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Abstract: Epilepsy is a chronic, neurological disorder affecting millions of people every year. The cur-
rent available pharmacological and surgical treatments are lacking in overall efficacy and cause
side-effects like cognitive impairment, depression, tremor, abnormal liver and kidney function. In re-
cent years, the application of optogenetic implants have shown promise to target aberrant neuronal
circuits in epilepsy with the advantage of both high spatial and temporal resolution and high cell-
specificity, a feature that could tackle both the efficacy and side-effect problems in epilepsy treatment.
Optrodes consist of electrodes to record local field potentials and an optical component to modulate
neurons via activation of opsin expressed by these neurons. The goal of optogenetics in epilepsy is
to interrupt seizure activity in its earliest state, providing a so-called closed-loop therapeutic inter-
vention. The chronic implantation in vivo poses specific demands for the engineering of therapeutic
optrodes. Enzymatic degradation and glial encapsulation of implants may compromise long-term
recording and sufficient illumination of the opsin-expressing neural tissue. Engineering efforts for op-
timal optrode design have to be directed towards limitation of the foreign body reaction by reducing
the implant’s elastic modulus and overall size, while still providing stable long-term recording and
large-area illumination, and guaranteeing successful intracerebral implantation. This paper presents
an overview of the challenges and recent advances in the field of electrode design, neural-tissue
illumination, and neural-probe implantation, with the goal of identifying a suitable candidate to be
incorporated in a therapeutic approach for long-term treatment of epilepsy patients.
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1. Background

Epilepsy is a chronic brain disease characterized by the occurrence of epileptic seizures.
An epileptic seizure is a transient occurrence of signs and/or symptoms due to abnormal
excessive or synchronous neuronal activity in the brain [1]. Epilepsy carries neurological,
cognitive, psychological and social consequences and accounts for a significant proportion of
the world’s burden of disease, affecting around 50 million people worldwide [2]. Epilepsy is
typically treated with anti-epileptic drugs (AEDs). About one third of patients suffer from
drug-resistant epilepsy (DRE) and keep having seizures despite trying several AED treatment
regiments [3]. The leading cause for treatment failure with AEDs are adverse effects. Not only
do they result in early treatment discontinuation in up to 25% of patients, but they also
preclude attainment of fully effective doses and have a negative effect on patient adherence.
Furthermore, adverse effect of AEDs are a major source of disability, morbidity, and mortality
and a substantial burden on use and costs of healthcare [4].
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Non-pharmacological treatment strategies for epilepsy are available such as ketogenic
diet [5], vagus nerve stimulation [6], deep brain stimulation [7] and resective surgery [8].
There is also a continuing search for better treatments with higher spatial and temporal
specificity, which target only epileptic brain regions at times when risk for seizures is high.
Closed-loop strategies that combine brain recordings of epileptic activity and therapeutic
strategies that decrease hyperexcitable tissue may provide a valuable alternative [9].

Optogenetics allows modulating neuronal activity, with an unprecedented spatiotem-
poral resolution and cellular specificity. This technique consists of inducing cellular ex-
pression of light sensitive protein (i.e., opsins) and subsequent modulation of cellular
activity with light. These opsins are typically ion channels, ion pumps or receptors de-
rived from type 1 microbial opsins. The best known opsins are channelrhodopsin 2
(ChR2) [10], which is a blue-light sensitive cation channel used for neuronal excitation [11],
and halorhodopsin (NpHR), which is a yellow-light sensitive chloride pump resulting
in neuronal inhibition [12]. However, currently researchers have access to a large tool-
box of excitatory and inhibitory opsins with different channel kinetics and wavelength
sensitivities [13,14].

Although optogenetics was initially developed as a research technique, it has become
clear in recent years that this neuromodulation technique could be further developed
towards a clinical therapy. Optogenetics seems to be especially well suited for closed-
loop interventions in epilepsy, where seizure activity is interrupted in its earliest state
by light-induced activation of opsins [15-17]. Closed-loop optogenetics requires the use
of optrodes, which consist of a recording electrode to detect early seizure onset and an
optical component to provide sufficient light power for local activation of opsins in the
seizure focus. Although the minimal amount of tissue that needs to be optogenetically
modulated to stop seizures is unknown, optogenetic interventions in different parts of the
epileptic network can be equally effective in interrupting seizure activity. Temporal lobe
seizures for example can be successfully interrupted by modulation of different temporal
lobe brain regions, such as hippocampus and dentate gyrus, as well as brain regions
connected to the temporal lobe, such as the superior colliculus and cerebellum [17-24].
Two optogenetic approaches successfully stop seizures: selective inhibition of excitatory
neurons by activation of inhibitory opsins or selective excitation of inhibitory neurons by
activation of excitatory opsins.

