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This review covers the latest progress in the application of light-responsive nanomaterials for on-demand drug delivery to the

brain and for neuromodulation, with the aim of achieving brain stimulation and regeneration.

Abstract

Neurological disorders are one of the world's leading medical and societal challenges due to the lack of efficacy of the
first line treatment. Although pharmacological and non-pharmacological interventions have been employed with the
aim of regulating neuronal activity and survival, they have failed to avoid symptom relapse and disease progression in
the vast majority of patients. In the last 5 years, advanced drug delivery systems delivering bioactive molecules and
neuromodulation strategies have been developed to promote tissue regeneration and remodel neuronal circuitry.
However, both approaches still have limited spatial and temporal precision over the desired target regions. While
external stimuli such as electromagnetic fields and ultrasound have been employed in the clinic for non-invasive
neuromodulation, they do not have the capability of offering single-cell spatial resolution as light stimulation. Herein,
we review the latest progress in this area of study and discuss the prospects of using light-responsive nanomaterials to
achieve on-demand delivery of drugs and neuromodulation, with the aim of achieving brain stimulation and

regeneration.

1. Introduction

Neurological disorders are one of the world's leading medical and societal challenges, affecting approximately 2.6

billion people worldwide.! Diseases such as stroke, epilepsy, dementia, Alzheimer's disease (AD), and Parkinson's

disease (PD) are characterised by cognitive decline and/or motor impairment, as a result of accelerated

neurodegeneration compared to physiological ageing in selective brain regions and cell types.? The first line treatment

includes the administration of medicines targeting ion channels or modulating neurotransmitter levels to regulate

neuronal activity, as well as anti-inflammatory drugs and growth factors conferring neuroprotection.’* However, these
treatments have failed to avoid symptom relapse in the vast majority of patients, due to progressive neuroinflammation

and tissue damage which ultimately result in poor quality of life and eventually death.

Stem cells have been considered a promising solution to restore brain function by regenerating damaged tissues. They

are capable of proliferating and differentiating into multiple cell types including neurons, astrocytes, and
oligodendrocytes.> Although stem cells derived from foetal (e.g. umbilical cord, placenta) and adult tissues (e.g. bone

marrow, adipose tissue) have been employed in patients suffering from stroke or PD,%19 cell transplantation has shown
limited clinical efficacy. This can be attributed to the low engraftment efficiency due to a pro-inflammatory tissue
microenvironment, hampering cell survival and homing at the implanted site. An alternative strategy consists of

targeting mature cells in the brain to become pluripotent stem cells through the overexpression of transcription factors.

T However, prolonged expression of these factors may also induce tumorigenesis, thus requiring delivery strategies
that ensure a transient and safe action. In order to surmount these caveats, a more recent avenue of research consists of

stimulating the proliferation of endogenous neural stem cells (NSCs) and endothelial progenitor cells (EPCs) which

further mediate repair mechanisms in the brain (e.g. via neurogenesis, synaptogenesis, and angiogenesis).'>™14

However, NSCs are located in niche reservoirs deep in the adult brain, such as the subventricular zone (SVZ) adjacent

to the lateral ventricles, or the dentate gyrus (DG) in the hippocampus.!> Moreover, these regions lose neuronal

plasticity with ageing, thus becoming strongly susceptible to neurodegeneration particularly in pathological processes

such as AD.'®"!8 Therefore, pharmacological approaches stimulating neurogenesis in these target regions could

potentially restore brain function in neurodegenerative diseases and age-related impairments.



Given the lack of therapeutic approaches promoting brain regeneration in the clinic, advanced drug delivery systems
based on synthetic nanoparticle (NP)-based formulations have been developed for the delivery of bioactive molecules

(e.g. retinoic acid, microRNAs, transcription factors, efc.), in order to modulate the proliferation and differentiation of

brain endogenous stem cells (Fig. 1).5’12‘14 Despite the promising results in preclinical models, some of these

formulations tend to diffuse across the brain even after surgical delivery to the site of interest by intracerebral

administration, which may lead to drug diffusion to distant locations.!® Thus, formulations developed with the capacity
to release the drugs under tight spatial control, potentially able to modulate specific cell populations of interest, are in
high demand. In addition, in case the formulations are administered by systemic administration to promote their clinical

application, the blood-brain barrier (BBB) also poses a significant obstacle for targeted delivery to the brain

parenchyma. Several strategies have been developed to target the BBB,2? including surface functionalisation of NPs
with biomolecules (e.g. peptides derived from lactoferrin, transferrin, or low-density lipoprotein receptors) which
promote transcytosis through endothelial cells. Nevertheless, this strategy has shown limited efficacy. More recently,
NPs stimulated by external stimuli (e.g. ultrasounds, magnetic fields, light) have been employed as transducers with the
aim of destabilizing the BBB, in order to increase its permeability which allows for drug accumulation in the specific

regions of the brain.2! 23
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Applications of nanomaterials for brain regeneration and stimulation. Nanomaterials have been investigated as advanced drug
delivery carriers and incorporated into biointerfaces for neuromodulation. The advantages and limitations of these strategies are
outlined with respect to their application in the targeted delivery of biomolecules and neural circuitry remodelling, in order to

promote brain regeneration.

