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Neurological and psychiatric conditions pose an increasing socioeconomic burden on our aging society. Our
ability to understand and treat these conditions relies on the development of reliable tools to study the dynamics
of the underlying neural circuits. Despite significant progress in approaches and devices to sense and modulate
neural activity, further refinement is required on the spatiotemporal resolution, cell-type selectivity, and long-
term stability of neural interfaces. Guided by the principles of neural transduction and by the materials properties
of the neural tissue, recent advances in neural interrogation approaches rely on flexible and multifunctional
devices. Among these approaches, multimaterial fibers have emerged as integrated tools for sensing and
delivering of muiltiple signals to and from the neural tissue. Fiber-based neural probes are produced by thermal
drawing process, which is the manufacturing approach used in optical fiber fabrication. This technology allows
straightforward incorporation of multiple functional components into microstructured fibers at the level of their
macroscale models, preforms, with a wide range of geometries. Here we will introduce the multimaterial fiber
Received Ist September 2018 technology, its applications in engineering fields, and its adoption for the design of multifunctional and flexible
DOI: 10.1039/c8¢s00710a neural interfaces. We will discuss examples of fiber-based neural probes tailored to the electrophysiological
recording, optical neuromodulation, and delivery of drugs and genes into the rodent brain and spinal cord, as
rsc.li/chem-soc-rev well as their emerging use for studies of nerve growth and repair.
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Fig. 1 Clinical applications of neural Interfaces. (a) Control of robotic arm with brain-machine interfaces. Reproduced with permission from ref. 6.
Copyright 2012 Nature Publishing Group. (b) Restoring cortical control of functional movement with neuromuscular electrical stimulation interface.
Reproduced with permission from ref. 8. Copyright 2016 Nature Publishing Group.

such as Parkinson’s disease," Alzheimer disease, epilepsy,* and
major depression.” More recently, implantable neuroprostheses
have been used to restore or rehabilitate sensorimotor function
in patients affected by trauma to the central or peripheral nervous
system. For example, the field of brain-computer interfaces uses
recordings of neural activity acquired via electrode arrays implanted
in the cortex of paralyzed human subjects to enable control of
external systems such as artificial limbs, wheelchairs, and
computer cursors (Fig. 1a).>” The signals from the cortex can
similarly be applied to control subject’s limb muscles, which
effectively bypasses the circuits damaged by the spinal cord injury
restoring motor function (Fig. 1b).>® Spinal neural stimulation with
electrode arrays implanted epidurally and percutaneously, which
are commonplace in chronic pain management, act synergistically
with rehabilitation therapy to facilitate recovery of motor functions
following spinal cord injury.'®"!

In the peripheral nervous system, neural interfaces have
been employed to restore sensory function. The hallmark
example is the cochlear implant.’* Furthermore, as the under-
standing of how the central and peripheral nervous systems
(CNS and PNS) work in unison to orchestrate the function of
peripheral organs continues to expand, therapies involving
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peripheral nerve modulation have been proposed for a myriad of
conditions previously not considered neurological. In particular,
vagal nerve stimulation has been extensively studied as a way to
modulate the immune system and to alleviate depression.”*

When developing neural interfaces, it is essential to con-
sider the function, structure, and biophysical properties of the
target region of the nervous system. Since electrical and
chemical signalling are at the core of neuronal function, neural
interfaces should be designed to sense or modulate changes in
neuronal potentials and neurotransmitters. While patch-clamp
electrophysiology delivers intracellular potentials with unmatched
spatiotemporal precision, it is a labour-intensive method with
limited throughput and is challenging to implement in behaving
subjects."®"” Electrodes placed extracellularly permit recording of
isolated high-frequency single-neuron potentials (spikes) and time-
and space-averaged local field potentials (LFPs)."*>" While spike
rates are often correlated to observed behaviours in fundamental
neuroscience studies, LFPs are indispensable in clinical neuro-
science and diagnostics of neurological disorders.>*>*

Despite their essential role in neuronal signalling, there are
fewer tools to detect neurotransmitters. The fast-scan cyclic
voltammetry (FSCV), which records redox curves and microdialysis
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combined with spectroscopic detection of chemical signatures,
remains the dominant chemical sensing technique in the nervous
system.?*” While FSCV delivers temporal precision comparable to
electrophysiological recording of neuronal voltages, it is only
applicable to a handful of molecules (dopamine, serotonin) with
signatures sufficiently distinct from the other local species.”® In
contrast, microdialysis is largely agnostic to the chemical properties
of the compounds of interest, but has limited temporal and spatial
resolution.>