Different types of epilepsy are associated with epileptic activity in different brain net-
works and thus will require different optrode designs for recording and optical stimulation
of different brain regions. Additionally, since epilepsy is a chronic disorder these optrodes
should maintain their recording/illumination functionality for years up to decades after
implantation. Therefore, this review discusses both electrical and optical probes, with the
aim of identifying suitable designs that can provide the required recording and stimulation
capabilities, without inducing detrimental biological responses that could compromise the
optrode’s long-term functional longevity.

2. Biological Constraints of Long-Term Implantation of Optrodes

Neural implants can lose their functionality after weeks post-implantation as a result
of the so-called foreign body reaction (FBR) [25-27]. This reaction is defined as the end-
stage condition of an inflammatory and wound healing response following implantation
of a medical device, prosthesis, or biomaterial. Histologically, the FBR is characterized by a
sequence of events evolving from acute to chronic inflammation and primarily consisting
of foreign body giant cells consisting of fused monocytes and macrophages. These are
activated during the acute inflammatory state immediately following blood-brain barrier
(BBB) injury when a foreign body is introduced to brain tissue. In parallel with the foreign
body giant cell formation, granulation tissue is formed leading to a fibrous capsule around
the implanted device. Due to the BBB injury and the persistent presence of the implanted
probe, gliosis expresses itself in multiple ways [28]. Shortly after the insertion, the amount
of activated microglia increases significantly in the proximity of the probe [29]. These cells
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start excreting degenerative proinflammatory factors, interleukins, in an attempt to remove
the intruding object [28]. Next, activated astrocytes gather around the implant to compose
a dense glial sheet to physically isolate the probe from the surrounding neural tissue.
The corresponding scar tissue has been shown to completely encapsulate implanted probes
and was in some occasions even able to (partially) push implanted electrodes out of the
neural tissue [25,30]. Neuronal apoptosis as a consequence of the degenerative factors [29]
and the dense encapsulation layer, can compromise the electrical and optical functionalities
of implants. Therefore, design considerations for chronic implants should focus on the
reduction of the various aspects of this FBR.

The FBR is partly mediated by the mechanical mismatch between the neural tissue
and the probe [31-36]. This mechanical mismatch is usually indicated by the difference
in their respective Young’s modulus, a mechanical property denoted by E. The lower the
Young’s modulus of a material, the larger the linear elastic deformation as a result of
an axially, applied stress. The Young’s modulus of silicon, a material that is used a lot
for intracortical probes is 130-190 GPa [37], while neural tissue has a modulus around
2 kPa [38]. Micromotions caused by a combination of the high-frequency vascular and
low-frequency respiratory pulsations [39], and the brain’s movement due to body’s motion
cause persistent irritation of neural tissue surrounding an implanted probe. Finite-element
simulations indicate that lowering the Young’s modulus of the implanted probes can
significantly reduce the mechanical strains on the surrounding neural tissue as a result
of these micromotions [40] and, therefore, potentially reduce the FBR. Indeed various
studies indicate that reducing the implant’s Young’s modulus results in less reactive
astrocytes/microglia, a thinner glial sheet surrounding the probe, less chronic BBB leakage
and reduced neuronal loss near the probe [31-36]. Several studies further indicate that
limiting the cross-sectional area of the implant, which reduces the implantation injury and
neural tissue exposed to the probe, also reduces the FBR [34,41,42].