Restoring brain function involves not only tissue regeneration through the modulation of proliferation and
differentiation mechanisms of brain endogenous stem cells, but also brain stimulation involving the activation of these

cells. Neuromodulation has been employed for more than 30 years with the aim of restructuring functional networks in

order to circumvent neurological impairment (Fig. 1).>4 This was originally achieved by surgical implantation of
devices delivering electrical pulses in order to activate voltage-sensitive ion channels in neurons, which in turn generate

electrochemical gradients and induce the release of neurotransmitters. Electrical stimulation can also manipulate the



transmembrane resting potential, which may be linked to cell proliferation and differentiation.>> Interestingly, PD

patients subjected to deep brain stimulation (DBS) targeting the subthalamic nucleus exhibited signs of neurogenesis in
the neighbouring SVZ.2% This could be ascribed to the activation of functional neurons which constitute new

connections with other cells surrounding the damaged tissue.>’ These findings suggest that the electrical stimulation of
NSCs can be a promising strategy to complement pharmacological interventions aiming to regenerate damaged brain

tissue. However, there is limited clinical evidence because DBS is restricted to patients with advanced discase

progression when pharmacological treatments have failed.2® The majority of 160000 patients undergoing DBS

worldwide have experienced significant and frequent adverse effects related to the highly invasive surgical procedure to

implant a device in the brain, to which a foreign body response is developed by the host.2%732 In addition to

biocompatibility issues affecting long-term performance, inadequate device programming and poor spatial targeting

may demand multiple surgeries to adjust the position or to replace the device or any of its components.”* Electrical

stimulation warrants a greater specificity over specific brain locations, in order to avoid overstimulating undesired areas

bearing a wide diversity of cells, ranging from neurons to endothelial, glial, and immune cells.?®

In this review, we discuss the use of external stimuli to address the aforementioned limitations of drug delivery and
electrical stimulation by targeting specific brain regions. While ultrasound and electromagnetic fields have been

employed in the clinic for non-invasive transcranial neuromodulation, we propose the application of light owing to its
spatiotemporal resolution, targeting precise regions down to single cells (Fig. 2).333% Although light has been

employed in diverse applications in biomedicine,>> there are some considerations regarding its application in the brain.
Biological tissue contains a variety of molecules capable of absorbing light and significantly attenuating its penetration
depth. This results in the application of high irradiance (i.e. radiation power) which is usually accompanied by heat
generation that may be deleterious for cell survival. Because the brain is highly sensitive to temperature variations, heat

generation must be limited; whilst an increase of 1 °C can induce functional alterations, exposure to 42 °C for 5 min

may be sufficient to irreversibly inactivate neurons.’® These limitations have motivated the development of
nanomaterials capable of transducing optical signals in order to improve the safety and efficacy of light. Herein, we will
cover the recent progress related to stimuli-responsive drug delivery systems and how the use of light compares with
other external stimuli. In addition, we will discuss the critical parameters regarding the use of minimally invasive
approaches for targeted neuromodulation, including optogenetics and non-genetic alternatives applying

nanoformulations in medical devices capable of converting light to electricity with unprecedented precision.
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Comparison of external stimuli employed in neuromodulation and targeted drug delivery. (a) Schematic representation of the brain
highlighting the penetration depth of transcranial stimulation modalities. Regions such as the SVZ and dentate gyrus are attractive
targets to promote neurogenesis. (b) Light enables 1000x more precise spatial resolution compared to other external stimuli such as
ultrasounds and electromagnetic fields. In addition, it can improve temporal resolution by 100-fold compared to clinically used
electrical stimulation.

2. Using external stimuli to control brain stimulation and regeneration

Recent technological advances have aimed to reduce the invasiveness of neuromodulation by improving device

biocompatibility and refining actuation on the brain using external tn'ggers.3 7 While non-invasive transcranial electrical

stimulation has been explored in the clinic since the 1980s, other external stimuli such as magnetic fields and



ultrasounds have also been employed to elicit neurotransmitter release from neurons.>®3? A common mechanism
shared by these stimuli consists of heat generation which activates transmembrane ion channels. These stimuli can also
be exploited to trigger cargo release from advanced drug delivery systems. In both cases, light is particularly versatile
owing to its temporal precision in inducing faster cellular responses. The following subsections describe the application

of these external stimuli in neuromodulation and drug delivery to the brain.

2.1. Electromagnetic fields

Stimulation of the brain by electromagnetic fields has been described in several studies.>®40~42 Transcranial electrical

stimulation modulates voltages across the cell membrane by adjusting the pulse amplitude, frequency and the duration
of alternating or direct current.>® Although this modality has been applied in the clinic for the activation of the cortex in

order to restore memory, cognitive and motor functions, there is limited evidence of its efficacy.*> This could be

attributed to electric current dissipation through the skull, which can be compensated by applying high voltages in the
patient's scalp albeit at the expense of potential discomfort.** The use of cathodes or anodes to modulate neuronal

activity can be replaced by high- (>5 Hz) or low-frequency (<1 Hz) magnetic fields, respectively.‘m‘42 Transcranial
magnetic stimulation circumvents the need for electrodes contacting the surface of the skin using an insulated coil over

the scalp, which generates fast-oscillating magnetic fields with a greater penetration depth into the brain.4>

Perpendicular to the magnetic field, the generated electric field modulates neuronal activity with greater depth and
resolution by manipulating the coil shape and magnetic field strength. A variety of protocols varying in stimulation time

46,47

and frequency have been investigated in the clinic, with encouraging results in the management of some

psychiatric conditions.*® One of these protocols involves the repeated application of intermittent pulses known as theta

burst stimulation, which can promote the recovery of neuronal activity in neurodegenerative diseases by attenuating

inflammation and oxidative stress.*® However, magnetic stimulation struggles to precisely target the deep regions of the
brain such as the hippocampus. Temporal interference between multiple high-frequency electromagnetic fields (~1

kHz) slightly differing in frequency has dramatically improved the spatial resolution of magnetic fields, albeit without

matching the resolution of conventional DBS.2%3! Selective targeting and control over the depth of stimulation may be

achieved by modulating the amplitude of the applied electromagnetic field.>?