The neural tissue comprises not only neuronal but also glial cells
including astrocytes, oligodendrocytes, and microglia in the central
nervous system (CNS) and Schwann cells in the peripheral nervous
system (PNS).>****' First considered as supportive cells, glia are
increasingly recognized as mediators of signalling in the nervous
system.>*?** Although these cells do not produce action potentials,
they exchange ions with other glia and neurons via gap junctions
and release growth factors and neurotransmitters.>* While only a
handful of probes have been applied to study glial signalling
in vivo,”® next generation neural interfaces will likely fill this niche
to further our understanding of neuro-glial communication.

The functional role and geometric architecture of a particular
region of the nervous system imparts constraints onto design of
neural interfaces. In addition to controlling basic physiological
homeostasis, the brain presides over all higher level functions
including emotional response, memory, social interactions, and
motor coordination.® As the most evolutionary brain structure,
the cortex is essential for information integration in the brain
and plays a key role in cognition, consciousness, memory, and
sensorimotor behaviours to name a few.*”** Sensory and motor
cortical areas have been extensively mapped to specific behaviours,
and are frequently targeted by neural interfaces in the context of
BCl-aided restoration of function.*>*° As the cortex forms a large-
area relatively superficial structure, surface electrode arrays are
often deployed to sense and modulate activity of many neurons
from different cortical subregions.” These electrocorticography
(ECoG) probes generally record time and space-averaged potentials
from large groups of neurons.”” While predominantly used to
locate origins of seizures in epilepsy patients, these probes have
recently been applied in BCI. Recently, the advances in comple-
mentary metal-oxide-semiconductor (CMOS) fabrication and signal
multiplexing and demultiplexing have vastly increased the spatio-
temporal resolution of these probes offering increase precision in
seizure detection.* In addition, advances in organic electronics
permit for intimate interfaces of these surface probes with the
cortex, which enables recording of activity of isolated single units.**

Despite these advances, deeper brain structures including
deeper cortical layers and subcortical structures are usually
accessed with penetrating probes. These range from insulated
microwires*> and their assemblies,*® to silicon-based micro-
machined arrays such as Utah arrays and Michigan probes,*”**
to fully CMOS-integrated neuropixels with hundreds of neural
recording cites.*® Electrical stimulation of neural activity can be
performed using the same or similar devices, and its efficacy
relies on the electrode charge injection characteristics.>>"

Spinal cord and peripheral nerves present additional challenges
to the design of neural interfaces. Unlike the brain which
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undergoes microscale movements (micromotion) with respect
to the skull, the spinal cord and the peripheral nerves are
subject to repeated bending and stretching deformation during
normal movement.>® Furthermore, the reduced redundancy of the
spinal and peripheral circuits makes these organs particularly
sensitive to implantation of hardware. Hence spinal and peripheral
nerve interfaces are often designed in conformal, sleeve, and cuff
configurations.> To distinguish between the thousands of axonal
fibres carrying information from the CNS toward the organs
and vice versa, it is often necessary to insert the recording and
stimulating interfaces within the depth of the tissue.>*>

As it is essential to implant neural interfaces for extended
periods of time, both the surface and penetrating probes
should be reliable and biocompatible to avoid losses in perfor-
mance and excessive tissue damage. A subject of several
thorough reviews, foreign body response is in part be mitigated
by minimizing the implant dimensions and reducing its stiff-
ness.>>” Both design principles are hypothesized to reduce the
disruption of neuronal and glial networks, the breach of the
blood-brain/spinal cord/nerve barrier, and the repeated impact
on the tissue due to the (micro)motion of the brain, spinal cord,
and the nerves with respect to the skull, vertebrae, or other
bone to which the probe backend interfaces are commonly
affixed.

Materials chemistry of the neural interfaces contributing to
the interactions with the tissue, coatings mimicking extracellular
matrix as well as a variety of neuro-attractive compounds are
under investigation as the means of improving the long term
performance of these probes.>®*°

In this review, we will discuss design considerations for
developing neural interfaces and introduce fiber-based neural
probes as a one of the possible solutions to achieve multi-modal
performance while minimizing tissue damage. We first highlight the
challenges in matching the mechanical, chemical, and electrical
characteristics of the nervous system, and those associated with the
integration of multiple functional components into the devices
necessary to achieve cell-type and circuit specificity in recording
and modulation while maintaining long-term reliability. We then
highlight neural engineering solutions to meet these challenges.
This is followed by the discussion of the fundamental principles
underlying fiber fabrication and examples of engineering appli-
cations of multimaterial fibers. Lastly, multimaterial fibers are
introduced as a possible solution to achieve functional utility
of optoelectronic neural interfaces capable of multimodal
interrogation of brain and spinal cord circuits.