3. Neural Activity Monitoring

A neural implant for optogenetic interventions needs to include extracellular record-
ing electrodes to detect the aberrant electrophysiological activity associated with the onset
of epileptic seizures [1]. These electrodes are capable of recording both local field potentials
as well as action potentials of individual neurons and a large variety have been presented.
For example, there are the wire/microwire-based electrodes in which every wire corre-
sponds with a single recording site. Usually, these systems contain a single [43,44] or
a few (micro)wires [45-48], although microwire probes containing dozens [49,50] up to
hundreds [51] of microwires have been reported. Additionally, there are also the Utah
arrays [25,52], silicon-based microelectrode arrays which resemble a ‘bed of nails’. Similar
to the microwire type, every ‘nail” corresponds to a single recording site, although due to
the array’s 3D-character the recordings sites are spaced further apart. A last example of
extracellular recording probes are the Michigan-type multielectrode arrays. In contrast to
the previous types, these silicon-based probes contain multiple electrical recording sites on
a single shank, with the maximum number of sites usually determined by the amount of
independent signal traces that fit on the probe. Therefore, most of these probes only contain
4 to 8 recording sites per shank [53-55]. However, recent advances in silicon processing
enable much higher recording site densities and as such thin silicon probes with hundreds
of recording sites per shanks have been reported [56,57]. For example, the Neuropixels 1.0
and 2.0 contain respectively 966 and 1280 recording sites per shank (70 um x 20 pm), of
which 384 can be read out simultaneously [58-60]. Additionally, due to their high electrode
density, they have shown to be capable of recording and tracking hundreds of individual
neurons for multiple weeks. Therefore, at this point in time, the Neuropixels probes are
the most advanced probes for extracellular recording and the gold-standard in acute and
chronic electrophysiological experiments [61-63].

The spatiotemporal dynamics of neuronal activity underlying the generation of epilep-
tic seizures are still incompletely understood. Local field potentials in the affected neural
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area can indicate seizure activity, but detection of the neuronal activity (i.e., action poten-
tials) driving the seizure activity has proven to be extremely difficult [64]. Traditionally
seizures have been detected and studied with electroencephalogram (EEG) electrodes
placed on the patient’s scalp, but since a few years the use of some microelectrode arrays
have been approved and this has unraveled a clear distinction between seizure dynamics
on the macroscopic and microscopic level. While EEGs can detect abnormal patterns over
large brain areas during seizures, the expected hypersynchronized neuronal firing patterns
are only detected on a limited number of microelectrodes and appear to spread like a
wave over the tissue (ictal wave). Due to the field’s uncertainty regarding the seizure
generation mechanism, no consensus on the number and density of recording sites for
early onset detection has been obtained. Nevertheless, since epileptic foci are difficult to
pin-point, electrical recording probes with several recording sites spatially distributed over
an extended volume are hugely preferred compared to single macroelectrodes. Conse-
quently, 3D microelectrode arrays such as presented by Kim et al. [65] and Chung et al. [66],
are interesting for this application. Furthermore, a high signal-to-noise ratio (SNR) of the
recorded signals is a prerequisite [67]. A high SNR requires the recording electrodes to be in
close proximity to the signal origin (i.e., firing neurons) and to exhibit a low electrode-tissue
impedance. Both requirements can be compromised when the implant causes a severe
FBR, which causes neuronal loss in the proximity of the probe [31-34] and increases the
electrical impedance over time due to gliotic scarring [68].

It can be concluded that the technical requirements for epilepsy detection (both in
humans and rodents) come down to the following three points. Firstly, the probe may only
elicit a minimal foreign body response. Secondly, a low electrode-tissue impedance (in the
order of tens of kiloohms) is desirable, since it increases the SNR. Thirdly, depending on
the selected seizure detection method, the neural probe may require spatially distributed
recording sites, such that the neural activity can be measured over a sufficiently large volume.

3.1. Electrode Designs That Elicit a Minimal Foreign Body Response

A first design strategy consists of using a probe where the electrode contacts extend
several micrometers away from the main shank on thin flexible carriers (Figure 1a—d).
This strategy aims at positioning the recording contact outside the regions where neu-
ronal loss and inflammatory response due to probe insertion is highest. The benefits
of this strategy have been confirmed by Seymour and Kipke [42]. They attached a thin
lateral platform, with a cross-section of 4 pum x 5 um, 100 um away from the thicker
(48 um x 68 pm) penetrating shank (Figure 1a). Four weeks post-implantation, the neu-
ronal loss around the thin platform edge was one-third lower than at the corresponding
region of the thick shank. In addition, the amount of activated microglia and extracellular
protein deposition was reduced in close proximity to the recording sites. Wu et al. [69]
developed a flexible, fish-bone-shaped, neural probe according to the same principles (Fig-
ure 1b). The fish-bone geometry allows the recording electrode contacts to be positioned,
on thin side-arms (cross-section of 14 pm x 10 pm), 100 um away from the central shank,
while the substrate-free regions support close integration with the neural tissue. A third
concept was demonstrated by Massey et al. [70], who developed a “splaying” probe, with
small compliant whiskers (3 pum x 5 um),which can be spread by slightly retracting the
probe (Figure 1c). Alternatively, the recording sites can also be pushed away from the main
shank by employing self-deploying satellite sites [71] (Figure 1d). The satellite sites are
located on microsprings which are originally fixated with dissolvable glue, but are released
after the glue dissolves in the cerebrospinal fluid (CSF).
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Figure 1. Electrode designs for reduced foreign body reaction (FBR). (a) An intracortical probe with a thin, lateral platform,
which allows positioning of the recording sites 100 um away from the main, perturbating probe shank. Scale bar, 100 pm.
Reproduced with permission from [42]; published by Elsevier, 2007. (b) A fish-bone shaped neural probe. Reproduced
with permission from [69]; published by IEEE, 2011. (c) Photograph of the splaying probe in agar after slightly retracting.
Reproduced with permission from [70]; published by IEEE, 2019. (d) Illustration depicting the state of the self-deploying
probe before and after the dissolution of the temporary glue. Reproduced with permission from [71]; published by IEEE,
2011. (e) A highly-flexible electrode array consisting out of eight encapsulated gold leads. Each lead is able to move
independently from the others, since they are not interconnected. Reprinted with permission from [72]; published by
Frontiers, 2015. (f) Ultra-miniature, meandered probe, with a single Pt electrode at the end. Reproduced with permission
from [73]; published by Springer, 2016. (g) A NET-50 probe suspended in water, knotted to illustrate the ultra-high flexibility.
Scale bar, 50 um. Reprinted with permission from [74]; published by AAAS, 2017. (h) A cylindrical, mesh electrode
with outward-bending arms containing the electrical recording sites. Scale bar, 200 um. Reproduced with permission
from [75]; published by Nature, 2015. (i) A planar mesh electrode containing 1, 2 and 4 recording sites, respectively, on each
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longitudinal element. Reprinted with permission from [76]; published by PNAS, 2017.

A second design strategy focused on creating ultra-flexible probes with a minimized
cross-sectional area. Small, ultra-flexible probes have been manufactured with polyimide
(E =2.5GPa [77]), parylene-C (E = 2.8 GPa [78]) and SU-8 (E = 3 GPa [79]). For example,
Musk and Neurolink developed and fabricated more than 20 polyimide-based thread and
electrode types with widths varying between 5 and 50 pm and a thickness of 4-6 pum [80].
Furthermore, Agorelius et al. [72] presented a microelectrode array with eight individ-
ually flexible leads (Figure le). Each lead consisted out of a gold wires, sandwiched
between two 4-pum-thick parylene-C insulation layers, resulting in a cross-sectional area
for each lead of only 150 um?Z. An even more miniaturized (cross sectional area of 27 um?)
parylene-C-based neural recording probe was demonstrated by Khilwani et al. [73]. Their
probe consisted out of insulated, meandered Pt wire connected to a 26-um-diameter disk
shaped electrode (Figure 1f). The miniature probe size makes the probe ultra-compliant
along the radial direction, while the meandered geometry provides an improved flexi-
bility along the axial direction [73,81]. Another type of ultra-flexible neural probes are
the nanoelectronic thread (NET) brain probes originally proposed by Luan et al. [74,82]
(Figure 1g). The NET probes use a substrate-less, multilayer architecture to achieve un-
precedented thin probes with a total thickness equal or less than 1.5 pm. Multiple different
designs have been presented. Firstly, their four-layer NET-50 probe (Figure 1g) was based
on the well-known silicon microelectrode probes. The probe hosts eight linearly positioned
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electrodes along the 50 pm x 1 pm shaft. Secondly, the NET-10 probe is a seven-layered
neural probe providing two electrodes on both sides. At the time that the authors presented
the NET-10 probe, they believed it was the smallest among all reported neural probes due
to its cross-sectional area of only 15 pum? (10 um x 1.5 pm). One year later, they outper-
formed themselves by presenting their NET-e series, neural probes with a cross-section
of 8 um x 0.8-1 um [82]. While these probes are even a smaller than the NET-10 probe,
they showed that complex multielectrode configurations are still viable. They did this by
presenting a linear, a tetrode-based and an oversampling-based probe, containing 8, 16
and 16 electrodes respectively. Further, they have proven the long-term reliability of the
NET probes by implanting 16 NET-50 probes into the somatosensory and visual cortices of
seven mice for four months. They noted that the average impedance and observed noise
level decreased for the first 1.5 months and then remained stable for the next 2.5 months.
Similarly, the amount of detectable unit events and sortable single-unit action potentials
increased over the first 1.5 months and remained stable for the rest of the experiment.
Additionally, histological staining 3.5 months post-implantation showed no observable
chronic tissue reaction at the interface. All this suggests that NET-probes show an almost
unprecedented biocompatibility and are capable of long-term stable recording of LFPs and
single-unit action potentials.

A last type of ultra-flexible electrodes are the mesh electrodes. Mesh electrodes
have been proposed as part of flexible probes before [37], but no exceptional results were
obtained. More recently, Xie et al. [75] presented their free-standing, three-dimensional,
macroporous, nanoelectronic networks (Figure 1h). This mesh network is composed out
of parallel, SU-8 coated longitudinal, metal interconnects, transversally connected with
compressive strain elements that provide the mesh its cylindrical shape. Besides the
compressive transversal elements, the probe also contains 19 tensile strain elements, that
curve away from the mesh structure, on which the electrodes are located. Moreover, the
total design has a two-dimensional open area of approximately 80% and all elements
have feature sizes below 10 um. This causes the mesh electrode to achieve a very high
flexibility, with an effective bending stiffness, which, as the authors report, is four to seven
orders of magnitude smaller than most silicon, carbon fiber and thin polyimide neural
probes. Further, the probe exhibits very good biocompatibility, since five weeks post-
implantation, the neural density in close proximity to the probe (<50 um) showed normal
neural growth. The original void caused by the roughly cylindrical mesh probe also got
filled with cells and/or neural projections, indicating the interpenetration of cells through
the macroporous structure. Similar results were obtained for the mesh probe presented
by Zhou et al. [83,84]. They reported that three months past implantation the amount
of neuronal nuclei, neurofilaments, activated microglia and astrocytes inside and at the
surface of the probe were the same as for tissue located far away. This suggests that highly
flexible mesh electrodes elicit no chronic biological reaction and, therefore, are just as NET-
probes, ideally suited for long-term implantation. Further, the amount of recording sites
on the mesh electrodes were originally quite limited, since each longitudinal element only
contained a single recording site. To cope with this limitation, Zhou et al. [83] improved on
their design by demonstrating the viability of incorporating up to four recording sites on
each longitudinal element (Figure 1i), while still maintaining the probe’s flexibility in the
same range as the flexibility of neural tissue [76].

3.2. Reduction of the Electrode-Tissue Impedance

Electrode contacts of intracerebral microelectrodes are often fabricated out of Au, Pt or
Ir [85-87], due to their biological inertness and biocompatibility. The metal contacts can record
neural activity by converting the electrolytic-based currents in the biological environment
to electron-based currents in the metal. There are two types of processes that allow this
conversion [67,88]. The first one is called capacitive charge injection and employs the electrical
double layer (EDL) at the electrode-tissue interface, which can be envisioned as a capacitor.
When a neuron depolarizes or fires, positive ions flow into the cell and negative ions move
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away from the neuron to maintain the charge neutrality in the extracellular medium. The ions
arriving at the EDL cause an accumulation of negative electrolytic-based charge at the interface,
which causes electrons inside the metal to propagate towards the detector. The second process
is known as the Faradaic charge injection and employs electrochemical reactions, such as
oxidation and reduction, at the electrode-tissue interface to transport electrons from the
extracellular medium into the metal or vice versa. In the equivalent circuit model of the
electrode-tissue interface, the Faradaic currents can be envisioned as due to a resistor in
parallel with the EDL’s capacitor. Consequently, the total impedance of the interface can be
decreased by either increasing the EDL’s capacitance or decreasing the resistance, both which
are achieved by increasing the area of the metal contacts [67,88]. The most straightforward
way to improve the SNR is thus by enlarging the recording electrode. However, as was
discussed earlier, this could have detrimental effects on the electrode’s biocompatibility and
functional longevity. A better option is to make use of the 3D-character of the probe, to
create larger recording sites without actually enlarging the probe. The probe presented by
Wu et al. [69] illustrates this concept. They sputtered a supplementary Ti/Ir layer on their
Ti/Au contacts and on the sidewalls of the polyimide insulation layer to more than double
the size of the electrical contacts. Another option, illustrated by Du et al. [89] and Seymour
et al. [79], is to also add electrical recording sites to the bottom and sides of the electrode,
which significantly increases the available surface area.

Alternatively, the effective surface area of the metal contacts can also be increased
by increasing the metal’s roughness or creating micro-or nano protrusions on top of
the metal contacts. Some of the reported methods involve the deposition of platinum
particles [45], iridium oxide [45], platinum black [90], Pt-nanograss [27,91], gold [89] and
carbon nano tubes (CNT) [49,92]. Another option is the deposition of conductive polymers,
such as poly(3,4-ethylenedioxythiophene) (PEDOT) [82,93-95], polypyrrole (PPy) [93] and
polyaniline (PAni) [96]. Besides lowering the impedance, these polymers also offer an
improved mechanical interface with the surrounding biological medium. In addition, the
conductive polymers can be doped with anionic dopants such as poly(styrene sulfonate)
(PSS) [97-99] and p-toluenesulfonate (pTS) [93] or combined with CNTs [94] to further
improve their conductivity. Table 1 lists the quantitative impedance improvements that
were reported for each of these methods.

Table 1. Impedance reduction by surface modification of metal contacts.

Metal Contact Surface Modification Surface Area (um?) Original Impedance ! [kQ] Modified Impedance ! [kQQ]  Ref.
Pt/Ir (90/10) Pt particles - 1520 11.96 [45]
Pt/Ir (90/10) IrO, - 2710 148 [45]

Au Platinum black 177 - 207 [90]
Pt Pt nanograss 962 1212 + 365 413 4+ 309 [27]
Pt Pt nanograss 962 ~300 ~20 [91]
Au Electrodeposited Au 100 2100 200-250 [89]
Au CNT-Au nanocomposite 707 1090 59.02 [92]
Au PEDOT 180 870 + 330 46 + 26 [82]
Au PEDOT 707 329 4+ 33 20.55 4+ 0.82 [94]
Au PEDOT 1257 630 ~7 [95]
Au PEDOT-PSS 154 - 415+ 64 [97]
Ir PEDOT-pTS 413 192.5 +£10.0 350+t 64 [93]
Au PEDOT-CNT 707 329 £33 15.55 + 0.67 [94]

1 All impedances are at the biological relevant frequency of 1 kHz. Abbreviations: CNT, carbon nanotube; PEDOT, poly(34-
ethylenedioxythiophene); PSS, poly(styrene sulfonate); pTS, p-toluenesulfonate.

Noteworthy, conductive polymers can also be altered to contain bioactive molecules,
such as dexamethasone and nerve growth factor, inside the polymer networks [45]. The re-
lease of the anti-inflammatory dexamethasone after implantation has shown to greatly
attenuate the acute astrocytic and microglial response from a few days to more than six
weeks, hereby limiting the chronic effect of the initial stab wound [100,101]. Additionally,
the nerve growth factor can be used to enhance neuron survival and promote neuron
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growth toward the microelectrodes [102], hereby, further improving the signal strength
and thus the SNR.

4. Neural Tissue Illumination

Another crucial factor for designing a functional optogenetic probe is the inclusion of
an appropriate illumination tool for the selected optogenetic approach. As mentioned in
the introductory section, optogenetic approaches vary regarding the selected opsin, the
volume of targeted tissue, the corresponding required light power, frequency and duration
of light pulses, and overall duration of the optical stimulation. Consequently, at this point
in time no single illumination tool can be selected as the ideal component. Nevertheless,
similar to the electrical recording electrodes, this illumination tool should only elicit a
minimal FBR.

Activation of opsins for optogenetic modulation of neurons requires illumination with
light of a specific wavelength at a minimal, light-power density. The effective light-power
density for which 50% of the opsins get activated is called the EPD50. For ChR2 and
NpHR the EPD50s lay around 1.3 mW/mm? at a peak activation wavelength of 473 nm
and 5.4 mW/mm? at a peak activation wavelength of 589 nm, respectively [103,104].
Nevertheless, EPD50s can range as low as 0.01 mW/ mm? for SOUL [105], to as high as
15 mW/mm? for PsChR [104,106]. Ideally, the light power density to modulate opsin-
expressing neurons is kept as low as possible across the targeted volume of neural tissue.
Unfortunately, this is difficult to obtain, as result of the high absorption (it,) and reduced-
scattering (us") coefficients that both grey and white matter exhibit. Values of the absorption
and reduced-scattering coefficient for 473-nm-light are reported ranging between 0.5-5
and 10-50, respectively [107]. The reduced-scattering coefficient is a variable combining
both the absorption coefficient (us) and the anisotropy (g) of neural tissue according
to us = us’/(1—g) [108]. To cope with the complex light-propagation mechanics inside
neural tissue, simulation tools, based on 3D Monte Carlo models, are made available [108].
These tools allow the user to estimate the illumination profile and the total volume of
activated neural tissue based on the properties of the optical source [108]. Previous papers
reported results of simulations to demonstrate the effect of the numerical aperture (NA)
and the light source [13,107,109]. The NA and the size of the source showed to have
only a limited effect on the illumination profile and on the volume of activated tissue,
as a result of the large scattering coefficient of brain tissue. In contrast, both employing
light with a longer wavelength and increasing the transmitted optical power, shows to be
beneficial for large volume illumination. The absorption and scattering coefficients of neural
tissue are largely wavelength dependent and decrease for longer wavelengths [107,108].
Therefore, red-shifted opsins are easier to activate across large volumes than their blue
shifted counterparts. Alternatively, large volumes of opsin-expressed neurons can be
activated by increasing the irradiated light power and, correspondingly, the light-power
density, at the source-tissue interface. However, practically, the light-power output needs
to be restricted to prevent an excessive increase of the local temperature. Temperature
increases of only 1 °C have shown to affect neuronal function [110,111]. Therefore, designs
usually limit the permittable tissue heating to 0.5 °C [112,113], which restricts the amount
of neural tissue that can be illuminated with a single source. Thus, a single external light
source cannot be used to activate neural tissue located below the cortical surface and,
consequently, dedicated light delivery systems have to be implemented. Two possible
solutions, based on either implantable microLEDs (LLEDs) or waveguides, are discussed
in the sections below. The main difference between the two methods is the way in which
they provide the light inside the neural tissue. pLED-based systems bring the light sources
inside the tissue and convert electrical current to light in situ. In contrast, waveguide-based
systems employ light sources located outside the brain and use light guiding channels
to bring the illumination to the desired location, hereby, omitting the need for an active
electrical component inside the brain.
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4.1. Implanted uLED-Based Light Delivery

The first type of light-delivery system uses unLEDs implemented on carriers to bring
the light source(s) in close proximity of the targeted neurons. Zhao et al. [114] presented a
uLED-based, optoelectronic probe with integrated CMOS circuits for individual intensity
and pulse-width control of 18 uLEDs located along a 4.4-mm-long silicon shaft. Theoreti-
cally, 49 individually controlled pLEDs could be placed along the shaft (Figure 2a), or even
88 if more complex routing techniques were used. Upscaling the number of uLEDs on the
probe can offer an individually controllable ‘pixel” size of 90 um x 90 um, approximately
the size of a single neuron. Further, the integrated CMOS circuits also included a diagnostic
functionality, by monitoring impedance changes, hereby providing a verification method
of each uLED’s operational status after implantation. Another scalable design for multi-
site illumination was proposed by Scharf et al. [112]. They have created a high-density
uLED array containing 96 25-um-diameter individually controllable pLEDs on a silicon
substrate (Figure 2b). By using the silicon as a heat sink, they were able to permit a set of
optogenetic operating regimes limiting the overall temperature increase to 0.5 °C. Similarly,
also sapphire substrates have been shown to provide good enough thermal control for
the implementation of multiple 40-pm-diameter GaN-based pLEDs without crossing the
0.5 °C threshold during pulsed operation [113].
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Figure 2. pLED-based neural probes. (a) Scalable architecture of the CMOS optrode with 49 LEDs deposited along the
4400-um-long shaft. Reproduced with permission from [114]; published by IEEE, 2018. (b) