiant exposures from 0.32 J/cm? to
2.43 J/cm? were applied to the rat sciatic nerve embedded via paraffin. Serial 5 pm
thick sections of the entire nerve were cut and stained with hematoxylin and eosin
(H&E) to demonstrate pathological changes in the tissue. A sham procedure with
no laser stimulation was also performed for negative control. Figure 40a) exhibits
the histological image of cross-sectional view of rat sciatic nerve for the negative
control indicating no signs of damage. On the other hand, the histological analysis
in Figure 40c) for stimulation of 2.23 J/cm? presents a significant tissue damage,
while stimulating with an exposure of 0.96 J/cm? causes no damage of nerve as

shown in Figure 40b). Note that, in this study, we used the data obtained at an
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exposure level less than 1.0 J/cm? to guarantee a damage-free stimulation.

o1 mm 2 2 S w Toimm 0.1 mm

{ 3
Figure 40 Histology (H&E stain) of nerve tissue upon laser exposure of various intensities.
a) The sham specimen does not show any evidence of pathologic abnormality (negative
control). b) The nerve irradiated at the stimulation energy of 0.956 J/cm? does not show any

evidence of thermal damage. c) Significant histological changes in the nerve stimulated at
the energy of 2.23 J/cm? were observed (positive control).

3.2. Cell-targeted GNRs-mediated effective INS

As mentioned in the results shown in the section 3.1, GNRs reduced
stimulation threshold and guaranteed the safety. However, unbounded GNRs were
readily washout due to convective extracellular fluid flow. In this study, antibody

was used to bind GNRs with neuronal membrane and enhance the INS.

3.2.1. Invitro cultured rat hippocampal neuron

3.2.1.1. Distribution of GNRs

To verify whether streptavidin-conjugated GNRs were well bound to the
neuronal membrane, the distribution of GNRs was visualized by performing
immunocytochemistry. The phase contrast microscope image shows a typical
hippocampal neural cell after 18 days in vitro. Cell bodies as well as axons can be
distinguished morphologically as shown in Figure 41(a). After neuronal membrane

was tagged by biotinylated anti-Thyl.1 antibody, streptavidin-coated GNRs were
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incubated to form a strong binding with biotinylated antibody. Biotinylated FITC
was used to observe the distribution of streptavidin-coated GNRs. Strong FITC
fluorescent signal found at the surface of hippocampal neurons implies a high
avidity to anchor the GNRs proximal to the neuronal membrane, avoiding diffusion

of GNRs away from the target neurons (Figure 41(b)).

Figure 41 Phase contrast (a) and immunofluorescent microscope image after tagging
antibody-conjugated GNRs with FITC to find the distribution of GNRs. Scale bar, 100 pum.

3.2.1.2. Effect of cell-targeted GNRs

Before demonstrating a neural response associated with NIR stimulation and
cell-targeted GNRs, spontaneous activities of cultured neural cells were monitored.
Array-wide synchronized burst activities were obtained and a time interval between
bursts was presented by an inter-burst interval (IBI) histogram. In Figure 42(a),
spontaneous burst firing with an average interval of 10.8 s was measured, which
indicates that cultures were in the state of development of synaptic connection [62].
Electrical stimulation was delivered to the electrode where strong spontaneous
activities were recorded. For electrical stimulation, a neural response was defined
as a spike with a peak lower than —12 puV while neglecting the stimulation artifact
that appears around 0 s. The first evoked neural response tended to appear in 10-20

ms after the electrical stimulus (Figure 42(b)). When stimulus efficiency was
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defined as a percentage of the number of stimuli evoking action potentials to the
total number of applied stimuli, the stimulus efficiency of electrical stimulation
was measured to be 100 %, verifying a high reliability of electrical neural
stimulation. Moreover, from the post-stimulus time histogram (PSTH) shown in
Figure 42(c), the majority of action potentials occurred no later than 150 ms and

the latency, time to get the maximum spikes after stimulus, is 25 ms.
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Figure 42 Characteristic of neural response upon electrical stimulus. (a) An inter-burst
interval histogram without electrical stimulation. (b) Evoked action potentials after
electrical stimulation. (c) A post-stimulus time histogram to show the temporal distribution
of electrically evoked action potentials.

Having verified the cellular excitability upon external stimuli, optical
stimulation without cell-targeted GNRs was performed. Cell medium was replaced
with 1.5 mL of aCSF and culture was maintained in the incubator (36.5°C, 5% CO»)
for 15 mins. Optical pulse was delivered to the neuron for 400 us every 60 s while
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increasing its stimulus intensity to evoke neural depolarization. Note that, the data
without cell-targeted GNRs in this study were assumed to include both cases for
untreated GNRs and no GNRs. From the previous publication, the photosensitivity
results for untreated GNRs and no GNRs showed insignificant difference in the
effect of optical stimulation on DRG neurons [97]. It was also demonstrated that
perfusion of fresh buffer rapidly washed the nanoparticles out, abolishing their
effect. Even without active washing, diffusion of gold nanoparticles away from the

neuron cell was sufficient to abolish the optical responses.

The stimulation threshold was defined as the minimum radiant exposure
required to evoke action potentials with first three consecutive laser pulses while
having stimulus efficiency over the 50 %. While stimulating without cell-targeted
GNRs, stimulation threshold level was determined to be 46.9 mJ/cm? and stimulus
efficiency was measured to be ~80%. In Figure 43(a), neural responses were
synchronized to optical stimulus showing that optically evoked neural activities
range over several hundreds of milliseconds. Due to such a wide-spreading firing
distribution, the latency of PSTH was increased to 265 ms, which is approximately

ten times bigger than the result of electrical stimulation of 25 ms (Figure 43(b)).