2. Design considerations for neural
interfaces

2.1. Mechanical and structural properties

2.1.1. Modulus mismatch and foreign-body response.
When devices are implanted into or placed onto the surface
of the neural tissue for extended periods of time, these interfaces
often exhibit signatures of neuronal death and inflammatory
response manifested as gliosis. Glial scars have been shown to

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Glial scarring and failure of electrodes. (a) Development of glial
encapsulation with implantation of microelectrode in the brain. Reproduced
with permission from ref. 65. Copyright 2010 CRC Press. (b) Change of
signal to noise ratio (SNR) from the recording by Utah array electrodes over
a 12 week period. Reproduced with permission from ref. 66. Copyright 2013
Elsevier.

increase in thickness and density over six weeks following
implantation.®® Furthermore, axonal regrowth is inhibited in
the vicinity of the implanted probes.®™®* Together, this creates a
functionally insulating layer surrounding the implants, resulting
in poor signal-to-noise ratio (SNR) in neural recording, reduced
charge injection ability for electrical stimulation, enhanced
scattering that interferes with optical interrogation, and
impeded infusion and probing of (neuro)chemicals (Fig. 2).**

The foreign body response is hypothesized to stem largely
from the acute damage caused by the insertion process of the
probes, which evokes the destruction of cells, extracellular
matrix, capillaries, and the breach of the blood-brain barrier
(BBB). Repeated impact to the local environment due to relative
displacement between neural tissue and probes also arise
during respiration or heartbeat.>>*®* This relative micromotion
is thought to be accompanied with the disruption of glial
networks®” and the breach of BBB®® which exacerbate as the
stiffness of the device becomes higher.>” Consequently, signifi-
cant effort has been dedicated to increasing the probes flexibility
with the intent of extending their long-term function.**”*

When considering neural probes tethered to the skull or
vertebrae, the bending stiffness serves as an indicator of the
flexibility of the structure. The latter is defined as the force (F)
required for reaching a certain deflection (d):”

F 48E]
i ®

Here, E is the composite Young’s modulus for the probe, I is the
moment of inertia, and L is the length of the probe.

Therefore, the bending stiffness of implanted neural interfaces is
determined by (1) the composite elastic modulus of the constituent
material(s), and (2) the moment of inertia of the structure. This
opens a broad design landscape to tune materials properties, as well
as device dimensions and geometries, which will be described in the
following sections (Sections 2.1.2 and 2.1.3).

2.1.2. Materials for neural interfaces. Changing from hard
to soft materials is one solution towards increasing flexibility of
the devices. Historically materials used in neural probes had elastic
moduli of few hundreds of GPa, five-to-six orders larger than that of
the neural tissue. For example, microwires,” stereotrodes (Fig. 3a),*®
tetrodes (Fig. 3b),"*® and microfabricated multi-electrode arrays

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Conventional neural probes. (a) Scanning electronmicrograph of a
stereotrode constructed by twisting together two Teflon-insulated wire.
Reproduced with permission from ref. 45. Copyright 1983 Elsevier. (b)
Scanning electron microscope images of a tetrode. Reproduced with
permission from ref. 46. Copyright 2009 Elsevier. (c) The Utah electrode
array with 100 microelectrodes projecting out from its silicon base.
Reproduced with permission from ref. 47. Copyright 2006 Springer. (d)
Michigan probe with four shank and 16 channels with 20 pm diameter
recording sites. Reproduced with permission from ref. 48. Copyright 2004
IEEE.

(Fig. 3c and d)***"*”*® were produced from metals or silicon.
With recent advancements in manufacturing technologies, soft
materials can now be incorporated into the neural probes. For
example, polymers including polyimide,”* polyurethane,
poly(dimethyl sulfoxide) (PDMS), polycarbonate, polyetherimide,
cyclic-olefin copolymer,”””"”> and parylene C**’® are commonly
leveraged as substrates or packaging layers (Fig. 4a). Bioresorbable
materials such as silk fibroin were also used in minimally invasive
neural interfaces (Fig. 4b).””

