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Abstract: Understanding the detailed functioning and pathophysiology of the brain and the nervous
system continues to challenge the scientific community, particularly in terms of scaling up techniques
for monitoring and interfacing with complex 3D networks. Nanotechnology has the potential to
support this scaling up, where the eventual goal would be to address individual nerve cells within
functional units of both the central and peripheral nervous system. Gold nanoparticles provide
a variety of physical and chemical properties that have attracted attention as a light-activated
nanoscale neuronal interface. This review provides a critical overview of the photothermal and
photomechanical properties of chemically functionalized gold nanoparticles that have been exploited
to trigger a range of biological responses in neuronal tissues, including modulation of electrical activity
and nerve regeneration. The prospects and challenges for further development are also discussed.
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1. Introduction

The nervous system is essential to the functional transmission and processing of information within
the human body. It consists of two main parts: the central nervous system (CNS), which includes the brain
and spinal cord, and the peripheral nervous system (PNS) that comprises all other neural tissues in the
body [1]. The basic unit of the nervous system is the neuron, a sophisticated biological machine capable
of receiving and sending electrical signals on millisecond time-scales [2]. The complex electrical network
that neurons form throughout the body constitutes the key mechanism for organ communication and for
maintaining all physiological functions. Under pathological conditions, this pathway can be partially
or totally disrupted, resulting in the loss of electrical transmission. Clinical therapies to restore the
damaged neuronal network range from axonal gap connections (<25 mm) [3] to neural prostheses and
neural interfaces for non-treatable conditions (e.g., neuro-degenerative diseases or spinal cord injuries).
In this context, nanomaterials are expected to introduce new opportunities and provide improvements
in current cell-based or immunological therapies [1]. Due to their small size, nanotechnology-based
devices can interact with biological systems at the molecular level, with a high degree of spatial and
temporal specificity. They can penetrate the blood-brain barrier and deliver specific therapeutic agents,
probes, or biological materials to targeted cells and tissues [4]. The availability of new experimental
techniques and tools also allows complex biological processes to be monitored in real time at the single
cell level.

The use of engineered gold nanoparticles (Au NPs) in neuroscience has increased considerably
over the past decade. AuNPs can easily be bio-conjugated for cell-specific targeting, can be delivered by
injection, and match the dimensions of subcellular components, such as those of the cell receptors and
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ion channels [5]. In the context of stimulation and modulation of neural activity, Au NPs have already
been successfully employed for several applications including: enhancement of neurite outgrowth [6,7],
modulation of intracellular calcium signaling [8,9], neuron depolarization [10,11], and suppression of
neuronal activity [12]. The focus of this review is to provide a critical perspective on the use of Au
NPs as an interface to modulate the activity of neuronal tissue. The topics of gene-therapy and cellular
uptake and neural toxicity of NPs have been extensively discussed in other recent publications [1,13]
and therefore have not been included here.

2. Properties of Gold Nanoparticles

2.1. Why Gold Nanoparticles?

The integration of Au NPs in neurological research has the potential to find new strategies for
diseases that are not currently treatable. This perspective arises from their unique properties, including
optical response, chemical and physical stability, relatively low toxicity, and wide range of possible
surface functionalizations [13,14]. For example, functionalization with specific ligands allows cellular
and molecular specificity, which enables the interaction with target cells and tissues in controlled ways.
Thus, Au NPs have been engineered to bind to voltage-gated sodium channels, transient receptor
potential vanilloid member 1 (TRPV1) channels, and P2X3 receptor ion channel in dorsal root ganglion
neurons [15].

The typical size of Au NPs ranges from approximately 1 to 100 nm, which is comparable to large
biological molecules. This favors the interaction with cells, both at the surface and at a fundamental
molecular level. In this context, Au NPs have already been used in several biomedical applications,
such as biosensing, bioimaging, drug delivery, therapy, and tissue engineering [13]. However, all
biological applications require a careful control over biocompatibility. It is well known that some of
the most commonly used capping ligands for the fabrication of Au NPs are toxic to cells. A prominent
example is the cationic surfactant cetyltrimethylammonium bromide (CTAB), which is commonly
used in the preparation of gold nanorods (Au NRs) [16]. CTAB is known to induce cytotoxicity both
in vitro [17] and in vivo [18] and to interfere with the surface hydration of the particles [19]. Depositing
additional surface coatings has been one of the main strategies to reduce the negative effects caused by
residual chemicals used during particle synthesis [20,21].

The vast number of applications of Au NPs in biology and medicine is closely related with their
unique optical properties. When Au NPs are perturbed by an external light field in the visible or
near infrared (NIR) domain, the conduction electrons move away from their equilibrium position,
creating a resonant coherent oscillation called the localized surface plasmon resonance (LSPR) [22].
LSPR wavelengths typically fall in the visible to NIR range, with the precise position depending on
the particle morphology, interparticle distance, and refractive index of the surrounding medium [23].
For many biological applications, the plasmon absorption peak is selected to match the transparency
window of biological tissues (600-1200 nm), meaning that NRs, nanoshells, nanostars, and nanocages
appear to be the most suitable morphologies [24]. Despite this, to date only NRs and nanospheres
(NSs) have been used for modulation of neuronal activity (see Table 1). Au NRs have proven to be
particularly useful, as their resonance wavelength can be tuned by modification of the NR aspect ratio.
In addition, they possess two distinct plasmon excitation bands corresponding to the excitation of the
short and long axes of the NRs [25].
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Table 1. Summary of Au NP characteristics for modulation of neural activity. Plasmon peaks have only been indicated when relevant to the study.
Shape Size Plasmon Peak Functionalization Applications Observed Effects
Nanorods 48.6 nm x 13.8 nm 780 nm Poly(4-styrenesulfonic acid), silica Peripheral nerve regeneration  Increased neurite length [6]
Hind limb motor recovery, attenuation of
Nanospheres 40 nm - Polyethylene glycol (PEG) Peripheral nerve regeneration ~ microglial response, enhanced motor neuron
protection, increased remyelination [7]
Nanospheres 8.6 nm - Manganese-doped Peripheral nerve regeneration  Increased neurite length [26]
Nanospheres 10 nm - - Integration into nerve conduits  Increased neurite length [27]
L . Promote adhesion and proliferation
Nanospheres 2-22 nm - - Integration into nerve conduits of Schwann cells [28]
Nanospheres 5nm - Chitosan Integration into nerve conduits ~ Regeneration of the sciatic nerve [29]
Nanorods Aspect ratio 3.4 780 nm Silica Modulation of electrical activity ~ Action potentials in primary auditory neurons [10]
Nanorods 80.4nm x 15.3 nm 977 nm - Modulation of electrical activity =~ Action potentials in rat sciatic nerves in vivo [11]
Nanorods 71.3nm x 18.5nm 785 nm Amine-terminated PEG Modulation of electrical activity II‘LblblthIl'Of neural activity in
primary hippocampal neurons [12]
Functional groups that target
Nanospheres 20 nm 532 nm voltage-gated sodium, TRPV1 Modulation of electrical activity ~ Action potentials in dorsal root ganglion cells [15]
and P2X3 ion channels
Nanorods 48.6 nm x 13.8 nm 780 nm Poly(4-styrenesulfonic acid) Modulation of Ca2* dynamics  Intracellular Ca?* transients [8]
Nanorods 60.0 nm x 15.0 nm 780 nm Cationic protein/lipid complex Modulation of Ca®** dynamics ~ Ca2* influx by TRPV1 activation [29]
Nanorods 82.9nm X 13.4 nm 982 nm Streptavidin Modulation of Ca?* dynamics ~ Ca2* transients in astrocytes [30]
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Au NPs also have several attractive features as “high precision” photothermal agents for in vivo
neural modulation. As a result of their very small size relative to mammalian cells, Au NPs only
heat their immediate environment. This allows the overall heat delivery to be reduced, as long as the
particles are strategically positioned close to the target cell. It also leads to a reduction in the diffusion
path length for cooling. Consequently, Au NP photothermal modulation acts on sub-millisecond
timescales (see the following section), which is critical for temporally precise stimulation of neuronal
activity. Moreover, accurate targeting of NPs to the neurons, together with removal of excess particles
by the circulation of interstitial fluids, allows off-target environmental heating to be minimized.
These properties are likely to be critically important for avoiding damage to thermally sensitive tissues
and limiting toxicity due to high concentrations of exogenous particles. Table 1 summarizes the main
findings that will be described in the following sections.