Electromagnetic fields can also be used for the activation of drug release systems in the brain. For example, iron oxide
NPs can be activated by alternating magnetic fields (20-40 MHz) to generate heat which can be exploited for targeted

51

drug delivery to the brain using temperature-sensitive liposomes,”" and to accelerate proton release from polymeric

scaffolds undergoing hydrolytic degradation, thus eliciting Ca®" influx.’> Heat generation from magnetic NPs can also

activate heat-sensitive ion channels (e.g. TRPV 1) which may be promising in the stimulation of peripheral nerves and
organs such as the adrenal gland.>*-3% These approaches can be synergistically combined for multiplexed control over

cell signalling using two different magnetic NP populations sensitive to different frequencies and amplitudes.>’
Nevertheless, further demonstration of the long-term safety and efficacy of these stimulation strategies is warranted,
especially considering the poorer temporal resolution of magnetic fields (Fig. 2). Given that magnetic NPs can readily
generate heat under high-frequency magnetic fields, reaching local temperatures above 42 °C, it is vital to demonstrate
that these thermal effects are localised and reversible. In order to minimise undesired thermal effects, a recent study has
enabled the potential use of clinically relevant, low-frequency magnetic fields (5 Hz) to stimulate mechanically sensitive

channels (e.g. Piezo2, TRPV4) through the activation of oscillating magnetite nanodiscs.>®

2.2. Ultrasounds

Ultrasounds are an emerging alternative for brain stimulation. Ultrasounds can target neurons in the deep regions of the
brain, owing to the use of focused transducers narrowing their resolution down to 2-4 mm.> 9 Spatial precision can be

adjusted by the sonication frequency which is limited between 200 and 700 kHz.>® Whilst higher frequencies (>1
MHz) could further improve their resolution, such acoustic waves could experience significant attenuation across the

skull and propagation to undesired regions. A recent study suggested that the pulse repetition frequency could also be

modulated to tailor the application of ultrasounds in either excitatory or inhibitory neurons.® Another aspect to

consider is the intensity of the applied ultrasounds. Neuromodulation is limited to low-intensity ultrasounds (<200 W



cm™2) in order to expand synaptic junctions without excessive heat generation, which may otherwise inhibit synaptic

activity by enhancing potassium and suppressing sodium ion channels, especially during prolonged exposures.59

Hyperthermia induced by high-intensity ultrasounds can be employed to transiently open the BBB and to trigger drug
release from NPs targeting the brain. Low-intensity ultrasounds can induce similar effects through the administration of
microbubbles, which render the BBB permeable to drug delivery carriers. Focused ultrasounds were necessary for the

transport of polymeric NPs delivering gene therapy to the brain, encoding neurotrophic factors which promoted the

replenishment of dopaminergic neurons in a rat model of PD.®! This strateey may also be applied for targeted
p p g gy may pp g

neuromodulation owing to the translocation of viral vectors at the desired site, transfecting specific neurons with
receptors for chemo- and optogenetics.>3 Alternatively, neurons can be manipulated to express heat- or

mechanosensitive ion channels, in order to enhance their sensitivity to ultrasounds.®* These strategies are required to
overcome the noise caused by auditory neurons which are strongly affected by ultrasounds directed to the brain cortex,

and to ensure that the application of ultrasounds is not also restricted to peripheral organs.65’66

The limitations imposed by skull density and unwanted BBB opening have motivated the development of alternative
approaches for targeted and safe ultrasound application. Engineered microbubbles tethered to drug-loaded liposomes
can accumulate at the site of application of ultrasound using only 1% of the acoustic intensity (pressure amplitude = 75
kPa, corresponding to ~0.18 W ¢cm™2) used for conventional focused ultrasound stimulation. Aggregated drug carriers
can therefore burst through cavitation forces and release their cargo to the target site using 10X more power (pressure

amplitude = 188 kPa, corresponding to ~1.14 W em™2), with minimal temperature fluctuation and without opening the