In particular, hydrogels are gaining attention due to their
established biocompatibility and compatible elastic moduli that
could be tailored to match those of neural tissue. However, the use
of hydrogels is hindered by their low-yield processing and poor
electrical and optical properties. Consequently, these materials
have been predominantly implemented as modulus-matching

Fig. 4 Neural probes with soft substrate. (a) NeuroGrid on the parylene C
substrate for the recording neural activities from the surface of the brain.
Reproduced with permission from ref. 44. Copyright 2015 Nature Publish-
ing Group. (b) Devices with substrate of silk fibroin for the conformal bio-
integrated electronics. Reproduced with permission from ref. 76. Copy-
right 2010 Nature Publishing Group.
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Fig. 5 Organic materials for electrodes in neural interfaces. (a) PEDOT/
PSS grown on the microelectrode sites of neural probes. Reproduced with
permission from ref. 87. Copyright 2003 Elsevier. (b) SEM of gold electrodes
after PEDOT electrochemical deposition. Reproduced with permission from
ref. 94. Copyright 2011 Springer. (c) ECoG probes with organic transistors
for in vivo recordings of brain activity. Reproduced with permission from
ref. 95. Copyright 2013 Nature Publishing Group.

coatings on neural probes with their application as functional
elements limited to transient optical interfaces.”®*° To maintain
low impedance of the electrical interface with neural tissue for
efficient recording and stimulation, metals are frequently used
for electrodes deposited onto flexible polyimide, parylene C,
or PDMS substrates via photolithographic or micro-contact
printing techniques.**®' ¢

Concomitantly, organic conductors are increasingly used as
functional electrode materials boasting lower moduli and
comparable or superior electrical properties to those of metals
and crystalline semiconductors (Fig. 5). For example, a poly(vinyl
alcohol) matrix doped with a workhorse material of organic
electronics, poly(3,4-ethylene-dioxythiophene):poly(styrene sulfonate)
(PEDOT:PSS), and a copolymer of collagen and organic semi-
conductor polypyrrole were used as the electrode materials.’”*°
PEDOT:PSS and its chemical derivatives are vigorously studied in
the context of neural interfaces due to their low elastic modulus
(100 MPa) and electrochemical stability in high-salt physiological
fluids.”®®* In addition to electronic conduction, PEDOT:PSS
forms an ionic interface with the tissue, which facilitates high
SNR recordings and enhanced charge injection capacity.””* In
addition to its use in electrodes, PEDOT:PSS was recently
integrated into organic electrochemical transistors, fabricated
on flexible parylene C substrates, to function as the gate. These
devices allowed for the recording of LFPs and single-unit spikes
from the cortical surface with high SNR.**949°

Carbon-based materials such as carbon nanotube (CNT) and
graphene, with high mechanical robustness and conductivities
comparable to those of metals, are increasingly considered as
materials for miniaturized, flexible, and multifunctional neural
interfaces (Fig. 6). For example, single carbon fibres with
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Fig. 6 Carbon-based materials used in neural interfaces. (a) A sharp
tungsten electrode coated with CNTs. Reproduced with permission from
ref. 105. Copyright 2008 Nature Publishing Group. (b) All-carbon devices
with single-walled carbon nanotubes on reduced graphene oxide electrodes.
Reproduced with permission from ref. 101. Copyright 2010 Wiley. (c) Carbon
nanotube (CNT) fiber electrodes for neural stimulation and recording. Repro-
duced with permission from ref. 109. Copyright 2015 American Chemistry
Society. (d) A LBL-made CNT composite electrode in the parylene-C coating
for the neural recording. Reproduced with permission from ref. 108. Copyright
2013 American Chemistry Society. (e) Microthread electrodes consisting of a
carbon-fiber core with a poly(p-xylylene)-based thin-film coating. Reproduced
with permission from ref. 97. Copyright 2012 Nature Publishing Group.
(f) Graphene-based carbon-layered electrode array for neural recording

and optogenetic stimulation. Reproduced with permission from ref. 99.
Copyright 2014 Nature Publishing Group.

diameters of <10 um and their arrays have recently enabled
long-term recordings of isolated action potentials and LFPs
with minimal damage to the surrounding tissue.®>”*°>°” Con-
comitantly, transparent graphene and graphene oxide electro-
des deposited on planar substrates have offered electrical
interface to the neural tissue coupled with simultaneous optical
imaging.%®"%°

Composites of polymers with carbon, metal, or organic
conductor nanoparticles offer an alternative route to reducing
the electrode stiffness while maintaining conductivity.'®* "%
Composites of silver nanowires and styrene-butadiene-strylene
elastomer fabricated as serpentine meshes were used to record and
modulate cardiac signals,'® as well as enable interfaces with
cortical, spinal, and peripheral nerve surfaces. Similarly, polymers
doped with CNTs were used for recording electrodes.'®® Graphene
sheets were also deposited via layer-by-layer methods onto the CNT
surfaces to achieve large-area soft/conductive electrodes. "%
Being compatible with established microfabrication techniques,
these carbon-based composites could also be processed into
electrodes of low dimensions. These materials are mechanically
and chemically stable, while simultaneously offering high
conductivity.

2.1.3. Size and geometry. Engineering the dimensions and
geometry enables further reduction in the bending stiffness
and the impact of the neural probes onto the surrounding
tissue. The moment of inertia is proportional to the cubic

This journal is © The Royal Society of Chemistry 2019
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Fig. 7 Flexible neural probes with different shapes. (a) Fractal-based
structure for stretchable electronics. Reproduced with permission from
ref. 113. Copyright 2014 Nature Publishing Group. (b) Macroporous nano-
electronic networks for minimally invasive recording of brain activities.
Reproduced with permission from ref. 69. Copyright 2015 Nature Publishing
Group.

thickness of the device,"'*'" hence relatively small decreases
in its dimensions can yield significant gains in flexibility. As
mentioned above, carbon-fibre or CNT-based 5-10 um electrodes
trigger negligible immune response.>’® Meshes, fibres, serpen-
tines, and fractal-surfaces (Fig. 7) similarly imparted flexibility to the
devices composed of materials with GPa moduli.”*"">™** Electrodes
with a few micrometer thickness were deposited onto pre-strained
stretchable substrates with a ribbon and serpentine patterns, which
rendered them resilient to strain and allowed them to conform to
curved and soft surfaces. Alternatively, ultrathin meshes with
deposited electrodes could be delivered through syringes, resulting
in open and floating interfaces with the brain tissue, thus
minimizing the foreign body reaction.®®'"> Fiber-based neural
probes, which will be discussed in depth later in this review, are
also examples of miniaturized neural interfaces.

The process of inserting miniaturized and flexible neural
probes into the brain, spinal cord, and nerve tissue still pose a
challenge. Consequently, a variety of implantation techniques
including removable guide fixtures, bioresorbable coatings, and
slow insertion and injection methods have been implemented to
ensure precise targeting to regions of interest within tissue depth.

2.1.4. Surface coatings to improve probe biocompatibility.
To reduce elastic and chemical mismatch between the probes
and the surrounding tissue and to alleviate the inflammatory
reaction to the device implantation, a variety of soft materials

L1 Coated

Control
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as well as anti-inflammatory, adhesion, and neuro-attractive
factors has been explored.'*®™"?

The environment near the implanted probe could be modified by
controlling the hydrophilicity/hydrophobicity of the probe surface.
For example, hydrogels composed of hyaluronic acid or poly-
ethylene glycol (PEG) have been implemented."'>'*° Furthermore,
modification of surface topography was also explored.'*""** These
approaches appeared to reduce gliosis near the implants, but were
less effective in the long term due to the eventual degradation of
the coatings."***°

Bioactive molecules
125-131

123,124 and anti-inflammatory drugs such

as dexamethasone were deposited onto the probe surfaces to
reduce accumulation of glia and promote neuronal survival and
attachment.’>#*3213% These approaches reduced the concentration
of reactive oxidative species produced by the activated microglia,
which minimized the size of the scar. More recently, the integration
of a neuroattractive biomolecule L1 (Fig. 8)>***"**"*” and incorpora-
tion of stem cells on the probe surface were shown to simultaneously
prevent gliosis and encourage neurite growth.**$%

2.2. Integration of functional features for selective sensing
and modulation of neural circuits.

Selective modulation and sensing of specified cells within the
nervous system are essential towards understanding the cells
contributions to the control of physiological functions and
observed behaviours. While electrical stimulation has been an
indispensable tool in clinic, it lacks cell-type specificity and induces
artefacts in electrophysiological recordings. Consequently, electrical
tools are commonly augmented with a diversity of optical, genetic,
chemical, and mechanical neural interrogation approaches.

2.2.1. Optogenetics and optical neural interfaces. Optogenetics
is the technique for modulation of genetically specified neurons
and other electroactive cells with light."**™"** Optogenetics relies on
optically responsive microbial ion channels and pumps, opsins,
whose genes are introduced into the mammalian cells via viral
transfection and electroporation, or via development of transgenic
animal models. Following expression of the opsins, the modified
cells, e.g. neurons, could be activated or inhibited on-demand
via illumination with visible light."*° Cation channels, such as
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Fig. 8 Coating of biomolecules on the electrode. Effect of L1 coating to prevent microglial surface coverage following 2 hours and 6 hours implantation
of neural probe. Reproduced with permission from ref. 136. Copyright 2017 Elsevier.
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channelrhodopsin 2 (ChR2),"*® cause membrane depolarization
and are used for neural activation, while proton (e.g. archaerhodo-
psins’**) and chloride (e.g. halorhodopsins'*®) pumps and anion
channels (eg anion channel rhodopsins yield membrane
hyperpolarization and are applied to neural inhibition. With
optogenetics, it became possible to selectively sensitize the neuro-
nal types of interest to certain wavelengths of light by choosing
specific promoters. Furthermore, since the introduction of opsins
to neuroscience more than a decade ago, a diversity of these
proteins has been discovered and engineered to permit modulation
of multiple independent cell types using light with wavelengths
ranging across the entire visible spectrum.*”~*>*

To apply optogenetics in the neural tissue, it is necessary to
deliver the optical power equal or exceeding the threshold for
opsin-mediated neural excitation or inhibition (e.g., 1 mW mm >
for ChR2, 7 mW mm 2 for NpHR)."** The volume of the affected
tissue depends on the numerical aperture of the fiber and the
input power. Given the scattering and absorption within neural
tissue, the light is attenuated by ~10 fold over 1 mm."?
Therefore to manipulate neurons 1 mm below the fiber with
a relatively low numerical aperture of 0.2, ~10 mW mm™>
power density should be delivered at the tip. This translates
into a relatively modest optical power of ~180 uW for a 150 pm
diameter fiber allowing to access 0.018 mm?®, which contains
approximately 1625 cells considering normal neuronal density
of 9.2 x 10" neurons per mm.*"'*> Tuning the input power and
the numerical aperture of the fiber allow for broad tunability of
the number of the affected cells. Recently reported tapered
fibers further expand the accessible illuminated volumes and
their geometries allowing for depth-tunable access to specific
brain regions.’®* To deliver optical power densities sufficient
for optogenetic manipulation, such technical advances can be
further paired with electrophysiology paralleling rapid develop-
ment of the biomolecular tools with ever-increasing optical
sensitivity.'*

At first, light was delivered via conventional silica optical fibres
adhered to tungsten®'*” or nickel-chromium™® microwires
(Fig. 9a and b). Similarly, previously developed multi-electrode-
arrays such as Utah-arrays"*'®° and Michigan probes'®'™** were
outfitted with silica fibres. These combinatorial approaches have
since been expanded to recording arrays'®* (Fig. 9c) with integrated
micro light-emitting devices (LLEDs) and transparent waveguide
arrays of zinc oxide pillars'® (Fig. 9d). Fully wireless probes
integrating PLEDs'®*'%” and laser diode chips'®® have concomi-
tantly emerged to enable optogenetics studies in complex and
social environments. Most recently, tapered silica fibres were
introduced to modulate depth and area of illumination which
enabled illumination of multi-wavelength light to the multiple
region at the same time.'**

2.2.2. Neural interfaces for chemical modulation and sensing.
Neural activity can be modulated by delivering pharmacological
agents such as agonists and antagonists of specific receptors into
the nervous system.'® Additionally, chemogenetic tools such as
DREADDs (Designer Receptors Exclusively Activated by Designer
Drugs) enable chemical control of genetically identifiable neuronal
populations.””® As chemogenetics and traditional pharmacology
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Fig. 9 Optoelectronic neural devices. (a) Multidiode arrays integrated
with silicon multielectrodes. Reproduced with permission from ref. 152.
Copyright 2012 American Physiological Society. (b) Optetrode with combi-
nation of ferrule and Ni/Cr based tetrode bundles. Reproduced with
permission from ref. 158. Copyright 2012 Nature Publishing Group.
(c)