2.2. Dynamics of the Localized Plasmon Resonance

A range of energy conversion processes occur when an Au NP is irradiated by laser light, and it is
useful to understand how these give rise to the various phenomena discussed in this review. Au NPs
are typically exposed to a laser source in four distinct time regimes: (i) low-energy femtosecond
(fs, ultrafast) laser pulses; (ii) high-energy fs laser pulses; (iii) nanosecond (ns) laser pulses; and
(iv) continuous irradiation. The irradiation of metal NPs with an fs pulse leads to a rapid increase
in electron energy. For low pulse energies, the temperature of the NP lattice rises by only a few tens
of degrees (depending on particle size, optical density, and laser irradiance), while for high pulse
energies the temperature of the metal can be raised above its melting point [31]. When ns pulses are
applied, the energy threshold for the complete melting of the NRs is effectively reduced due to surface
diffusion [32]. In the case of continuous laser irradiation, the particles are constantly saturated, thus
reducing their absorption efficiency and the overall photothermal energy conversion.

Figure 1 illustrates the fundamental processes and the timescales that apply at each stage of laser
excitation [33]. For convenience, the initial temperature is set to 0 K so that all states up to the Fermi
energy are occupied and those above it are unoccupied (Figure 1a). Initially, the light is absorbed by
free electrons as shown in Figure 1b, leaving them with a maximum energy equal to the photon energy
(1.25 eV for 990 nm light). In the case of fs excitation with high peak intensity, interband transitions
can occur from the d-band and some excited electrons may undergo a second excitation (Figure 1b).
Holes in the low-lying d band will recombine with electrons on the tens of fs timescale, resulting in
light emission at both longer and shorter wavelengths than the excitation. These are described as
single-photon and two-photon luminescence processes. The luminescence efficiency is enhanced by
orders of magnitude through coupling of the incoming and outgoing fields to the surface plasmon
resonance [33]. The remaining electrons form a non-thermal electron distribution with regard to
Fermi-Dirac statistics. These electrons relax into a Fermi-Dirac distribution through electron-electron
collisions within a few hundred fs; in this case the electron distribution corresponds to an electron
temperature of 1000 K (Figure 1c). The hot electrons proceed to transfer energy into the metal lattice
through electron-phonon coupling with a lifetime of about 4 ps, whereupon slower phonon-phonon
interactions (~100 ps) transfer energy into the surrounding medium.

Once the excitation is removed, heat conduction into the surrounding medium will lead to the
electron gas cooling via the curves shown in Figure 1c, until the system returns to initial state in
Figure 1a. If the laser pulse energy is sufficiently high, particle melting (T, ~ 1337 K in gold) and
explosive boiling can occur and may be observed in an aqueous medium. Computational modeling
of the thermal relaxation process has shown that water at the surface of a 48 x 14 nm? Au NR
reaches the critical point (T = 647 K) for laser pulses of 250 fs and an average fluence above about
0.47 mJ-cm~2 [31]. Particle reshaping appears to start just above this energy, possibly due to reduced
heat dissipation within the gas bubble. For fluences below this level, the temperature across the
metal-water boundary typically equilibrates within about 1 ns, with a heated zone of some tens of
nanometers [31,34]. Interestingly, Ekici et al. [31] found that exposure to a 1 pus stream of 250 fs pulses



Nanomaterials 2017, 7, 92 5o0f 14

at 80 MHz (i.e., 80 laser pulses), generated an overall rise of only 3 K in the water at the particle surface,
and this rise was attained during the first few pulses. Larger temperature rises of tens of K can be
achieved with continuous wave laser exposure at fluxes of 103-10° W-cm 2 and in NP clusters [34].
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Figure 1. Electron distributions and corresponding timescales of the fundamental processes in laser
heating of Au NPs: the initial distribution (a) is excited to a non-thermal state (b); before relaxing to the
Fermi-Dirac distribution (c) and finally returning to the initial state once energy has been transferred to
the surrounding medium (after Link and El-Sayed [33]).

Interestingly, the rapid heating of the lattice generated by fs laser pulses also leads to the
impulsive excitation of low frequency acoustic breathing modes of the Au particles (electron-phonon
coupling) [35]. The volume of the NPs increases and decreases with a period of about 4-5 ps, which
in turn leads to a periodic change in the free-electron density and thus an observable oscillation in
the transient absorption [33]. The frequency of these acoustic modes is inversely proportional to
the particle radius. A further consequence of the rapid heating is laser-induced reshaping, if the
temperature of the NP lattice reaches the melting temperature of Au (pulse energies ~1-10 mJ-cm~2).
In spherical NPs, the melting may remain unnoticed, but it has been shown that NRs melt into NSs
as the most thermodynamically favorable shape within a transformation time of at least 30 ps [36].
This leads to significant bleaching of the longitudinal absorption mode [37]. At higher laser fluences
fragmentation of the NPs may also occur, either through vaporization [38] or through ejection of
photoelectrons and subsequent electrostatic fragmentation [39]. Although the risk of particle reshaping
is reduced when longer laser pulses are applied, it has been shown that ns pulses can produce many
partially melted particles, where the shape remains cylindrical but with a rounded mid-section [40].
Depositing additional surface coatings could be a strategy to improve the photothermal stability under
ns laser pulse irradiation [41].

3. Peripheral Nerve Regeneration

The primary function of a peripheral nerve is to transmit signals from the CNS to the rest of
the body, or to convey sensory information from the rest of the body to the CNS. In the case of
injury or a health disorder, this pathway can be partially or totally disrupted, resulting in pain, loss
of sensation, reduced muscular strength, poor coordination, atrophy, or complete paralysis. Even if
peripheral nerves have the capacity of spontaneously regenerating following traumatic injuries, a clinical
operation must be performed in case of a complete nerve transaction. Current clinical strategies
include autografts, allografts, and nerve guides, yet the maximum regeneration distance is limited to
25 mm [3]. Researchers are currently focused on finding new methods and materials to improve this
nerve regeneration distance. Even though the process of neural regeneration is well-known, nerve
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regeneration following injury remains a great challenge for neuroscientists and neurologists. The process
involves outgrowth of neuronal branches (neurites) from the cell body. The neurites elongate, bifurcate,
and connect to neighboring neurons to form an electrically functional network. Typically, one of
the neurites differentiates into an axon, while the others either turn into dendrites or fail to become
functional and retract [42].