BBB.®7 Another strategy to mitigate thermal and mechanical tissue damage involves the administration of piezoelectric
nanomaterials that convert the applied ultrasounds to an electrical stimulus. Boron nitride and barium titanate (BaTiO5)

rank among the main candidates for piezoelectric stimulation owing to their biocompatibility, and can be synthesised in

a variety of shapes resulting in unique physicochemical properties.®® These NPs maintained their capability of

electrically stimulating SH-SY5Y neuroblastoma cells, either in suspension or being immobilised in piezoelectric films
made of poly(vinylidene fluoride-trifluoroethylene) (PVDF-TrFE).%*~7! Carbon-coated BaTiO; NPs were recently

demonstrated to stimulate dopaminergic neurons in a zebrafish model of PD.”? Despite these promising results, further
investigation on the control over the ultrasound dose delivered in vivo, as well as on the long-term in vivo
biocompatibility and stability of these NPs, irrespective of their immobilisation in medical devices, is warranted to

support their clinical translation.
2.3. Light

Light can be used for brain stimulation and brain regeneration, in both cases, with or without the use of light-sensitive
biomaterials (this section will be further expanded in section 3). Although transcranial activation constitutes an
attractive alternative to DBS owing to its minimal invasiveness, the aforementioned methods currently employed in the

clinic lack temporal resolution and anatomical specificity to target small brain structures (e.g. subthalamic nucleus,

SVZ) with spatiotemporal resolution, without affecting the physiological activity of neighbouring cells.”> The
application of near infrared (NIR) radiation (4 = 650-1000 nm) is attractive owing to its reduced absorption by
biological fluids, which results in a high penetration rate compared to other wavelengths, with 3-5% of the applied
energy reaching the cortical surface of the brain (Fig. 2).”*7> Moreover, NIR radiation (1 = 800-1000 nm) has been

associated with beneficial effects on cellular activity by enhancing mitochondrial activity and increasing blood flow and
oxygenation.”® As a result, NIR radiation can upregulate the expression of the growth factor BDNF in the DG and

SVZ, promoting neurogenesis after tissue injury.”’~’% In addition to promoting tissue regeneration, infrared light (1 =

2-6 wm) has been observed to activate temperature-gated Ca*" channels in neurons and trigger action potentials after
membrane depolarisation.>80 This could be ascribed to the molecular vibrations of water molecules induced by light

absorption, which generate heat capable of eliciting mechanical changes in the phospholipid cell membrane (Fig. 3).8!
The spatial precision of membrane depolarization can be further refined by the gene delivery of heat-sensitive ion
channels (e.g. TRPV1) which can then be targeted by polymeric nanoparticles exhibiting excellent photothermal

properties, enabling heat generation with NIR activation at low power densities and thereby preserving tissue health.

82.83 However, such depolarisation is only transient as longer irradiation exposures can instead induce membrane



hyperpolarisation and suppress synaptic activity.®* Nevertheless, transcranial NIR stimulation has been investigated in

several clinical trials to treat neurological disorders including depression, anxiety, and AD.”® However, the largest

clinical trial exploring the therapeutic potential of NIR radiation (4= 808 nm) in patients undergoing acute ischemic

stroke failed to demonstrate measurable neuroprotective effects.®387 This could be attributed to the poor clinical

translation of the delivered radiation dose, considering that the human scalp and skull can absorb 5-10X more radiation

than their rodent counterparts.”> Further investigation is therefore warranted to translate the application of NIR

radiation from small animals to humans.
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Applications of light for targeted drug delivery and neuromodulation. (a) Conjugation of NPs with biomolecules through light- or
heat-sensitive linkers can improve the specificity over their release. (b) Heat generation near cell membranes may increase their
permeability and activate heat-sensitive channels (e.g. TRPVs), which mediate Ca®" influx and the migration of cations toward the
cell membrane, triggering membrane depolarisation. (c) Similar effects can be achieved by the artificial introduction of azobenzene-
based molecules which intercalate the cell membrane and mechanically open it via photoisomerisation upon exposure to UV/blue
light. (d) Membrane depolarisation can also be achieved by the application of electrodes, which may generate electrons upon visible
light activation. These electrons are injected to the neighbouring cell membranes.

3. Optical tools to modulate brain activity and regeneration

In order to overcome the limited penetration of light, sources such as fibre optics and light-emitting diodes have been

implanted in pre-clinical models.®® However, this invasive procedure may be detrimental to the brain due to localised
heat dissipating from the light emission point, which enhances the glial response to these implants and compromises
their long-term performance. Transcranial light activation can surmount these issues by enabling a minimally invasive
procedure, which would nonetheless require the implantation of transducers capable of increasing the sensitivity to the
external light trigger. In this section, we cover how these transducers can enable the application of tissue-penetrating

NIR radiation in drug delivery and neuromodulation.
3.1. Light-triggered drug delivery

As mentioned earlier, NIR radiation and infrared radiation usually induce photothermal effects which can modulate cell
membrane permeability. Similarly to ultrasound activation, heat generation can be exploited to transiently open the
BBB and enable drug delivery to the brain. With this aim, gold NPs are highly versatile candidates owing to their

localised surface plasmon resonance (SPR), enabling heat generation in response to a specific wavelength of light,
which can be readily tuned by adjusting the NP size and shape.8*! The selectivity of gold NPs has been further

improved by functionalisation with biomolecules (e.g. antibodies, peptides—ete:) targeting specific receptors in

endothelial cells, which have enhanced in vivo NP transport to the brain parenchyma of mice without long-lasting



modifications to the brain vasculature.?!? Iron oxide NPs have also been recently reported to generate heat upon

exposure to red light, thus facilitating the cellular uptake of polymeric nanofibre complexes for in vitro delivery of gene

editing components.”3

In addition to modulating the permeability of the BBB, light-generated heat can also trigger on-demand release of

proteins and non-coding RNA (Fig. 3).94’95 For this purpose, gold NPs can be functionalised with oligonucleotides
whose complementary sequences are bound to therapeutic cargoes for hybridisation. These sequences can be designed
with different melting temperatures, thus requiring different laser powers for on-demand release. Another approach

consists of labelling liposomes with gold NPs for enhanced heat generation, in order to mechanically destabilise the

ordered lipid structure by reaching its phase transition temperature.’®?7 However, heat generation lacks control over

the targeted location, thus potentially causing cellular damage to the undesired regions of the brain.