Subsequently, highly localized GNRs-mediated optical stimulation of neuron
was performed by conjugating GNRs to antibodies that specifically bind to external
membrane proteins. Neuronal cells were tagged with surface-modified GNRs by
replacing aCSF with a cell culture medium containing a mixture of biotinylated
anti-Thy-1 antibody (3.3 pg/mL) and streptavidin-conjugated GNRs (2.3x10'//mL).
After 2 hrs of incubation, cells were washed three times thoroughly with aCSF and
incubated at 36.5°C and 5% CO- for 15 mins for stabilization. The neural activities

were evoked as shown in Figure 43(c). The GNR-tagged neurons elicited enhanced
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stimulus efficiency up to 90% at the threshold intensity of 30.1 mJ/cm?, which was
notably lower than the neurons without conjugation of GNRs. Also, the neural
activities were evoked with a reduced latency of 95 ms as presented in PSTH
compared to optical stimulation without cell-targeted GNRs (Figure 43(d)).
Together, these data show that functionalized GNRs bound to the neuronal
membrane enable fast optical neuronal depolarization with low laser intensity
while displaying high resistance to washout. When GNRs are tightly bound to the
membrane, it is likely that direct change in membrane capacitance and/or rapid
opening of temperature-sensitive ion channels allows for a relatively faster

depolarization than NIR stimulation without cell-targeted GNRs.
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Figure 43 Characteristic of neural response upon optical stimulus with and without cell-
targeted GNRs. (a) Evoked action potentials after optical stimulation without cell-targeted
GNREs. (b) A post-stimulus time histogram to show the temporal distribution of optically
evoked action potentials without GNRs. (c¢) Evoked action potentials after optical
stimulation with cell-targeted GNRs. (d) A post-stimulus time histogram to show the
temporal distribution of optically evoked action potentials with GNRs.

We also found the effects GNRs concentration on stimulation threshold. As
mentioned in the above, GNRs concentration is the concentration during the
incubation in a culture. To demonstrate the effects of GNRs on the stimulation
threshold, the stimulation thresholds for the cases with GNRs and without GNRs
were measured and their ratio was calculated. We defined the stimulation threshold
ratio as stimulation threshold for the case with GNRs over that of the case without
GNRs. As shown in Figure 44, with a concentration GNRs of 1.133 x 10 nps/mL,
the stimulation thresholds for both cases are nearly the same. However, as the
GNRs concentration increases, stimulation threshold when with GNRs becomes
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smaller than that of the case without GNRs as shown in Figure 44. We could
speculate that much more GNRs were bound to the neuron and affect more on the
neural depolarization. At the GNRs concentration of 3.4 x 10" nps/mL, we found
that stimulation threshold for the case with GNRs became half of that of the case

without GNRs.
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Figure 44 Graph indicating the ratio of stimulation threshold for the case with GNRs and
without GNRs upon GNRs concentration.

3.2.2. [In vivo rat motor cortex

3.2.2.1. Enhanced motor behavior using GNRs

The effect of GNRs on motor behavior was tested. As mentioned in the
chapter 2.5.2.2 rats were anesthetized with intraperitoneal injection of urethane
(200 mg/kg) and the optical pulses were delivered outside of the brain using fiber-
coupled laser diode. Fiber is positioned ~2 mm above the brain where nanoparticles
are injected. The stimulation parameters were 50 ms train of fifteen 1.5 ms pulses
at 300 Hz with a pulse intensity of 128 mJ/cm? which were determined based on

the stimulation parameter of intracortical microstimulation (ICMS) [68, 101]. After
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optical stimulation, electrical stimulation (66.7 ms train of twenty monophasic,
negative, 0.2 ms pulses at 300 Hz with amplitude of 2.4 mA) was delivered
through tungsten microelectrode where light was delivered to check the

functionality after optical stimulation [68, 101].

We found that NIR stimulation with cell-targeted GNRs facilitated a
response of whisker oscillation as shown in Figure 45(a). No significant whisker
angle change was observed and an exact value of simulation threshold could not be
found when stimulating the motor cortex with no aid of GNRs. While the
experimental results for verifying the reproducibility were not shown here, we
found that overall trends were consistent, although there was slight difference in
the amplitude of angle difference and the delay time to initiate the movement. To
check the functionality and the cell viability of stimulation site in motor cortex,
optical stimulation was followed by electrical stimulation. Strong stimulus-locked
whisker movement was electrically evoked, implying that whisking function
remains intact during the courses of NIR stimulation as shown in Figure 45(b).
Although whisker movement triggered by optical stimulation was fairly weak and
slow compared to the results of electrical stimulation, whisker movement in the
presence of GNRs clearly shows an enhancement comparing to the case without

GNRs.
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Figure 45 Whisker movement evoked by optical (left) and electrical (right) stimulation of
rat vibrissae motor cortex in vivo.

3.2.2.2. Effects of laser stimulation parameters upon motor behavior

We demonstrated GNRs-mediated INS could induce motor behavior as
shown in shown in chapter 3.2.2.1. Although laser stimulation parameters were
determined based on the parameters used in ICMS, a further consideration on

stimulation parameter upon motor behavior is needed.

In this experiment, rats were anesthetized with mixture of
Ketamine/Xylazine and neural signals were recorded while stimulation. These two
are different from the protocols used to obtain the results in the chapter 3.2.2.1. At
first, we demonstrated that GNRs-mediated INS could induce whisker behavior
with corresponding neural activities. When laser pulse was delivered at time O s
with a single pulse having duration of 0.35 ms whisker was successfully moved

and neural spikes were increase significantly as shown in Figure 46.
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Figure 46 Whisker trajectories (top) and detected spikes from the recorded neural signal
(bottom) when cortical stimulation using GNRs-mediated INS.

In order to determine the effect of stimulation parameters upon whisker
movements, stimulation thresholds in which minimum radiant exposure energy of a
pulse to evoke whisker behavior were determined. Effect of pulse duration on
whisker movement was first determined. As shown in Figure 47, stimulation
threshold energy increases as pulse duration increases. It seems that when the light
energy is delivered in a short period of time, temperature increase rapidly and

elicits an action potential.
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Figure 47 Plot of stimulation thresholds upon laser pulse duration. Numbers of trials for all
cases were three except 0.75 ms which was two.

Effect of number of pulses upon whisker movement was determined while
fixing the pulse duration at 0.25 ms. We increased the number of pulses and found
out that stimulation threshold energy decreased as pulse number increased (Figure
48). It is obvious that as more pulse is delivered to the neural tissue much more

light energy is accumulated to generate an action potential.
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Figure 48 Plot of stimulation thresholds upon number of laser pulse. Numbers of trials for
all cases were three.

Finally, laser stimulation frequency was modulated with preset pulse
duration of 0.25 ms and number of pulses of four. As shown in Figure 49
stimulation threshold energy decreases as pulse frequency increases. Light energy
is more likely to accumulate rather than to dissipate when the pulse frequency

increases.

We determined the effects of stimulation parameters upon whisker behavior
while monitoring stimulation threshold. We found that stimulation threshold
decreases as pulse duration decreases, number of pulses increases, and pulse
frequency increases. However, neural spikes analyses were unsuccessful since
spontaneous activities were frequent in many cases which make hard to distinguish

between evoked activities.
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Figure 49 Plot of stimulation thresholds upon laser pulse frequency. Numbers of trials for
all cases were three except 80 Hz which was two.

3.3. Cell-targeted GNRs-mediated wide applicable
INS

3.3.1. Invitro cultured astrocyte

3.3.1.1. Astrocyte culture

Astrocyte cells from cerebral cortices of a rat were cultured and their
microscopic images are shown in Figure 50. Immunofluorescence staining for glial
fibrillary acidic protein (GFAP) was performed to confirm that the cultures were
astrocyte confluent cells. To distinguish the morphology of individual cells, they
were cultured with a low density (~150 cells/mm?). Cells attached to the culture
plate have flat, oval or irregular shape with a radially extended processes and those
results were morphologically consistent with the previous works [87]. The
immuno-fluorescence image in Figure 50(B) revealed that the cultured cells were
GFAP-positive astrocytes, indicating that they consisted of astrocyte confluent cells
while it was difficult for neurons to survive under the culture condition mentioned

in the chapter 2.5.2.1.
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Figure 50 Microscope image of cultured astrocytes. (A) Phase contrast micrographs of
cultured astrocytes. (B) Glial fibrillary acidic proteins (GFAPs) are immunocytochemically
labeled. Scale bar = 100 um in all cases.

3.3.1.2. Distribution of GNRs

Prior to photothermal stimulation of astrocytes, the distribution of GNRs
were visualized to confirm that surface-modified GNRs are bound to the astrocyte.
In Figure 51(B), fluorescence signals were detected in astrocytes, especially at the
center of the cells. Moreover, irregular size distribution of bright spots was
discontinuously observed, presenting that aggregated GNRs [97] were strongly
bound to the surface. This result indicates that GNRs were successfully delivered
and attached to the target astrocytes through biotin-streptavidin interaction with a

strong affinity.

Figure 51 Microscope images of immunocytochemically stained GNRs. (A) Phase contrast
microscope image of GNRs tagged astrocyte. (B) Distribution of GNRs are visualized after
targeting to the cells. Scale bar = 50 um in all cases.
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3.3.1.3. Cell-targeted GNRs induced intracellular Ca*>* transient in astrocyte

To characterize an optically-induced Ca®* transient in densely cultured
astrocytes, focused NIR pulse was delivered to the astrocyte while monitoring
fluorescence of Rhod-2 simultaneously before and after laser irradiation. At first,
NIR stimulation without GNRs was performed using unmodified astrocytes. After
pinpoint irradiating NIR pulse of 13.12 mJ/mm? to astrocyte, no significant Ca**
wave was monitored as shown in Figure 52. Fluorescence change (AF/Fy), the
difference in fluorescence intensity at the onset of the stimulus and maximum
fluorescence intensity after stimulation, was obtained as small as 1.1%, implying
that astrocyte was not affected by the pulsed NIR stimulation when it was

stimulated without cell-targeted GNRs.
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Figure 52 Characterization of NIR stimulation without cell-targeted GNRs. (A) Phase
contrast microscope image of astrocyte. (B) Profile of intracellular Ca?* waves before and
after optical pulse (yellow box). (C) Ca®* images at 15, 30.5, 35, 40, 45, 50, 55, 90 s. Scale

bar = 100 um in all cases.

Subsequently, optical stimulation with cell-targeted GNRs was examined.
GNRs were bound to cell membrane to generate highly localized thermal transient
and to resist extracellular fluid flows. Astrocytes were tagged with surface-
modified GNRs by incubating with a mixture of biotinylated anti-Thy-1 antibody
(5 pg/mL) and streptavidin-coated GNRs (3.4 x 10'!/mL). Cells were then washed
three times thoroughly with aCSF and loaded with Ca?" indicator Rhod-2. In Figure
53, at the onset of NIR irradiation of 13.12 mJ/mm?, fluorescence intensity reached
a maximum of 85.1% within 11 s, which was obviously different from spontaneous
Ca®" oscillation. Strong intracellular Ca** transient with an average fluorescence
change (AF/Fy) of 79.7% was observed. Fast propagation of Ca** waves both

within and between astrocytes was measured with an average propagation velocity
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of 20.1 pm/s, which was consistent to the physiological Ca?" activity in the
previous literatures [79, 102]. Accordingly, NIR stimulation with targeted GNRs
could trigger intracellular Ca*" elevation while the stimulation without GNRs did
not induce any noticeable Ca®" change, implying that a combination of GNRs with

NIR pulse was effective in generating intracellular Ca®" transient.

(A) (B) g w0

L 30
“w

£ 60
)

£ 40
5

20
g
=]

S o
©
o

0 20 40 60 80 100
Time (s)

(C)

Figure 53 Characterization of NIR stimulation with cell-targeted GNRs. (A) Phase contrast
microscope image of astrocyte. (B) Profile of intracellular Ca>" wave before and after
optical pulse (yellow box). (C) Ca®" images at 15, 30.5, 35, 40, 45, 50, 55, 90 s. Scale bar =
100 um in all cases.