In our laboratory, we discovered that the heat released by plasmon excitation of Au NRs can be
used to stimulate neurite outgrowth in NG108-15 neuronal cells (Figure 2a). The greatest outgrowth
was observed after irradiating the endocytosed particles with the highest laser dose (7.5 W/cm?),
obtaining an average increase in neurite length of almost 36% compared to the non-irradiated
sample [6]. We hypothesized that the mechanism underlying the outgrowth involves the activation of
one or more transcription factors, supporting previous studies on iron oxide nanoparticles. Indeed,
Kim and colleagues performed gene expression analysis in PC12 cells, observing changes in genes
related to the cytoskeleton, signaling molecules, receptors for growth hormones, and ion channels [43].
These genes are known to be involved in neuronal differentiation [42]. Papastefanaki et al. used
PEG-coated Au NPs after mouse spinal cord injury, showing hind limb motor recovery, attenuation
of microglial response, enhanced motor neuron protection, and increased remyelination eight weeks
after treatment (Figure 2b) [7]. In a different approach, Bhang and coworkers doped spherical Au NPs
with manganese, which allows pH-triggered released of manganese ions after the endocytosis of the
particles. They observed neurite outgrowth 24 hours after treatment, showing an increase of roughly
70% compared to control samples. They speculated that changes in intracellular signaling pathways
were responsible for the outgrowth increase [26].

Au NPs were also used for integration into nanocomposite nerve conduits. Recently Baranes et al.
reported a nerve guide fabricated with electrospun nanofibers doped with 10 nm Au NPs (shown
schematically in Figure 2c). The scaffolds encouraged a longer outgrowth of the neurites in
primary neurons of the medicinal leech, preferring axonal elongation over the formation of complex
networks [27]. Similarly, Das and coworkers reported on a nerve guide fabricated by adsorbing Au
NPs onto silk fibers. This nano-hybrid material was successfully tested in a neurotmesis grade injury
(complete axonal loss and conduction failure) of a sciatic nerve of Sprague-Dawley rats over a period of
18 months. The nano-composites were found to promote adhesion and proliferation of Schwann cells
in vitro and did not elicit any toxic or immunogenic responses in vivo [28]. Lin and colleagues tested
chitosan-AuNP microgrooved nerve conduits both in vitro and in vivo. The results showed that the
conduits preseeded with primary neuronal stem cells were able to support regeneration of the sciatic
nerve better than the controls [29]. Taken together, these studies clearly show that neural regeneration
is also influenced by the mechanical support of the guides. Nanoparticle-doped scaffolds open up
new strategies to combine bio-materials and nanoparticles for providing physical and/or bioactive
environments for neural regeneration. There is also potential to combine the electrical properties of Au
NP and bio-materials to promote peripheral nerve elongation [44].

Although the interest in Au NPs for applications in nerve regeneration is expanding, in vivo
studies are still limited by a lack of knowledge about the consequences of nanomaterials on intracellular
pathways and inflammatory responses. It is known that a high concentration of metal nanoparticles in
living organisms can cause cell oxidative stress and reactive oxygen species production, leading to
other serious cellular dysfunctions, such as inflammation, cell membrane disruption, DNA damage,
cancer, or apoptosis [45]. Soderstjerna et al. recorded a significantly higher number of apoptotic and
oxidatively-stressed cells after exposing Au NPs in a primary tissue model of the mouse retina [46].
In our laboratory, we detected a significant oxidative stress increase after exposing NG108-15 neuronal
cells to Au NRs for one hour [47]. This result confirmed a previously published report showing
oxidative stress generated in the rat brain [48]. Au NPs have also been observed to cause a significant
decrease in the levels of dopamine and serotonin in vivo [48]. Moreover, Au NPs have been imaged not
only intracellularly, but also intranuclearly, raising questions of whether these nanomaterials can cause
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DNA damage and/or alter gene expression [46]. However, these effects can generally be minimized
by reducing the concentration of NPs and using particles larger than about 15 nm [25].
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Figure 2. Representative results of Au NPs for peripheral nerve regeneration. (a) Examples of
epifluorescence images of NG108-15 neuronal cells cultured alone or with Au NRs and exposed
to different laser irradiances, as indicated in each panel. Cells were marked for 3-III tubulin (in red)
and DAPI (in blue, reproduced with permission from [49]); (b) Spontaneous remyelination by Schwann
cells (myelin marker PO, in red) was enhanced in mice treated with polyethylene glycol-coated Au NPs
(reproduced with permission from [7]); (c) schematic representation of electrospun nanofibers doped
with 10 nm Au NPs (reproduced with permission from [27]).

4. Modulation of Nerve Electrical Activity

The use of light to modulate the electrical activity of neuronal cells, as shown schematically in
Figure 3a, has attracted growing interest, due to the potential for less invasive neuronal interfaces,
improved spatial resolution of stimulation and avoiding electrical artifacts in associated neural
recordings [50,51]. The potential to use Au NPs as an exogenous light absorber in neural stimulation
appears to have been first identified by [52], but we are not aware of any published demonstration
by these workers, who have subsequently focused on the use of black photo-absorbers of ~6 um
diameter [53]. The initial suggestion was based on an analogy with infrared neural stimulation [54],
where pulsed laser wavelengths in the range of approximately 1-6 pm have been used to stimulate
action potentials in neurons. The primary mechanism in infrared neural stimulation appears to be the
transient heating associated with absorption of light by water in the tissue [55,56]. However, water
absorption also limits the penetration depth of the infrared light to a few hundred microns [57], while
cumulative heating effects tend to limit the stimulation site density and maximum repetition rates [58].
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As discussed above, Au NRs allow highly localized photothermal heating through the absorption of
wavelengths in the water transmission window from 600 to 1200 nm.

Yong et al. [10] first confirmed that Au NRs can be used to stimulate cultured rat primary auditory
neurons with near-infrared (780 nm) illumination. The laser-induced cell electrical activity was
observed using whole cell patch clamp electrophysiology, as shown in Figure 3b. The open patch
technique was used to show that action potentials were associated with transient temperature increases
of about 6 °C. The NRs were endocytosed by the neurons after 15-17 h incubation, as shown by dark
field microspectroscopy. This work was soon followed by a demonstration that Au NRs could be
used to elicit compound action potentials in the rat sciatic nerve in vivo (shown schematically in
Figure 3c) [11]. The NRs with peak absorption at 977 nm were introduced to the nerve bundle by
micro-injection. Subsequent TEM analysis of fixed cross-sectional slices showed Au NRs located near
the surface of the axon plasma membrane. In contrast, Yoo et al. [12] found that Au NRs inhibited
neural activity in networks of primary cultured hippocampal neurons. This inhibitory effect was
associated with longer laser exposures (1-30 min) and the NPs were coated with positively-charged
amine-terminated polyethylene glycol, which may have had an increased affinity to attach to the cell
membrane. The increased exposure time led to a sustained temperature rise of as much as 10 °C at the
plasma membrane. It is well known that a sustained increase in environmental temperature can have
an inhibitory effect on neural activity [59] and similar effects have been observed in infrared neural
stimulation [60].

Although the detailed mechanism is not yet understood, the broad principles for these effects
do indeed appear to be analogous to infrared neural stimulation. In particular, the local increase in
temperature due to plasmonic heating produces a change in the electrical capacitance of the plasma
membrane [10], in agreement with the observations of Shapiro et al. [55]. In isolation, these changes
in cell capacitance are unlikely to act as an excitatory stimulus, except in the most voltage sensitive
cells [61,62]. However, infrared-induced temperature changes have also been shown to modulate the
responses of voltage- and temperature-sensitive (TRPV) ion channels [63,64], as shown in Figure 3d.
Modulation of Ca?* dynamics in the soma may also be involved [8], again in analogy with effects
observed for infrared neural stimulation [65]. Nakatsuji et al. [9] have subsequently confirmed that
laser heating of Au NRs causes Ca?* influx by TRPV1 activation. The surface chemistry of the NPs
was modified with a cationic lipoprotein for non-cytotoxic targeting of the plasma membrane and the
effect was also demonstrated in primary cultured dorsal root ganglion cells from wild type mice.

Finally, it is has been shown that relatively high levels of infrared laser exposure can lead
to nanoporation of the cell membrane, with concomitant Ca?t uptake and cellular swelling [66].
Once again, similar disruptions of the cell membrane have been observed in the presence of Au NPs,
across a wide range from continuous wave to fs laser pulse lengths [67,68]. However, it appears
unlikely that this level of disruption is generated by the relatively modest laser irradiances involved
in NR-mediated neural modulation [10-12]. On the other hand, it is known that nanoscale heating
with Au NSs can induce a gel-fluid phase transition in phospholipid giant unilamellar vesicles [69].
Subsequent studies have shown that membrane conductance can be controlled by plasmonic heating of
single Au NPs over periods of several seconds, without a phase transition or nanopore formation. It was
proposed that this effect is due to an increase in phospholipid mobility with increasing temperature
and was observed in both artificial lipid bilayers formed on a planar patch clamp system and in
HEK293 cells that lack temperature-sensitive ion channels [70]. Similar experiments with artificial
membranes composed of asolectin have interpreted the transient current during initial heating in terms
of capacitance changes, with a single NP producing a capacitive current of 0.75 pA under irradiance of
18 kW/cm? for ~1 ms [15]. Further work is needed to clarify the relative importance of these various
contributions, their relationship to the ensuing biochemical pathways, and any long term deleterious
effects that may arise.

Recently, it has been shown that less than 1 ms of NIR stimulation combined with Au NRs
reliably produces strong Ca?* transients in astrocytes [30]. While this interaction may help to facilitate
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minimally invasive studies of astrocyte function, it also points to the importance of targeting NPs
to specific locations in the tissue. Eom et al. [30] targeted the astrocyte surface with biotinylated
anti-thymocyte antigen-1 antibody and streptavidin-coated Au NRs. Carvalho-de-Souza et al. have
demonstrated that Au NSs can be conjugated with functional groups that target voltage-gated sodium,
TRPV1, and P2X3 ion channels, all of which are known to be expressed in the membrane of dorsal
root ganglion neurons [15]. In each case, it was found that the Au NPs bound to the cultured neurons
without impeding their excitatory capability and generated optically-evoked action potentials at
relatively low NP concentrations. In comparison, unconjugated Au NPs required higher concentrations
to support optical stimulation and were readily washed out on solution exchange. Targeting membrane
receptors is an important approach, as cells of different sensory specialization can express very different
profiles of membrane receptors. However, to our knowledge, neuronal selectivity has yet to be
demonstrated in mixed cultures or in vivo. Interestingly, it has been found that organically-modified
silica (ORMASIL) nanoparticles are preferentially taken up by neurons in vivo [71], but it is not yet
clear what mechanism is involved and whether it can be extended to Au NPs.

The work reviewed above demonstrates the potential to improve the stimulation efficiency and
increase the penetration depth of infrared neural stimulation by labeling nerves with Au NRs. Although
this review has focused on applications of Au NPs in neural stimulation, a range of nanomaterials
with optical, electrical, magnetic, mechanical, and chemical sensitivities have also attracted attention
in this context, as recently reviewed by Colombo et al. [72].
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Figure 3. Summary illustration of Au NPs for modulation of nerve electrical activity. (a) Schematic
representation of laser-induced activation of cells incubated with Au NPs (reproduced with permission
from [73]); (b) Schematic representation of a whole-cell patch clamp recording for optically-stimulated
neurons (reproduced with permission from [10]); (c) Schematic representation of optically-stimulated
rat sciatic nerves injected with Au NRs (reproduced with permission from [11]); (d) Schematic
representation of localized heating of TRPV1 channels with NIR excitation of Au NRs (reproduced
with permission from [9]).
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5. Outlook

Applications of nanotechnology in basic and clinical neuroscience are in the early stages
of development, partly because of the complexities associated with neural cells and the CNS.
Many of the biochemical, cellular, and genomic mechanisms of neural regeneration, modulation, and
nanomaterial-tissue interactions are still not well understood. The challenges are numerous, but the
impact that NPs can have on understanding the physiology and the pathology of the nervous system
and how we can intervene at a molecular level is significant. From a technical point of view, NPs need
to be engineered to obtain a greater cellular specificity, multiple induced physiological functions (such
as targeting of multiple cell receptors, ligands, or synapses), and minimal side effects [74]. The current
consensus [25] is that Au NPs are larger than about 15 nm are less toxic than smaller particles, and that
the primary cytotoxicity in Au NRs is associated with CTAB, the cationic capping ligand that is typically
used in the preparation. The toxicity issues can be largely overcome by uniformly coating the NP
surfaces with biocompatible polymers or molecules [13,47] and carefully targeting them to the required
location. However, there remains a need to clarify the long term effects of NPs on gene expression,
activation of specific intracellular pathways, neurotransmitter release, and cellular inflammation.

In terms of electrical activity, careful studies are needed to investigate the influence of NPs on
single ion channels and ionic currents. Carvalho-de-Souza et al. [15] have shown that Au NPs can be
targeted to neuronal membrane receptors without hindering their excitatory functioning and resisting
washout for periods of more than 30 min. However, the Au NP conjugates will have a limited lifetime
due to the natural turnover of membrane proteins, and clearance and/or degradation of the NPs.
Repeated treatment may lead to NP accumulation. It has been observed that intracellular Au NPs
can increase neuronal excitability and aggravate seizure activation in hippocampal tissue, therefore
suggesting that intracellular NPs might alter neuronal functions and cause hyper-excitability under
pathological conditions [75].

Au NPs have attracted attention in a wide range of medical, therapeutic, and technological
contexts [13,24]. For example, Boulais et al. [76] review the interaction of short and ultrashort laser
pulses with plasmonic NPs for the purpose of destroying, modifying or manipulating molecular,
sub-cellular, and cellular structures. In these applications, heating, low-density plasma generation,
pressure wave release, and formation of vapor bubbles can be used to disrupt cells for drug delivery
and cell transfection, typically by nanoporation. Au NPs can also be used as exogenous contrast agents
for photoacoustic imaging [77]. Considering the steadily growing knowledge and the impressive
versatility demonstrated by Au NPs in this wide range of applications, we confidently expect further
progress and innovation in the field of neuromodulation.

Acknowledgments: This study was supported by the Australian Research Council Training Centre in Biodevices
through grant 1C140100023.

Author Contributions: Chiara Paviolo and Paul R. Stoddart contributed equally to writing the paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Mclaughlin, S.; Podrebarac, J.; Ruel, M.; Suuronen, E.J.; McNeill, B.; Alarcon, EI. Nano-engineered
biomaterials for tissue regeneration: What has been achieved so far? Front. Mater. 2016, 3, 1-28. [CrossRef]

2. Hodgkin, A.L.; Huxley, A.F. Resting and action potentials in single nerve fibres. ]. Physiol. Lond. 1945, 104,
176-195. [CrossRef] [PubMed]

3. Bell, ].H.A.; Haycock, ].W. Next generation nerve guides: Materials, fabrication, growth factors, and cell
delivery. Tissue Eng. B 2012, 18, 116-128. [CrossRef] [PubMed]

4.  Shilo, M.; Motiei, M.; Hana, P.; Popovtzer, R. Transport of nanoparticles through the blood-brain barrier for
imaging and therapeutic applications. Nanoscale 2014, 6, 2146-2152. [CrossRef] [PubMed]

5. Wang, Y.; Guo, L. Nanomaterial-enabled neural stimulation. Front. Neurosci. 2016, 10, 1-7. [CrossRef]
[PubMed]


http://dx.doi.org/10.3389/fmats.2016.00027
http://dx.doi.org/10.1113/jphysiol.1945.sp004114
http://www.ncbi.nlm.nih.gov/pubmed/16991677
http://dx.doi.org/10.1089/ten.teb.2011.0498
http://www.ncbi.nlm.nih.gov/pubmed/22010760
http://dx.doi.org/10.1039/C3NR04878K
http://www.ncbi.nlm.nih.gov/pubmed/24362586
http://dx.doi.org/10.3389/fnins.2016.00069
http://www.ncbi.nlm.nih.gov/pubmed/27013938

Nanomaterials 2017, 7, 92 11 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Paviolo, C.; Haycock, J.W.; Yong, J.; Yu, A.; Stoddart, PR.; McArthur, S.L. Laser exposure of gold nanorods
can increase neuronal cell outgrowth. Biotechnol. Bioeng. 2013, 110, 2277-2291. [CrossRef] [PubMed]
Papastefanaki, F.; Jakovcevski, I.; Poulia, N.; Djogo, N.; Schulz, F.; Martinovic, T.; Ciric, D.; Loers, G.;
Vossmeyer, T.; Weller, H.; et al. Intraspinal delivery of polyethylene glycol-coated gold nanoparticles
promotes functional recovery after spinal cord injury. Mol. Ther. 2015, 23, 993-1002. [CrossRef] [PubMed]
Paviolo, C.; Haycock, J.W.; Cadusch, PJ.; McArthur, S.L.; Stoddart, P.R. Laser exposure of gold nanorods can
induce intracellular calcium transients. J. Biophotonics 2014, 7, 761-765. [CrossRef] [PubMed]

Nakatsuji, H.; Numata, T.; Morone, N.; Kaneko, S.; Mori, Y.; Imahori, H.; Murakami, T. Thermosensitive
ion channel activation in single neuronal cells by using surface-engineered plasmonic nanoparticles.
Angew. Chem. 2015, 54, 11725-11729. [CrossRef] [PubMed]

Yong, J.; Needham, K.; Brown, W.G.A,; Nayagam, B.A.; McArthur, SL.; Yu, A; Stoddart, PR.
Gold-nanorod-assisted near-infrared stimulation of primary auditory neurons. Adv. Healthc. Mater. 2014, 3,
1862-1868. [CrossRef] [PubMed]

Eom, K.; Kim, J.; Choi, ].M.; Kang, T.; Chang, ] W.; Byun, KM.; Jun, S.B.; Kim, S.J. Enhanced infrared
neural stimulation using localized surface plasmon resonance of gold nanorods. Small 2014, 19, 3853-3857.
[CrossRef] [PubMed]

Yoo, S.; Hong, S.; Choi, Y.; Park, J.; Nam, Y. Photothermal inhibition of neural activity with near-infrared-
sensitive nanotransducers. ACS Nano 2014, 8, 8040-8049. [CrossRef] [PubMed]

Chen, G; Roy, I; Yang, C.; Prasad, P.N. Nanochemistry and nanomedicine for nanoparticle-based diagnostics
and therapy. Chem. Rev. 2016, 116, 2826-2885. [CrossRef] [PubMed]

Das, M.; Shim, K.H.; An, S.S.A.; Yi, D.K. Review on gold nanoparticles and their applications. J. Toxicol.
Environ. Health Sci. 2011, 3, 193-205. [CrossRef]

Carvalho-de-Souza, ].L.; Treger, ].S.; Dang, B.; Kent, S.B.H.; Pepperberg, D.R.; Bezanilla, F. Photosensitivity
of neurons enabled by cell-targeted gold nanoparticles. Neuron 2015, 86, 207-217. [CrossRef] [PubMed]
Pérez-Juste, J.; Pastoriza-Santos, I.; Liz-Marzan, L.M.; Mulvaney, P. Gold nanorods: Synthesis, characterization
and applications. Coord. Chem. Rev. 2005, 249, 1870-1901. [CrossRef]

Connor, E.E.; Mwamuka, J.; Gole, A.; Murphy, C.J.; Wyatt, M.D. Gold nanoparticles are taken up by human
cells but do not cause acute cytotoxicity. Small 2005, 1, 325-327. [CrossRef] [PubMed]

Isomaa, B.; Reuter, J.; Djupsund, B.M. The subacute and chronic toxicity of cetyltrimethylammonium bromide
(CTAB), a cationic surfactant, in the rat. Arch. Toxicol. 1976, 35, 91-96. [CrossRef] [PubMed]
Pastoriza-Santos, I.; Perez-Juste, J.; Liz-Marzan, L.M. Silica-coating and hydrophobation of CTAB-stabilized
gold nanorods. Chem. Mater. 2006, 18, 2465-2467. [CrossRef]

Zhang, ].J.; Liu, Y.G,; Jiang, L.P; Zhu, ].J. Synthesis, characterizations of silica-coated gold nanorods and its
applications in electroanalysis of hemoglobin. Electrochem. Commun. 2008, 10, 355-358. [CrossRef]

Zhang, ].].; Gu, M.M.; Zheng, T.T.; Zhu, ].J. Synthesis of gelatin-stabilized gold nanoparticles and assembly
of carboxylic single-walled carbon nanotubes/Au composites for cytosensing and drug uptake. Anal. Chem.
2009, 81, 6641-6648. [CrossRef] [PubMed]

Myroshnychenko, V.; Rodriguez-Fernandez, J.; Pastoriza-Santos, I.; Funston, A.M.; Novo, C.; Mulvaney, P,;
Liz-Marzan, L.M.; de Abajo, FJ.G. Modelling the optical response of gold nanoparticles. Chem. Soc. Rev.
2008, 37, 1792-1805. [CrossRef] [PubMed]

Funston, A.M.; Novo, C.; Davis, T.J.; Mulvaney, P. Plasmon coupling of gold nanorods at short distances and
in different geometries. Nano Lett. 2009, 9, 1651-1658. [CrossRef] [PubMed]

Bodelon, G.; Costas, C.; Pérez-Juste, J.; Pastoriza-Santos, I.; Liz-Marzan, L.M. Gold nanoparticles for
regulation of cell function and behavior. Nano Today 2017, 13, 40-60. [CrossRef]

Chen, H.Y;; Shao, L.; Li, Q.; Wang, J. Gold nanorods and their plasmonic properties. Chem. Soc. Rev. 2013, 42,
2679-2724. [CrossRef] [PubMed]

Bhang, S.H.; Han, J.; Jang, HK.; Noh, M.K,; La, W.G.; Yi, M.; Kim, W.S.; Kim Kwon, Y.; Yu, T.; Kim, B.S.
Ph-triggered release of manganese from mnau nanoparticles that enables cellular neuronal differentiation
without cellular toxicity. Biomaterials 2015, 55, 33—43. [CrossRef] [PubMed]

Baranes, K.; Shevach, M.; Shefi, O.; Dvir, T. Gold nanoparticle-decorated scaffolds promote neuronal
differentiation and maturation. Nano Lett. 2016, 16, 2916-2920. [CrossRef] [PubMed]


http://dx.doi.org/10.1002/bit.24889
http://www.ncbi.nlm.nih.gov/pubmed/23456616
http://dx.doi.org/10.1038/mt.2015.50
http://www.ncbi.nlm.nih.gov/pubmed/25807288
http://dx.doi.org/10.1002/jbio.201300043
http://www.ncbi.nlm.nih.gov/pubmed/23798060
http://dx.doi.org/10.1002/anie.201505534
http://www.ncbi.nlm.nih.gov/pubmed/26249533
http://dx.doi.org/10.1002/adhm.201400027
http://www.ncbi.nlm.nih.gov/pubmed/24799427
http://dx.doi.org/10.1002/smll.201400599
http://www.ncbi.nlm.nih.gov/pubmed/24975778
http://dx.doi.org/10.1021/nn5020775
http://www.ncbi.nlm.nih.gov/pubmed/25046316
http://dx.doi.org/10.1021/acs.chemrev.5b00148
http://www.ncbi.nlm.nih.gov/pubmed/26799741
http://dx.doi.org/10.1007/s13530-011-0109-y
http://dx.doi.org/10.1016/j.neuron.2015.02.033
http://www.ncbi.nlm.nih.gov/pubmed/25772189
http://dx.doi.org/10.1016/j.ccr.2005.01.030
http://dx.doi.org/10.1002/smll.200400093
http://www.ncbi.nlm.nih.gov/pubmed/17193451
http://dx.doi.org/10.1007/BF00372762
http://www.ncbi.nlm.nih.gov/pubmed/947317
http://dx.doi.org/10.1021/cm060293g
http://dx.doi.org/10.1016/j.elecom.2007.12.017
http://dx.doi.org/10.1021/ac900628y
http://www.ncbi.nlm.nih.gov/pubmed/20337377
http://dx.doi.org/10.1039/b711486a
http://www.ncbi.nlm.nih.gov/pubmed/18762829
http://dx.doi.org/10.1021/nl900034v
http://www.ncbi.nlm.nih.gov/pubmed/19271775
http://dx.doi.org/10.1016/j.nantod.2016.12.014
http://dx.doi.org/10.1039/C2CS35367A
http://www.ncbi.nlm.nih.gov/pubmed/23128995
http://dx.doi.org/10.1016/j.biomaterials.2015.03.025
http://www.ncbi.nlm.nih.gov/pubmed/25934450
http://dx.doi.org/10.1021/acs.nanolett.5b04033
http://www.ncbi.nlm.nih.gov/pubmed/26674672

Nanomaterials 2017, 7, 92 12 of 14

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Das, S.; Sharma, M.; Saharia, D.; Sarma, K.K.; Sarma, M.G.; Borthakur, B.B.; Bora, U. In vivo studies of silk
based gold nano-composite conduits for functional peripheral nerve regeneration. Biomaterials 2015, 62,
66—75. [CrossRef]| [PubMed]

Lin, Y.L.; Jen, ]J.C.; Hsu, S.H.; Chiu, .M. Sciatic nerve repair by microgrooved nerve conduits made of
chitosan-gold nanocomposites. Surg. Neurol. 2008, 70, S9-518. [CrossRef] [PubMed]

Eom, K.; Hwang, S.; Yun, S.; Byun, K.M.; Jun, S.B.; Kim, S.J. Photothermal activation of astrocyte cells using
localized surface plasmon resonance of gold nanorods. J. Biophotonics 2017, 10, 486-493. [CrossRef] [PubMed]
Ekici, O.; Harrison, R.K.; Durr, N.J.; Eversole, D.S.; Lee, M.; Ben-Yakar, A. Thermal analysis of gold nanorods
heated with femtosecond laser pulses. J. Phys. D 2008, 41, 185501. [CrossRef] [PubMed]

Plech, A.; Cerna, R.; Kotaidis, V.; Hudert, F,; Bartels, A.; Dekorsy, T. A surface phase transition of supported
gold nanoparticles. Nano Lett. 2007, 7, 1026-1031. [CrossRef] [PubMed]

Link, S.; El-Sayed, M. A. Shape and size dependence of radiative, non-radiative and photothermal properties
of gold nanocrystals. Int. Rev. Phys. Chem. 2000, 19, 409-453. [CrossRef]

Govorov, A.O.; Zhang, W.; Skeini, T.; Richardson, H.; Lee, J.; Kotov, N.A. Gold nanoparticle ensembles
as heaters and actuators: Melting and collective plasmon resonances. Nanoscale Res. Lett. 2006, 1, 84-90.
[CrossRef]

Hodak, ].H.; Henglein, A.; Hartland, G.V. Size dependent properties of au particles: Coherent excitation and
dephasing of acoustic vibrational modes. . Chem. Phys. 1999, 111, 8613-8621. [CrossRef]

Link, S.; Burda, C.; Nikoobakht, B.; El-Sayed, M.A. How long does it take to melt a gold nanorod?
A femtosecond pump-probe absorption spectroscopic study. Chem. Phys. Lett. 1999, 315, 12-18. [CrossRef]
Kurita, H.; Takami, A.; Koda, S. Size reduction of gold particles in aqueous solution by pulsed laser
irradiation. Appl. Phys. Lett. 1998, 72, 789-791. [CrossRef]

Takami, A.; Kurita, H.; Koda, S. Laser-induced size reduction of noble metal particles. J. Phys. Chem. B 1999,
103, 1226-1232. [CrossRef]

Kamat, P.V,; Flumiani, M.; Hartland, G.V. Picosecond dynamics of silver nanoclusters. Photoejection of
electrons and fragmentation. J. Phys. Chem. B 1998, 102, 3123-3128. [CrossRef]

Chang, S.S.; Shih, C.W.; Chen, C.D.; Lai, W.C.; Wang, C.R.C. The shape transition of gold nanorods. Langmuir
1999, 15, 701-709. [CrossRef]

Chen, Y.S.; Frey, W.; Kim, S.; Homan, K.; Kruizinga, P.; Sokolov, K.; Emelianov, S. Enhanced thermal stability
of silica-coated gold nanorods for photoacoustic imaging and image-guided therapy. Opt. Express 2010, 18,
8867-8878. [CrossRef] [PubMed]

Polak, P,; Shefi, O. Nanometric agents in the service of neuroscience: Manipulation of neuronal growth and
activity using nanoparticles. Nanomed. Nanotechnol. Biol. Med. 2015, 11, 1467-1479. [CrossRef] [PubMed]
Kim, J.A.; Lee, N.; Kim, B.H.; Rhee, W.J.; Yoon, S.; Hyeon, T; Park, T.H. Enhancement of neurite outgrowth
in PC12 cells by iron oxide nanoparticles. Biomaterials 2011, 32, 2871-2877. [CrossRef] [PubMed]

Park, J.S.; Park, K.; Moon, H.T.; Woo, D.G.; Yang, H.N.; Park, K.H. Electrical pulsed stimulation of surfaces
homogeneously coated with gold nanoparticles to induce neurite outgrowth of PC12 cells. Langmuir 2009,
25,451-457. [CrossRef] [PubMed]

Poljak-Blazi, M.; Jaganjac, M.; Zarkovic, N. Cell Oxidative Stress: Risk of Metal Nanoparticles. In Handbook of
Nanophysics: Nanomedicine and Nanorobotics; Sattler, K., Ed.; CRC Press: Boca Raton, FL, USA, 2010; pp. 1-17.
Soderstjerna, E.; Bauer, P; Cedervall, T.; Abdshill, H.; Johansson, F.; Johansson, U.E. Silver and gold
nanoparticles exposure to in vitro cultured retina—Studies on nanoparticle internalization, apoptosis,
oxidative stress, glial- and microglial activity. PLoS ONE 2014, 9, e105359. [CrossRef] [PubMed]

Paviolo, C.; Haycock, J.W.; Stoddart, P.R.; McArthur, S.L. Effects of Laser-Exposed Gold Nanorods on
Biochemical Pathways of Neuronal Cells. In Proceedings of the SPIE 8923: Micro/Nano Materials, Devices,
and Systems, Victoria, Australia, 9 December 2013; pp. 89231A1-89231A9.

Siddiqi, N.J.; Abdelhalim, M.A.K,; El-Ansary, A.K.; Alhomida, A.S.; Ong, W.Y. Identification of potential
biomarkers of gold nanoparticle toxicity in rat brains. J. Neuroinflamm. 2012, 9, 123. [CrossRef] [PubMed]
Paviolo, C.; Thompson, A.C.; Yong, J.; Brown, W.G.A; Stoddart, P.R. Nanoparticle-enhanced infrared neural
stimulation. J. Neural Eng. 2014, 11, 065002. [CrossRef] [PubMed]

Richter, C.-P; Matic, A.I; Wells, ].D.; Jansen, E.D.; Walsh, ]J.T. Neural stimulation with optical radiation.
Laser Photonics Rev. 2011, 5, 68-80. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.biomaterials.2015.04.047
http://www.ncbi.nlm.nih.gov/pubmed/26026910
http://dx.doi.org/10.1016/j.surneu.2008.01.057
http://www.ncbi.nlm.nih.gov/pubmed/18440619
http://dx.doi.org/10.1002/jbio.201600280
http://www.ncbi.nlm.nih.gov/pubmed/28164459
http://dx.doi.org/10.1088/0022-3727/41/18/185501
http://www.ncbi.nlm.nih.gov/pubmed/21799542
http://dx.doi.org/10.1021/nl070187t
http://www.ncbi.nlm.nih.gov/pubmed/17352505
http://dx.doi.org/10.1080/01442350050034180
http://dx.doi.org/10.1007/s11671-006-9015-7
http://dx.doi.org/10.1063/1.480202
http://dx.doi.org/10.1016/S0009-2614(99)01214-2
http://dx.doi.org/10.1063/1.120894
http://dx.doi.org/10.1021/jp983503o
http://dx.doi.org/10.1021/jp980009b
http://dx.doi.org/10.1021/la980929l
http://dx.doi.org/10.1364/OE.18.008867
http://www.ncbi.nlm.nih.gov/pubmed/20588732
http://dx.doi.org/10.1016/j.nano.2015.03.005
http://www.ncbi.nlm.nih.gov/pubmed/25819887
http://dx.doi.org/10.1016/j.biomaterials.2011.01.019
http://www.ncbi.nlm.nih.gov/pubmed/21288566
http://dx.doi.org/10.1021/la8025683
http://www.ncbi.nlm.nih.gov/pubmed/19049400
http://dx.doi.org/10.1371/journal.pone.0105359
http://www.ncbi.nlm.nih.gov/pubmed/25144684
http://dx.doi.org/10.1186/1742-2094-9-123
http://www.ncbi.nlm.nih.gov/pubmed/22691312
http://dx.doi.org/10.1088/1741-2560/11/6/065002
http://www.ncbi.nlm.nih.gov/pubmed/25420074
http://dx.doi.org/10.1002/lpor.200900044
http://www.ncbi.nlm.nih.gov/pubmed/23082105

Nanomaterials 2017, 7, 92 13 of 14

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Thompson, A.C.; Stoddart, P.R.; Jansen, E.D. Optical stimulation of neurons. Curr. Mol. Imaging 2014, 3,
162-177. [CrossRef] [PubMed]

Shoham, S.; Farah, N.; Golan, L. Method and System for Optical Stimulation of Neurons. U.S. Patent
20,100,262,212 A1, 14 October 2010.

Farah, N.; Zoubi, A.; Matar, S.; Golan, L.; Marom, A.; Butson, C.R.; Brosh, I.; Shoham, S. Holographically
patterned activation using photo-absorber induced neural-thermal stimulation. . Neural Eng. 2013, 10,
0506004. [CrossRef] [PubMed]

Wells, ].; Kao, C.; Mariappan, K.; Albea, J.; Jansen, E.D.; Konrad, P.; Mahadevan-Jansen, A. Optical stimulation
of neural tissue in vivo. Opt. Lett. 2005, 30, 504-506. [CrossRef] [PubMed]

Shapiro, M.G.; Homma, K.; Villarreal, S.; Richter, C.P,; Bezanilla, F. Infrared light excites cells by changing
their electrical capacitance. Nat. Commun. 2012, 3, 736. [CrossRef] [PubMed]

Wells, J.; Kao, C.; Konrad, P; Milner, T.; Kim, J.; Mahadevan-Jansen, A.; Jansen, E.D. Biophysical mechanisms
of transient optical stimulation of peripheral nerve. Biophys. |. 2007, 93, 2567-2580. [CrossRef] [PubMed]
Thompson, A.C.; Wade, S.A.; Brown, W.G.A; Stoddart, PR. Modeling of light absorption in tissue during
infrared neural stimulation. J. Biomed. Opt. 2012, 17, 075002. [CrossRef] [PubMed]

Thompson, A.C.; Wade, S.A.; Pawsey, N.C.; Stoddart, P.R. Infrared neural stimulation: Influence of
stimulation site spacing and repetition rates on heating. IEEE Trans. Biomed. Eng. 2013, 60, 3534-3541.
[CrossRef] [PubMed]

Hodgkin, A.L.; Katz, B. The effect of temperature on the electrical activity of the giant axon of the squid.
J. Physiol. Lond. 1949, 109, 240-249. [CrossRef] [PubMed]

Cayce, ].M.; Friedman, R.M.; Jansen, E.D.; Mahavaden-Jansen, A.; Roe, A.W. Pulsed infrared light alters
neural activity in rat somatosensory cortex in vivo. Neuroimage 2011, 57, 155-166. [CrossRef] [PubMed]
Liu, Q.; Frerck, M.].; Holman, H.A.; Jorgensen, E.M.; Rabbitt, R.D. Exciting cell membranes with a blustering
heat shock. Biophys. J. 2014, 106, 1570-1577. [CrossRef] [PubMed]

Peterson, E.J.; Tyler, D.J. Activation Using Infrared Light in a Mammalian Axon Model. In Proceedings of the
2012 Annual International Conference of the IEEE Engineering in Medicine and Biology Society, San Diego,
CA, USA, 28 August 2012; pp. 1896-1899.

Albert, E.S.; Bec, ].M.; Desmadryl, G.; Chekroud, K; Travo, C.; Gaboyard, S.; Bardin, F.; Marc, I.; Dumas, M.;
Lenaers, G.; et al. TRPV4 channels mediate the infrared laser-evoked response in sensory neurons.
J. Neurophys. 2012, 107, 3227-3234. [CrossRef] [PubMed]

Li, X.Y,; Liu, J.; Liang, S.S.; Guan, KW,; An, L.J.; Wu, X.E; Li, S.; Sun, C.S. Temporal modulation of sodium
current kinetics in neuron cells by near-infrared laser. Cell Biochem. Biophys. 2013, 67, 1409-1419. [CrossRef]
[PubMed]

Dittami, G.M.; Rajguru, S.M.; Lasher, R.A.; Hitchcock, R.-W.; Rabbitt, R.D. Intracellular calcium transients
evoked by pulsed infrared radiation in neonatal cardiomyocytes. J. Physiol. 2011, 589, 1295-1306. [CrossRef]
[PubMed]

Beier, H.T.; Tolstykh, G.P.; Musick, ].D.; Thomas, R.J.; Ibey, B.L. Plasma membrane nanoporation as a possible
mechanism behind infrared excitation of cells. J. Neural Eng. 2014, 11, 066006. [CrossRef] [PubMed]
Baumgart, J.; Humbert, L.; Boulais, E.; Lachaine, R.; Lebrun, ].J.; Meunier, M. Off-resonance plasmonic
enhanced femtosecond laser optoporation and transfection of cancer cells. Biomaterials 2012, 33, 2345-2350.
[CrossRef] [PubMed]

Tong, L.; Zhao, Y.; Huff, T.B.; Hansen, M.N.; Wei, A.; Cheng, ] X. Gold nanorods mediate tumor cell death by
compromising membrane integrity. Adv. Mater. 2007, 19, 3136-3141. [CrossRef] [PubMed]

Urban, A.S.; Fedoruk, M.; Horton, M.R.; Radler, J.; Stefani, ED.; Feldmann, J. Controlled nanometric phase
transitions of phospholipid membranes by plasmonic heating of single gold nanoparticles. Nano Lett. 2009,
9, 2903-2908. [CrossRef] [PubMed]

Urban, P; Kirchner, S.R.; Muhlbauer, C.; Lohmuller, T.; Feldmann, J. Reversible control of current across lipid
membranes by local heating. Sci. Rep. 2016, 6, 22686. [CrossRef] [PubMed]

Barandeh, F; Nguyen, PL.; Kumar, R.; Iacobucci, G.J.; Kuznicki, M.L.; Kosterman, A.; Bergey, E.J.;
Prasad, PN.; Gunawardena, S. Organically modified silica nanoparticles are biocompatible and can be
targeted to neurons in vivo. PLoS ONE 2012, 7, €29424. [CrossRef] [PubMed]

Colombo, E.; Feyen, P.; Antognazza, M.R.; Lanzani, G.; Benfenati, F. Nanoparticles: A challenging vehicle for
neural stimulation. Front. Neurosci. 2016, 10, 105. [CrossRef] [PubMed]


http://dx.doi.org/10.2174/2211555203666141117220611
http://www.ncbi.nlm.nih.gov/pubmed/26322269
http://dx.doi.org/10.1088/1741-2560/10/5/056004
http://www.ncbi.nlm.nih.gov/pubmed/23902876
http://dx.doi.org/10.1364/OL.30.000504
http://www.ncbi.nlm.nih.gov/pubmed/15789717
http://dx.doi.org/10.1038/ncomms1742
http://www.ncbi.nlm.nih.gov/pubmed/22415827
http://dx.doi.org/10.1529/biophysj.107.104786
http://www.ncbi.nlm.nih.gov/pubmed/17526565
http://dx.doi.org/10.1117/1.JBO.17.7.075002
http://www.ncbi.nlm.nih.gov/pubmed/22894474
http://dx.doi.org/10.1109/TBME.2013.2272796
http://www.ncbi.nlm.nih.gov/pubmed/23864150
http://dx.doi.org/10.1113/jphysiol.1949.sp004388
http://www.ncbi.nlm.nih.gov/pubmed/15394322
http://dx.doi.org/10.1016/j.neuroimage.2011.03.084
http://www.ncbi.nlm.nih.gov/pubmed/21513806
http://dx.doi.org/10.1016/j.bpj.2014.03.008
http://www.ncbi.nlm.nih.gov/pubmed/24739156
http://dx.doi.org/10.1152/jn.00424.2011
http://www.ncbi.nlm.nih.gov/pubmed/22442563
http://dx.doi.org/10.1007/s12013-013-9674-9
http://www.ncbi.nlm.nih.gov/pubmed/23723007
http://dx.doi.org/10.1113/jphysiol.2010.198804
http://www.ncbi.nlm.nih.gov/pubmed/21242257
http://dx.doi.org/10.1088/1741-2560/11/6/066006
http://www.ncbi.nlm.nih.gov/pubmed/25340253
http://dx.doi.org/10.1016/j.biomaterials.2011.11.062
http://www.ncbi.nlm.nih.gov/pubmed/22177619
http://dx.doi.org/10.1002/adma.200701974
http://www.ncbi.nlm.nih.gov/pubmed/19020672
http://dx.doi.org/10.1021/nl901201h
http://www.ncbi.nlm.nih.gov/pubmed/19719109
http://dx.doi.org/10.1038/srep22686
http://www.ncbi.nlm.nih.gov/pubmed/26940847
http://dx.doi.org/10.1371/journal.pone.0029424
http://www.ncbi.nlm.nih.gov/pubmed/22238611
http://dx.doi.org/10.3389/fnins.2016.00105
http://www.ncbi.nlm.nih.gov/pubmed/27047327

Nanomaterials 2017, 7, 92 14 of 14

73.

74.

75.

76.

77.

Paviolo, C.; Stoddart, PR. Metallic nanoparticles for peripheral nerve regeneration: Is it a feasible approach?
Neural Regen. Res. 2015, 10, 1065-1066. [PubMed]

Silva, G.A. Neuroscience nanotechnology: Progress, opportunities and challenges. Nat. Rev. Neurosci. 2006,
7,65-74. [CrossRef] [PubMed]

Jung, S.; Bang, M.; Kim, B.S.; Lee, S.; Kotov, N.A.; Kim, B.; Jeon, D. Intracellular gold nanoparticles increase
neuronal excitability and aggravate seizure activity in the mouse brain. PLoS ONE 2014, 9, €91360. [CrossRef]
[PubMed]

Boulais, E.; Lachaine, R.; Hatef, A.; Meunier, M. Plasmonics for pulsed-laser cell nanosurgery: Fundamentals
and applications. J. Photochem. Photobiol. C 2013, 17, 26—49. [CrossRef]

Li, WW.,; Chen, X.Y. Gold nanoparticles for photoacoustic imaging. Nanomedicine 2015, 10, 299-320.
[CrossRef] [PubMed]

@ © 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://www.ncbi.nlm.nih.gov/pubmed/26330826
http://dx.doi.org/10.1038/nrn1827
http://www.ncbi.nlm.nih.gov/pubmed/16371951
http://dx.doi.org/10.1371/journal.pone.0091360
http://www.ncbi.nlm.nih.gov/pubmed/24625829
http://dx.doi.org/10.1016/j.jphotochemrev.2013.06.001
http://dx.doi.org/10.2217/nnm.14.169
http://www.ncbi.nlm.nih.gov/pubmed/25600972
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Properties of Gold Nanoparticles 
	Why Gold Nanoparticles? 
	Dynamics of the Localized Plasmon Resonance 

	Peripheral Nerve Regeneration 
	Modulation of Nerve Electrical Activity 
	Outlook 