The spatiotemporal resolution of light can be exploited to precisely destabilise lipid membranes using small molecules.

For instance, photosensitising dyes can be incorporated into the lipid bilayer of liposomes and generate reactive oxygen

species (ROS) upon irradiation.”® These ROS react with the hydrophobic chains of unsaturated lipids, inducing lipid
peroxidation which renders them more hydrophilic. As a result, the liposome integrity is compromised and its cargo is

released on-demand. However, this strategy generally requires the use of ultraviolet (UV) light which has also been

employed for the activation of photocleavable moieties (Fig. 3).342%100 In addition to manipulating oxidative

processes, lipid membranes can be mechanically destabilised via the photoisomerisation of azobenzene-based

compounds, which can be readily reversed by applying different wavelengths to the brain.!?1=105 Photoswitchable

molecules targeting cannabinoid and neurotransmitter receptors, as well as calcium channels, were demonstrated to

enable influx and stimulate the intracellular release of Ca®* upon UV light exposure.'%1-194 Rather than docking in
protein-based receptors, a recent strategy consisted of designing an azobenzene-based compound bearing a

hydrophobic azepane group and two alkyl chains terminated with ionisable moieties, which allow the molecule to

spontaneously intercalate the cell membrane by alignment with the phospholipid head groups (Fig. 3).!9%-106 This
compound exhibited a remarkable affinity toward lipid rafts, where it could mechanically alter the cell membrane
thickness by photoisomerisation and induce membrane voltage changes resembling action potentials typically elicited

by ion channels.! 0

However, the modulation of biological tissues with UV/blue light is not readily amenable for their application in deep

regions, because of its limited penetration depth.’® Lanthanide-doped upconversion nanoparticles (UCNPs) can

address this limitation by locally emitting light after absorbing multiple photons in the tissue-penetrating NIR region.107

UCNPs have demonstrated their capability for the on-demand release of gene editing components, and can precisely

modulate cell differentiation processes in the brain.3*100:198 These processes can be further modulated with the

synergistic activation of signalling pathways by ROS generation.109

3.2. Optogenetics

Optogenetics has been explored for the last 20 years for the study of physiological processes in neurons by genetically
manipulating them to become responsive to light.!!9112 In addition to fundamental neuroscience research, the

development of therapeutic applications of optogenetics is underway.1 13,114 A recent study demonstrated the clinical

potential of optogenetics by partially restoring vision in a patient suffering from a rare disease leading to retinal

photoreceptor degeneration.! !> This therapy consisted of the combination of opsin gene delivery to the retina with the
use of goggles converting ambient to monochromatic red light. This approach can be further expanded to modulate
specific electrical circuits mediated by neurons, which could not only elucidate the functional effects of brain diseases
but also provide deeper insight into the potential mechanisms explaining ineffective pharmacological therapies. For

instance, the synaptic activity of neurons populating different regions of the cortex can be readily monitored and

modulated, in order to attenuate neurological impairment caused by extensive tissue damage.!'# Both the cortex and

the cerebellum constitute attractive targets due to their widespread neuronal projections to the thalamus and spinal cord,

with strong implications in multiple motor and sensory regions.1 14,116,117 Another interesting target is the striatum,

where optogenetic stimulation of glutamatergic neurons was demonstrated to promote neurogenesis through their



projections to the adjacent SVZ, thus activating proliferative NSCs.!!® These results suggest that targeted

neuromodulation could promote tissue regeneration.

Several strategies have been developed to improve the control over opsin expression, and thus refine the use of light to
regulate neuronal activity.''® One approach consists of developing genetic constructs for conditional expression of

opsins using inducible, cell-specific promoters that are sensitive to the activity of Cre recombinase. 20121 Selective

opsin expression could be further controlled using light as an external trigger for the on-demand release of Cre

recombinase.>*122  Another approach consists of the use of UCNPs. UCNPs have enabled transcranial

neuromodulation using NIR radiation by emitting blue or green light to activate channelrhodopsins and halorhodopsins,
respectively.!23-124 Importantly, the lack of glial responses suggests that these nanocrystals could be employed for

minimally invasive chronic neuromodulation.' 24 Furthermore, the optical tuneability of UCNPs by selecting different

125 thus avoiding the need for multiple

lanthanides enables the selective activation of opsins at different wavelengths,
implanted light sources in the brain. A recent study has shown that engineering UCNPs with 3 different activators (Nd,

Yb, Er) enabled specific NIR activation using 3 different wavelengths (808, 980, and 1532 nm, respectively), resulting

in 3 different colours (green, blue, and red, respectively).!?® This nanoformulation was employed to specifically
stimulate 3 different opsins for the targeted optogenetic activation of 3 different neuronal populations in the mouse brain

(Fig. 4). These results pave the way for precise modulation of complex neuronal circuits using a single transducer.
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Optical tools for neuromodulation. (a) Representative high-resolution TEM image of UCNPs doped with different layers of
lanthanides, conferring specific emission of light at the desired wavelengths. (b) Representative photographs illustrating that the NIR
laser excitation of UCNPs at 1 =808, 980, and 1532 nm resulted in the emission of green, blue, and red light, respectively. Specific
light emission was employed to stimulate neuronal populations sensitive to each colour, resulting in an increased neuronal firing rate
under light exposure. Images of (a) and (b) are adapted from ref. 126 with permission from Springer Nature Customer Service Centre
GmbH: Springer Nature, Nature Communications, under a Creative Commons license (CC BY 4.0). Copyright© 2021. (c)
Representative 72-weighted images (grayscale) and B0 distortion maps (colourscale) of the coronal sections of rat brains illustrating
the minimal interference of graphene-based electrodes in MRI (highlighted with red arrows), compared to clinically relevant
platinum-iridium (PtlIr) electrodes (highlighted with blue arrows). (d) Cyclic voltammetry curves showing that both graphene-based
(GF) and PtIr electrodes did not exhibit current peaks indicative of redox processes, suggesting that these materials mediate
capacitive charge conduction. (e) Electrochemical impedance spectroscopy was used to demonstrate the high electrical conductivity
of graphene-based electrodes (GF) that maintained lower impedance values than Ptlr over a wide range of frequencies. Images of (c),
(d), and (e) are adapted from ref. 138 with permission from Springer Nature Customer Service Centre GmbH: Springer Nature, Nature
Communications, under a Creative Commons license (CC BY 4.0). Copyright© 2020. (f) Graphene revealed superior optical
transparency than the transparent polymer PEDOT:PSS, particularly in the NIR region, which demonstrated its compatibility with
optically active P3HT. (g) Representative cyclic voltammetry curves showing a pronounced increase in the current density on
graphene-based electrodes. (h) This increase was more pronounced for graphene-based electrodes compared to PEDOT:PSS,



indicating a stronger photovoltaic effect. Images of (f), (g), and (h) are reprinted from ref. 162 with permission from Elsevier, under a
Creative Commons license (CC BY-NC-ND 4.0). Copyright© 2020. (i) SINWs can be functionalised with antibodies for targeted
neuromodulation. The representative confocal image illustrates the uptake of functionalised SiNWs (red) by neuronal cells explanted
from the mouse spinal cord mediating calcium transport (green). Light activation resulted in an increased fluorescence signal,
suggesting increased synaptic activity. Adapted from ref. 169 with permission from AAAS, under a Creative Commons license (CC BY-
NC 4.0). Copyright© 2022.

3.3. Optoelectronic neuromodulation

Despite these promising advances in optogenetics, safety concerns related to the potential integration of transgenes in
target neurons for synaptic activation or inhibition have hindered clinical translation. Non-genetic approaches using
minimally invasive devices are therefore attractive to modulate neuronal activity using light. Inspired by the recent

development of artificial retinas,'?’

conversion of light to an electric signal could provide a safer alternative for
localised neuromodulation with unprecedented resolution. Therefore, optoelectronic devices warrant the design of
biointerfaces comprised of compatible materials presenting the following characteristics: (i) high transparency, (ii) high

surface area, (iii) low electrochemical impedance, and (iv) high flexibility.

Medical devices for electrical stimulation have been developed using metallic electrodes, such as platinum, gold, and

iridium.'2812% These metals are characterised by their excellent electrical conductivity, albeit with significant
differences in how charge transfer is mediated in the physiological milieu. Electrolytes will dissociate into anions and
cations which will adsorb onto the electrode surface depending on its charge. Ideally, electricity is generated from this

charge redistribution at the electrode—electrolyte interface, which is known as capacitive charge conduction.!?®

However, most metals are not inert and gain or lose electrons upon charge injection, thus mediating reduction and
oxidation reactions with electrolytes. Although faradaic charge conduction allows for a greater amount of generated

electric current than capacitive charge conduction, repeated redox reactions may be irreversibly corrosive and

compromise the electrode's long-term performance and biocompatibility.'28 Hence, pseudocapacitive materials such as
platinum and iridium alloys have become the gold standard in medical devices because they combine both faradaic and

capacitive processes, thereby increasing the amount of injected current without inducing significant redox reactions.!28

However, the lack of optical transparency from metals hinders their application in optogenetics. Moreover, most metals
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interfere with clinically used neuroimaging techniques such as MR thus impeding the objective optimisation of

stimulation parameters (Fig. 4).13°

Transparent materials capable of capacitive charge conduction are therefore desired for biointerfaces. Although indium
tin oxide (ITO) has been widely applied as a transparent component in the fabrication of electronic devices, its

implementation in medical devices faces numerous drawbacks. First, ITO's brittleness restricts the active area of

recording electrodes for their safe integration in the brain.'3! Mechanical mismatch and electrode micromotion could

result in severe complications in the patient due to the formation of glial scars interfacing the electrode's surface,32

which also hamper the amount of electric current flowing during stimulation and recording.!33 In addition, ITO
significantly absorbs light in both high (UV/blue) and low (NIR/infrared) regions of the visible spectrum. Flexible

polymers such as poly(3,4-ethylenedioxythiophene) (PEDOT) have thus been employed in neural interfaces.!>* When
stabilised by poly(styrenesulfonate) (PSS), PEDOT can be readily processed in aqueous dispersions, which enables

affordable device production by inkjet printing.'3> However, the pseudocapacitive charge conduction of PEDOT:PSS

films may result in the oxidation of PEDOT when operating at a high power,!?3
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causing their delamination. Electrode

degradation can be minimised by coating with nanomaterials,” °® which were demonstrated to enhance charge injection

and minimise impedance, thus allowing for device miniaturisation and lengthening its longevity.lzg’l29 Carbon
nanomaterials such as carbon nanotubes (CNTs) and graphene have emerged in recent years owing to their greater

stability in the physiological environment whilst maintaining high electrical conductivity and low impedance.'37-13?

These materials have been employed in the development of transparent devices combining optogenetics with electrical
recording with high fidelity,! 3°~14! owing to the capacitive charge conduction resulting from the ejection of 7 electrons

in sp? hybridised carbon atoms (Fig. 4).'4>!143 In particular, graphene reunites interesting qualities such as improved

144-146

biocompatibility compared to CNTs and enhanced neuronal activity, and its protective action over the corrosion



and electromagnetic susceptibility of metal electrodes.!>” However, graphene electrodes were shown to suffer from

light-induced artefacts during optogenetic stimulation.!#! These artefacts were proportional to the light exposure time
and power, and resulted from the photovoltaic generation of electric current, which is known as the Becquerel effect (

Fig. 3). This phenomenon was exploited by Savchenko ef al., who developed a non-genetic platform for capacitive

optoelectronic stimulation of cardiomyocytes using visible light.!4” Nevertheless, it is unclear how these substrates
would respond to tissue-penetrating NIR radiation towards their in vivo application. Although graphene's semimetal

behaviour confers it with high sensitivity to light, significant photothermal responses restrict the applied light intensity
and exposure time to GBM electrodes.'*® Light-induced heat in graphene is caused by local collisions between
electrons, resulting in energy dissipation in the form of phonons.149 This issue can be alleviated by chemical doping of

graphene or by introducing an electric current to the electrode, in order to modulate the Fermi energy.!>? Alternatively,
efficient electron cooling after light exposure can be ensured by minimising the presence of defects in graphene's crystal

structure, which are responsible for heat-generating acoustic phonon emission. !>

An attractive strategy consists of incorporating these conductive nanomaterials with photoactive compounds efficiently

absorbing light, such as poly-3-hexylthiophene (P3HT),!?7 carbon nitride,'>? and other organic dye molecules,'>3~133

as well as semiconducting quantum dots and nanorods.!>%137 These compounds often combine photovoltaic and
photothermal effects. P3HT can be conjugated with oxygen-containing materials such as ITO or PEDOT:PSS which

act as electron acceptors allowing for effective charge dissociation at the interface of the illuminated site (Fig. 4).
127.158-161 GBMs were demonstrated to elicit greater charge separation than PEDOT:PSS, thus attracting cations from

the electrolyte and subsequently inducing membrane depolarisation of primary hippocampal neurons.!®? Nevertheless,

such depolarisation is only transient as longer irradiation exposures can instead induce membrane hyperpolarisation and
suppress synaptic activity.3* This could be attributed to the dominance of the non-radiative transitions of excited

electrons back to the ground state after light exposure,158 which generates heat that could alter the activity of Na* and

K" channels, as mentioned earlier. Another possibility could reside in coupling GBMs with UCNPs, which has

dramatically enhanced their electrical response to NIR light for highly sensitive photodetectors.163‘165 These

composites could be explored for optical stimulation of cells using NIR radiation. ! ©©

In spite of the growing interest in transparent materials, the application of silicon in optoelectronics has also been
investigated owing to its extensive implementation in the market. Among a variety of developed nanoarchitectures,

silicon nanowires (SiNWs) have been recently shown to stimulate cells upon light exposure (Fig. 4).167-169

Photothermal and photoelectrochemical generation of electrical current was catalysed by atomic gold used to produce
SiNWs, 07 and enhanced by doping crystalline silicon to constitute p-i-n nanostructures, which mediate faradaic charge

conduction to their physiological surroundings.!®® However, this may require high radiation power to compensate

69 or the development of larger and thicker structures which are not suitable for long-

silicon's poor light absorption, !
term implantation in the body due to the increased likelihood of gliosis due to mechanical mismatch. The combination
with other materials with excellent optical absorption (e.g. perovskites) could improve optoelectronic conversion and
enable device miniaturisation.'”°

4. Conclusion and outlook

In this review, we have covered the recent progress in the development of pharmacological and non-pharmacological
interventions with application in brain stimulation and regeneration. Due to their limited targeting specificity to the
brain, stimuli-responsive formulations have been developed for on-demand release to a desired target region. The

application of millisecond light pulses by two-photon microscopy has further improved the spatiotemporal resolution of
light to trigger drug release and stimulate individual cells.>334 However, they require high-power femtosecond lasers

which lack efficiency and are thus not conducive to clinical application.>® This has led to the development of
alternative strategies. One avenue of research consists of improving the laser efficiency by developing holographic

techniques in combination with temporal focusing, in order to increase the activation volume without compromising its
resolution.!”! Another approach consists of employing microlenses to focus incident light on target cells without

affecting the neighbouring neurons.!”> A recent study showed that transparent polystyrene microspheres used as



microlenses enabled the reduction of the applied laser power by 75%, thus dramatically decreasing the likelihood of

photothermal damage in an in vivo optogenetic model.

Another aspect that warrants further development consists of the design of targeted nanocarriers to deliver medicines to
the brain, in order to refine light activation with cellular tropism. One example capitalising on this strategy could be the

modulation of immune cells to adopt an anti-inflammatory phenotype, thus supporting regenerative pathways mediated

by endogenous stem cells.!73 Thus far, synthetic NPs have failed to precisely target one cell type.!’# Considering this

limitation, extracellular vesicles (EVs) are naturally derived nanocarriers which have been explored as a cell-free option

to promote tissue regeneration via paracrine signalling.!7>:17¢ Stem cell-derived EVs can supply trophic factors that

promote angiogenesis and modulate the activity of glial cells, thus reducing oxidative stress and cell death.!””

Furthermore, these EVs were demonstrated to support synaptic plasticity and improved neuronal function in aged mice.
178 However, their clinical translation is hampered by technical challenges related to the variability in their production
and pun'ﬁcation.179 Nevertheless, EVs can serve as a model for the identification of targeting moieties directing their

tropism to specific brain cells.!8? Labelled with gold NPs to track their biodistribution by computerized tomography,
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EVs exhibited different biodistributions depending on the brain pathology. High-throughput screening

methodologies can therefore be employed for rapid identification of bioactive molecules from EVs.!7® In order to

identify which candidates may be suitable for targeting the BBB, relevant in vitro models need to consider the impact of

blood flow on the distribution of nanocarriers, as well as the structural impact of ageing on the BBB. 182

Regarding the application of light in neuromodulation, we compared herein several mechanisms mediating wireless
stimulation. The application of electromagnetic fields, ultrasound, or light depends on the location of the region of
interest; all three can target the brain cortex, despite the limited penetration of light. Nevertheless, this could be

sufficient to reach deeper regions such as the basal ganglia through cortical projections, which could ultimately target

striatal regions linked to pathologies such as pD.!83 Compared to the other external stimuli, light can achieve greater
anatomical specificity and precisely stimulate cells using equipment that is less expensive and more miniaturised, which

democratises access for a routine and continuous use. This technology is also compatible with closed-loop operation184

and has been recently implemented in clinically approved DBS devices. Moreover, this approach surmounts the need
for implanted batteries in current medical devices, thus improving patients” comfort and mobility. Further investigation
to optimise stimulation parameters for each neurological disorder will determine which modality is the most suited.
Nevertheless, in cases requiring continuous or targeted modulation of deep regions in the brain, surgical implantation of

DBS devices is required.

Recent advances in materials science and engineering have improved the management of neurological disorders that
currently lack effective pharmacological therapies, with the development of medical devices for brain stimulation.
However, the risk of bleeding and infection and the foreign body response to the implanted device typically result in

multiple surgeries which limit the clinical implementation of DBS. Currently, one third of clinical trials employing DBS

are led by medical researchers aiming to minimise associated adverse effects.!®> Implantable devices are expected to

undergo significant changes in their design, as conventionally used metals like gold or platinum will be replaced by

softer and/or flexible materials for minimally invasive procedures.!33 The incorporation of carbon-based nanomaterials

in soft viscoelastic hydrogels was demonstrated to seamlessly integrate in the brain, heart and muscle to both stimulate
and record electrophysiological activity.186 Devices incorporated into injectable meshes or bioresorbable substrates

have also been investigated to further reduce invasiveness and increase their biocompatibility.' 87138 Another important
aspect to consider in these implanted devices is their in vivo traceability. Recent medical devices have been designed to
be compatible with neuroimaging tools (e.g. MRI, CT, and X-ray) and electrophysiological recording for intraoperative
guidance. Future devices are expected to be more complex and combine electrophysiological recordings with
biochemical information through the detection of neurotransmitters (e.g. dopamine), in order to fully characterise the
synaptic circuitry. '

The development of devices capable of optoelectronic stimulation could pave the way for novel neuromodulation
strategies. For instance, photocapacitive injection of electric current could be complemented with the heat-triggered

release of small molecules, nucleic acids or proteins, conferring long-term control over cell behaviour in specific neural



circuits with precise temporal resolution.'?? In order to achieve this, UCNPs could exploit the greater penetration of

NIR radiation to actuate in the deeper regions of the brain and combine optical stimulation with controlled drug release.

Following their application in ITO films to promote neuronal differentiation,!®! these NPs could also be attached to
silicon- or graphene-based nanomaterials which rank among the most promising candidates for optoelectronic
neuromodulation. Nevertheless, slow responses especially when the light is turned off may distort physiological action
potentials, and thus require novel strategies to minimise the pure thermal effects of these stimulation modalities. Further
investigation of device architecture and operation is also warranted to ensure long-term safety and improved control
over stimulation. This includes studying the effects of prolonged exposure to the various components of these devices

along their life cycle. In addition, optimisation of device fabrication processes should contribute to its clinical translation

by incorporating cost-effective procedures such as inkjet printing.'®? Finally, these devices should ideally become
multifunctional, not only providing targeted stimulation but also recording their physiological surroundings for

improved neuromodulation.'33
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