In order to causally understand the origin of intracellular Ca*" transients
upon infrared laser stimulation, optical stimulation was performed under Ca?**-free
aCSF medium (composition (in mM): 124 NaCl, 4.5 KCI, 1.2 NaH,PO., 26
NaHCOs, 3 MgCl,, 10 Glucose with 5% CO; bubbling). The experiments were

conducted after targeting GNRs to the cell surface. As shown in Figure 54, NIR
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stimulation of 13.12 mJ/mm? combined with GNRs still induced an abrupt and
stimulus-triggered Ca?* elevation and subsequent Ca*" propagation to neighboring
cells with an average fluorescence change (AF/Fo) of 56.5%. Average propagation
velocity of 18.9 pum/s matches the values observed for the stimulation of cells
incubated in Ca?* contained medium. The results showed that Ca’>" from the
extracellular medium was not dominant to generate intracellular Ca?* transients
upon optical stimulation. However, intracellular Ca>" elevations were increased
when astrocytes were incubated in the Ca®" contained medium compared to the
Ca*" elevations when stimulating in the absence of extracellular Ca®" ions. The
difference in the Ca?* elevation appears to originate from the absence of Ca?* influx
from extracellular medium, suggesting that not only an influx of Ca?" from
extracellular medium but also a release of Ca*" from intracellular Ca®" in store

contributes to Ca?* transients in astrocyte cells after optical stimulation.
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Figure 54 Characterization of optical stimulation with cell-targeted GNRs when cell are
incubated in Ca" free aCSF medium. (A) Phase contrast microscope image of astrocyte.
Optical pulse is given at the center of the culture. (B) Profile of intracellular Ca?* wave
before and after optical pulse (yellow box). (C) Ca?" images at 15, 30.5, 35, 40, 45, 50, 55,
90 s. Scale bar = 100 pm in all cases.

It has been reported that TRPV channels are highly expressed in astrocyte
cells of a cell plasma membrane including cytoplasm [103, 104]. Upon NIR
irradiation, localized heat generated from GNRs elevates a local temperature
increase to open TRPV channels in the cell plasma membrane and cytoplasm,
which in turn induces intracellular Ca®* transient [105]. It is also possible that a
membrane potential change due to displacement current might lead to an activation
of voltage-gated Ca*" channels (VGCC) and induce an influx of calcium ions [106].
Initiation of intracellular Ca*" increase from either TRPV channel or VGCC leads
to an additional Ca** amplification by Ca**-induced Ca®" release mechanism from

internal Ca*" stores such as endoplasmic reticulum [107]. Regarding the possible

mechanisms of INS, it is presumable that thermal heat is responsible for the
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intracellular Ca?" transient upon GNRs-mediated NIR stimulation of astrocyte.

Since the astrocyte respond to optical stimulus through transient heat
accumulation near the internal Ca®* stores, there need strong laser stimulus. Recall
that GNRs are bound to the plasma membrane outside of the cell, high laser
exposure energy is required to raise the temperature near the internal Ca?* stores

and stimulation of astrocyte might result tissue damage.

3.4. Numerical analysis

GNRs-mediated NIR stimulation of neuron was modeled as shown in the
chapter 2.6. We found out that GNRs-mediated NIR pulse generated local
temperature jump at the plasma membrane resulting sudden increase in the
membrane capacitance and the opening of TRPVI1 channel. Moreover, the
minimum laser intensity required to generate an action potential was simulated to
give an insight of GNRs-mediated NIR stimulation. In this chapter, we numerically
calculated whether these changes could generate an action potential which is the

final step of the journey.

3.4.1. Numerical analysis using capacitance change considered
H-H model

At first, H-H model was modified aiming to consider capacitance change
upon laser illumination. Capacitance change obtained in chapter 2.6.4.1 was
implemented into H-H model which was a constant value in a classical H-H model.
Without externally injected current, we simulated whether capacitance change

could trigger an action potential upon laser irradiation. We found that photothermal
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effect of GNRs was able to deliver heat to induce transient capacitance increase
which was sufficient to induce displacement current for the generation of action
potential. Stimulation threshold was defined as the minimum laser intensity
required to evoke an action potential. The stimulation threshold for the GNRs-
mediated INS while considering the capacitance change was determined as 439
[mJ/cm?]. Moreover, as laser intensity above the stimulation threshold increases,

time to reach the peak potential becomes shorter as shown in Figure 55.
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Figure 55 Graphs indicating action potentials upon four different laser intensities obtained
by simulating the modified H-H model. Capacitance change was employed in the H-H
model.

3.4.2. Numerical analysis using TRPV1 channel considered H-H
model

In this chapter, the effect of TRPV1 channel on the generation of the action

potential was determined while membrane capacitance was fixed to a constant
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value. A resistor of TRPV1 channel was inserted parallel to the electric circuit of
classic H-H model. Numerically solving the Equation 30 using the parameters
shown in Table 8, we found that TRPV1 channel alone could triggers neural
depolarization and finally generates an action potential as shown in Figure 56. The
stimulation threshold was found as 286 [mJ/cm?] and the time to reach the peak

potential gets shorter as increasing the laser intensity.

Interestingly, an action potential initiated at least ~6 ms after the optical
stimulus at the threshold value which was delayed by comparing to the results
obtained using electrical stimulation (~0 ms) and using optically induced
capacitance change (~2 ms). We speculated that delayed response is due to the
small conductance of TRPV1 channel. Although, open probability of TRPV1
channel increases abruptly at the onset of laser irradiation, membrane potential
increases gradually due to the small inward current through the TRPV1 channel.
Therefore, considerable time was required to reach the threshold potential (~—0.06
[V]) for the generation of action potential. When the membrane potential
approaches the threshold potential, the conductance of the TRPV1 channel
increases abruptly (second peak) and support the generation of the action potential
as shown in Figure 56. The stimulation thresholds obtained using the membrane
capacitance considered H-H model and the TRPV1 channel considered H-H model
are 439 and 286 [mJ/cm?], respectively. Since the TRPV1 channels considered H-H
model responded to the optical stimulus at lower exposure energy compared to the
capacitance considered H-H model, we could speculate that TRPV1 channel affect

more on the mechanism involving GNRs-mediated INS.
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Table 8 Variables used in the modified H-H model.

Variable Definition Value Units
T Temperature Variable K]
Initial temperature is
309.5 K
/4 Transmembrane voltage Variable [V]
Initial voltage is -0.07 V

n,m,h, Open probability of each gate variable -

and r

Qy/m/nyr  Opening rate of specific gate variable [s1]

Brnjmnyr  Closing rate of specific gate variable [s1

Cy Membrane capacitance per unit variable [F-m?]
area initial value is 1 x 10

Ik Maximum conductance of 360 [S'm?]
potassium channel

INa Maximum conductance  of 1200 [S'm?]
sodium channel

Jicak Maximum conductance of leak 3 [S'm?]
current

IrrPV1 Maximum conductance  of 0.3 [S'm?]
TRPV1 channel ref) [108]

Vg Equilibrium  potential of -0.012 [V]
potassium channel

Via Equilibrium  potential  of 0.115 [V]
sodium channel

Viear Equilibrium potential for the 0.0106 [V]
passive leakage

Vrrpvi Equilibrium  potential of 0.195 [V]
TRPV1 channel
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Figure 56 Graphs indicating open probabilities of TRPV1 channel and corresponding action
potential for four different laser intensities. All the plots were obtained from the modified
H-H model where conductance of TRPV1 channel was considered while membrane
capacitance was kept fixed.
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3.4.3. Numerical analysis using capacitance change and TRPV1
channel considered H-H model

In fact, both the capacitance change and the TRPV1 channel contribute the
generation of action potential when GNRs-mediated NIR stimulation of neuron.
Though, in some nervous system such as peripheral nerves do not have TRPV1
channel, it is reasonable to consider both effects. In this section, we implemented
both the TRPV1 conductance factor and the membrane capacitance factor in the H-

H model.

We simulated whether GNRs-mediated INS could induce an action potential
via combination of the transient capacitance increase and the opening of the
TRPV1 channel. The action potential was successfully generated with a stimulation
threshold of 166 [J/cm?] as shown in Figure 57. Intriguingly, the stimulation
threshold was lowered compared to that obtained using the membrane capacitance
considered H-H model (439 [J/cm?]) and the TRPVI1 channel considered H-H
model (286 [J/cm?]). Reduced stimulation threshold might be originated from the
increase in the inward current due to the combination of both current from
membrane capacitance increase and opening of TRPV1 channel. These results
indicate that GNRs-mediated NIR stimulation of sciatic nerve requires higher laser

intensity compared to the hippocampal neuron where TRPV1 channels are present.
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Figure 57 Graphs indicating open probabilities of TRPV1 channel and corresponding action

potential for four different laser intensities. All the plots were obtained from the modified

H-H model considering membrane capacitance change and TRPV1 channel.
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Chapter 4: Discussion

This chapter discusses the pros and cons of the conventional INS by
summarizing our previous works. Safety concerns associated with GNRs are dealt.
Discussion of linking experimental data and simulated results were considered.

Potential applications and the further improvement are discussed.

4.1. Comparison with previous results

GNRs-mediated INS can be compared with the conventional INS in terms of
the type of neural tissue implemented in the experiments which are summarized in
Table 9. The most outstanding feature of GNRs-mediated INS is the stimulation
threshold. GNRs-mediated INS has about the half or minimum one sixth of the
stimulation threshold comparing to the conventional INS. Compared to the
conventional INS which suffers tissue damage due to strong water absorption of
light, GNRs-mediated INS uses the wavelength in the range of NIR region that
could reduce the water absorption of light. GNRs-mediated INS has another
important advantage that antibody are conjugated to the GNRs in order to deliver
GNRs to the target tissue with a strong affinity which could stimulate specific cells

of interest.
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Table 9 Comparison of conventional and GNRs-mediated INS

Nano- Neural Tissue Stimulation Wavelength Pulse
particles threshold (nm) duration
complex (mJ/cm?) (ms)
J. - Rat sciatic in vivo 320 2120 0.25
Wells
et al
[24]
J. M. - Thalamocortical 190 4400 0.005
Cayce brain slice ex vivo
et al
[25]
J. M. - Rat Unknown 1875 0.25
Cayce somatosensory
et al cortex in vivo Radiant
[85] exposure of
(Neuron, 100 ~ 880
astrocyte)
This GNRs Rat sciatic nerve 159 980 1
study in vivo
This Antibody  Cultured rat 30.1 980 0.4

study  conjugated hippocampal
GNRs neuron

This Antibody  Rat motor cortex 128 980 1.5
study  conjugated in vivo

GNRs
This Antibody  Cultured rat 1312 980 0.95
study  conjugated astrocyte

GNRs

As mentioned above nanoparticle-mediated INS shows superiority over
conventional INS. Recently, many researchers demonstrated nanoparticle-mediated
near-infrared neuro-modulation. In 2013, C. Paviolo et at, first demonstrated that
laser exposure of GNRs can increase neuronal outgrowth [109]. In 2014,
researchers demonstrated that GNRs and/or spherical gold nanoparticles induce

neural activation [110], and inhibition [111]. On the following, surface-modified
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nanoparticles were employed to deliver and bound to the specific neural cell [97]

enabling washout resistance and cell-specific stimulation.

Table 10 Comparison of recently demonstrated GNRs-mediated NIR neural modulation

techniques
Institution Target Particle Wavelength  Radiant
/Year (nm) laser
exposure
Univ. of Cultured rat dorsal ~ Antibody-conjugated 532 <126 [m]]
Chicago root ganglion cells spherical gold (1 ms
/2015 [97] nanoparticle duration)
KAIST Cultured rat GNRs 785 0~ 1500
/2014 [111]  hippocampal [mW/cm?]
neuron
KAIST Cultured rat GNRs on 785 300~ 2100
/2016 [112]  hippocampal the MEA substrate [mW/cm?]
neuron
This study  Rat sciatic nerve GNRs 980 <159
12014 in vivo [mJ/cm?]
(1 ms
duration)
This study  Cultured rat Antibody-conjugated 980 <30.1
12016 hippocampal GNRs [mJ/cm?]
neuron (0.4 ms
duration)
This study  Cultured rat Antibody-conjugated 980 1.312
12016 astrocyte GNRs [J/em?]
(0.95 ms
duration)
Swinberne = Mouse GNRs 780 1250 ~ 7500
Univ. neuroblastoma x [W/cm?]
/2013 [109] rat glioma
Swinberne  Cultured rat GNRs 780 0~90[w]
Univ. auditory Spherical gold (>25ms
/2014 [110]  neuron nanoparticle duration)
3 = i g
106 -] 21 : 5 )



4.2. Safety of gold nanoparticle mediated infrared
neural stimulation

The safety problem associated with INS arose from the fact that heat is the
main factor that drives the activation of neurons. When shining an infrared light to
the neural tissue, the light energy is absorbed in the tissue to generate heat. As it is
known that thermal heat near the plasma membrane is responsible for the
neuromodulation; however, excessive heat accumulated in the tissue unavoidably
damages them. Many researches have shown that INS is safe. Nevertheless, the
acceptable range of laser exposure while avoiding the tissue damage is small which
limits the variability of stimulus parameters. Moreover, acceptable range of laser
exposure depends on the conditions of tissue environment. Hence it is necessary to

wide up the acceptable range of stimulation.

In this study, we used NIR light whose extinction coefficient is smaller than
that of the infrared light ranging over 1400 nm [39]. The use of NIR light reduces
the accumulation of the light energy in the tissue. While avoiding bulk tissue
absorption of light, GNRs were introduced to the neuronal membrane to absorb
light and to generate localized heat. GNRs generated localized thermal heat near

the plasma membrane to induce action potentials.

In this study, we showed that the combination of NIR light and GNRs
successfully lowered the radiant exposure energy. We demonstrated that GNRs
lowers the radiant exposure threshold energy of 0.159 mJ/cm? compared to the
value obtained in the experiments without GNRs which is 0.48 mJ/cm?. Previous
result of stimulation threshold obtained without GNRs was 0.32 mlJ/cm? [12].
These results asserted that GNRs-mediated INS lower the stimulation threshold

even much lower than the ablation threshold. : _
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Although GNRs meditated INS has superiority over conventional INS in
terms of low radiant exposure, further consideration of tissue damage should be
taken into account when stimulating at high frequency. The average heat
accumulation rate within a single cycle should be lower than the average heat
dissipation rate in a single cycle. Moreover, the effect of tissue upon long-term
irradiation is still not fully understood. Studies have revealed that INS worked
without acute tissue damage [113]. However, there is no evidence of showing
chronic stimulation is safe. Therefore, the effect on tissue upon chronic stimulation

of INS should also be investigated.

As with foreign materials are not welcomed and may have some undesired
side effects in the body, the cytotoxicity of GNRs has been widely investigated.
Gold is benign and biologically inert only if the when the diameter of gold is larger
than 2 nm. Gold nanoparticles of which the diameter smaller than 2 nm show
unusual chemical reactivity [114]. Generally, gold nanoparticles that are used in
biomedical research have dimensions larger than 10 nm which is sufficient to
decrease their surface reactivity. The other factor that matters cytotoxicity comes
from the capping agents used to stabilize the gold nanoparticles. For example,
cetyltrimethylammonium bromide (CTAB) frequently used as a capping molecule
shows apparent cytotoxicity [115]. Therefore, efforts have paid to replace the
CTAB by the non-toxic capping molecules or prevent CTAB desorption from the

surface of gold nanoparticles.

It is worth noting that the cellular uptake of nanoparticles occurs which
depends on the incubation time, size, shape, surface charge, functionality,
concentration, aggregation state, the type of cell. Among the nanoparticles tested in

the range from 2 nm to 100 nm, size of 40 ~ 50 nm showed increased in cellular

3 i 211
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uptake and affects downstream signaling and subsequent cellular responses such as
cell death. Moreover, rod shape gold nanoparticles (14 x 74 nm) are less
internalized into the cell compared to the spherical gold nanoparticles of 14 and 74

nm [116].

In this study, rod shape gold nanoparticles having a length and width of 80.4
nm, and 15.3 nm, respectively, were used. Due to the shape and the dimension of
GNRs, we could avoid toxicity as well as cellular uptake. Moreover, instead of
using CTAB for capping agents non-toxic capping molecules were used to reduce

cytotoxicity.

4.3. Link between experimental and simulation
results

We demonstrated that GNRs-mediated INS can trigger neural depolarization
and validated that local heat generated from GNRs induce membrane capacitance
increase and opening of TRPV1 channel which in turn lead to generation of action
potential. Though we found that proposed mechanisms could induce neural
depolarization, there are some issues in connecting the experimental and the

simulation results.

Stimulation thresholds determined in the experiment and the simulation can
be directly compared. Stimulation thresholds obtained when simulating the
modified H-H models which considered the membrane capacitance change, the
TRPV1 channel, and both membrane capacitance change and TRPV1 channel were
found out to be 439, 286, 166 mlJ/cm?, respectively. Among them, the TRPV1

channel considered H-H model is not realistic since capacitance change is always
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present in the membrane where transient heat is applied. Since the TRPV1 channel
does not exist on the sciatic nerve, the simulation result using membrane
capacitance considered H-H model can be matched with the result performed in rat
sciatic nerve. For the case of sciatic nerve experiments, the stimulation threshold
was determined as 159 mJ/cm?, which is about the one third of the simulation
result of 439 mJ/cm?>. TRPV1 channel and membrane capacitance change
considered H-H model may also be compared with the experiment involving
cultured rat hippocampal neuron since hippocampal neurons possess TRPVI
channels at the membrane. Stimulation threshold was found as 30.1 mJ/cm? in rat
hippocampal neuron while 166 mJ/cm? was obtained in the simulation study. Gap
between stimulation thresholds obtained experimentally and in numerical
simulation were not bigger than fivefold. Moreover, the tendency of decrement in
stimulation threshold observed in hippocampal neuron compared to that observed

in sciatic nerve was also found in the simulation study.

Although numerical simulation results follow the experimental results, the
discrepancies between them should be addressed. Main factor contributing this gap
is the inaccurate coverage value of GNRs and the distance between GNRs and the
plasma membrane. We assumed the coverage of GNRs as 0.27 and distance as 50
nm for all cases. However, coverage of GNRs in the experiment performed using
hippocampal neuron should be larger since actual GNRs appear as a cluster of
GNRs. Moreover, the distance between GNRs and neural membrane should be
small. If the coverage of GNRs becomes large and the distance becomes small in
the TRPV1 channel and the capacitance considered H-H model, we expect that the
stimulation threshold would be smaller than the previously determined value.
Moreover, not only GNRs but also neural tissue and water generate heat by

absorbing light energy. If we consider water and neural tissue, then stimulation
1 ©_+1]
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threshold obtained in the simulations will be lowered. Finally, we have only
considered voltage-gated sodium, potassium channels and temperature-sensitive
TRPV1 ion channel. We could speculate that consideration of other ion channels
such as voltage-gated calcium channel [117], temperature-sensitive potassium
TREK-1 channel [111] which are also responsible for the neural activation could

reduce the gap between the simulation and experimental results.

The stimulation threshold for the case in the rat sciatic nerve experiment is
5.3 times bigger than that of the hippocampal neuron experiment. However,
simulation results show only 2.6 times bigger. This gap might be attributed to the
difference in the photothermal efficiency of GNRs for each cases. As mentioned in
the section 2.3.3, GNRs in the rat sciatic nerve generate only the half of the LSP of
the case in the experiment of cultured hippocampal neuron. Therefore, it is
reasonable to double the exposure energy when simulating the membrane
capacitance considered H-H model. By doing so, we could obtain nearly the same
ratio of stimulation thresholds (Isciatic nerve/Inippocampal neuwron) Of simulation and

experimental results.

Since electrophysiological recording was basically multi-unit recording,
direct comparison of neural waveforms is not reasonable. However, there are some
similarities in the time when the neuron starts to fire. Sciatic nerve generates
compound nerve action potentials at the onset of laser irradiation without delay
which was similar to the result in the modified H-H model. H-H model which
considered only the TRPV1 channel showed delayed action potential which was

similar to the results obtained using the cultured hippocampal neuron.

We have modeled the mechanisms underlying GNRs-mediated INS using

modified H-H model and verified that the model successfully predicts the
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experimental results only when considering several factors mentioned above. We
speculate that the model could predict stimulation threshold for various

experimental conditions such as concentration of GNRs.

4.4, TRPVI1 channel and membrane capacitance

We have considered a temperature-dependent membrane capacitor and a
temperature-sensitive TRPV1 ion channel in the theoretical modeling of GNRs-

mediated INS as mentioned in section 2.6.5.

When the temperature near the membrane jump, abrupt ion distribution
change occurs resulting rapid membrane potential change. Moreover, temperature
increase also causes TRPV1 channel opening. Since the TRPV1 channel close
slowly compared to the temporal profile of the membrane capacitance, influx of

current is maintained long period.

In order to determine which factor among the TRPV1 channel and the
variable membrane capacitor is dominant factor contributing to the neural
depolarization, we compared the stimulation threshold for the both cases. The
stimulation thresholds obtained when stimulating the models which considered the
variable membrane capacitor were 439 mlJ/cm?, and 286 mJ/cm?, respectively as
depicted in the section 3.4. Based on these results, we could conjecture that TRPV1
channel affects more on the GNRs-mediated INS compared to the variable
capacitance. This could be also experimentally verified by comparing stimulation
threshold results of before and after blocking TRPV1 channel using channel

blockers.
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4.5. Possible mechanisms of GNRs-mediated INS

We discuss that the latency measured while stimulating neurons without cell-
targeted GNRs is delayed compared to the latency measured in the case of cell-
targeted GNRs as mentioned in section 3.2.1. It is possible that the latency is
delayed by the prolonged activation of neurons due to the residual heat near the
cells after bulk tissue heating. Otherwise, there may exist different underlying

mechanisms between optical stimulation with and without GNRs.

When stimulating neuron with cell-targeted GNRs, GNRs that bound to cell
surface generate localized heat to triggers neural activities. However, without
GNRs, high laser intensity is needed to stimulate the neurons which cause bulk
heating of cells. We speculated that the bulk heating could induce transient
membrane capacitance change of not only the cell surface membrane but also the
membrane of intracellular organelles. Some intracellular organelles such as
endoplasmic reticulum or mitochondria, where calcium is stored, dynamically
participate in generation of intracellular calcium signals enhancing neuronal
activities [118]. The light-induced activation of intracellular organelles can trigger
intracellular signaling via the increase of intracellular calcium concentration. This
hypothesis is consistent with the delayed latency because the intracellular calcium
signaling is known to be slow compared to inward calcium influx through voltage-
gated calcium channels activated by action potentials [119]. Similarly, intracellular
organelles are responsible for the generation of intracellular Ca** transient in the
astrocyte cells as mentioned in the section 3.3.1. However, direct activation of
intracellular organelles by GNRs-mediated NIR stimulation could result tissue
damage, since high laser intensity is required to heat up the intracellular organelles

using the GNRs attached in the membrane. Therefore, it is essential to ﬁn_(ll whether :
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cells are alive after stimulation by performing the Live/Dead cell test.

4.6. Potential applications

Optical neuromodulation techniques have widely been investigated owing to
the fascinating features of photonics and their applications. Compared to the
electric charge which spreads out through the conductive medium, light can be
focused and delivered in a specific region even though it scattered. Furthermore,
light can travel through the air conveying its energy. These features led researchers
to build optically controlled neuromodulation techniques. Recently, optical
neuromodulation techniques have been developed having high spatial selective,

and non- or minimally invasive properties.

Particularly, INS has been demonstrated for the first time in 2005 [24].
Attempts to apply in cochlear implant has been performed which could selectively
stimulate ganglion cells [38]. Recently, the feasibility of INS in the human spinal
cord has been performed [29]. However, the possible tissue damage due to high
water absorption of light is limiting clinical use of INS. As an advancement
technique of conventional INS, GNRs-mediated INS can modulate neuron with
low laser exposure. Therefore, GNRs-mediated INS is more applicable for clinical

applications compared to the conventional INS.

Since we demonstrated that GNRs-mediated INS is feasible in central
nervous system, this method can be used in the neuroprosthetic devices. For
example, cochlear and retinal implants are the possible candidates, since they
require high spatial selectivity and the use of multiple channels simultaneously. In
addition, this method can be implemented in deep brain stimulation system in some

¥ 3
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case where specific targeting is needed. Moreover, we also expect that GNRs-

mediated INS can be applied in cortically controlled neuroprosthetic device.

Interestingly, we could selectively enhance specific GNRs by changing the
resonance wavelength of GNRs and illuminate with the light that matches the
resonance wavelength of GNRs. If the different types of cells are conjugated with
the different GNRs, it is expected to modulate cell by the cell types. This feature
can be wide up the potential applications not only in the clinics but also in the
research area. For instance, we could selectively stimulate inhibitory and excitatory
neurons that are intermingled. By selectively stimulate the specific neuron; we
believed that it can be applied in advanced deep brain stimulation system. Since,
conventional electrical stimulation cannot stimulate neural cells by their cell types
and had a hard time localize the stimulation site; it is hard to unveil the neural
function and neural network using electrical stimulation. In this kind of
neuroscience research, GNRs-mediated INS can be implemented to selectively and
locally stimulate the specific cell of interest to find the functions and the networks

of neuron.

Overall, we expect that GNRs-mediated INS can be applied in the clinical
and research area where minimally invasive, selective and cell-type specific

neurostimulation are needed.

4.7. Opportunities for further improvements

This study provides that GNRs-mediated INS is safe in terms of low laser
exposure, effective in terms of delivery of GNRs to the plasma membrane and wide

applicable in terms of optical stimulation of non-neuronal cell. Due to
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aforementioned features, GNRs meditated INS can be applied in various area
including clinics and research fields. However, it still requires further

improvements.

First, the concerns of injecting GNRs to the target site should be resolved.
GNRs can be directly injected using a micro-needle installed in microinjection
system. However, it is invasive. Especially, direct injection to the deep brain could
damage the neural tissue due to the neural tissue penetration using sharp needle. In
this case, an intravenous injection can be the deliver GNRs to the target site, only if
GNRs pass through the blood brain barrier (BBB). Note that BBB covers the blood
vessels in the brain and blocking the entering of the particles while small molecules
pass through easily [120]. Interestingly, focused ultrasound can open the BBB
letting large particles pass through the blood vessels [120]. We expect that
combination of the intravenous injection of GNRs and focused ultrasound could
solve the problem associated with direct injection of GNRs. In the following,

application into clinics is also needed.

Second, cell-type specific stimulation system should be developed. With aids
of GNRs which can be tuned their resonant wavelength depending on their aspect
ratio, cell-type specific stimulation is possible. In order to achieve cell-type
specific stimulation, it is essential to find a conjugation mediator that specifically
bound to the target site. Prior to selectively modulate cell-type of interest, different
types of GNRs in terms of resonant wavelength are bound to the corresponding
target neurons. By selecting the light, we could select the specific GNRs and

stimulate the specific neural cells.

Recently, inhibition of neural cell by GNRs-mediated infrared light of long

duration has been demonstrated [111]. By modulating the stimulating pulse
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duration, activation and inhibition of neurons can be achieved. It is expected that
combination of cell-specific targeting and the laser pulse modulation can control

the activities of specific cells of interest.

In the consideration of clinical uses, safety issue must be considered and
validated. Moreover, neuroprosthetic devices such as cochlear implant, retinal
implant and DBS stimulate neural tissue with a high repetition rate. Validation of

safety issue confronting high repetition rate must also be considered.

Finally, the light source should be miniaturized in order to be applied in
clinics. Laser system used in this study is bulk and operated with DAQ equipped
computer. Practically, it is impossible to be a source for neuroprosthetic devices
since it is not portable. Therefore, it is essential to develop compact, miniaturized
and portable laser system. Moreover, to simulate multi-neural cells simultaneously,

introduction of multi-channels having a multi-spectrum laser system is required.
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Chapter 5: Conclusion

This dissertation presents fundamental research in the development of
GNRs-mediated NIR stimulation of neuron as well as astrocyte. NIR light was
used, because conventional INS that uses infrared light suffered from tissue
damage due to water absorption of light. While NIR light penetrated deep inside
the tissue, GNRs were positioned vicinity of the neural tissue to absorb light and
generate local heating. We therefore demonstrated enhanced INS using LSPRs of

GNRs. This claim is supported by the following:

(1) GNRs-mediated INS reduces the stimulation threshold by one third

compared to the INS without GNRs.

(2) Stimulation threshold obtained in the GNRs-mediated INS is out of the the

tissue ablation range.
(1) and (2) support GNRs-mediate INS is safe.
(3) Antibody-conjugated GNRs strongly bound to the neuronal membrane.

(4) Antibody-conjugated GNRs-mediated INS elicit faster neural
depolarization with lower stimulation threshold compared to INS without

GNRs.
(5) Antibody-conjugated GNRs effectively elicit motor behavior.

(3), (4), and (5) support that cell-targeted GNRs effectively stimulate

neural cells.
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(6) Combination of cell-targeted GNRs and NIR light induce intracellular

calcium transient in the astrocytes.

(6) supports GNRs-mediated INS can be applied in non-neuronal cells.

We theoretically elucidated on the GNRs-mediated INS in three steps; (1)
generation of local heat from the GNRs, (2) membrane capacitance change and
opening of TRPV1 channel due to temperature increase in the membrane, (3)
generation of action potential. We numerically demonstrated that our proposed
mechanism could successfully generated action potential at the onset of laser

irradiation.

Consequently, this dissertation has experimentally and theoretically
demonstrated that GNRs-mediated INS generate local temperature increase in the
plasma membrane which lead to the capacitance change and the opening of

temperature-sensitive ion channels and finally generating action potentials.
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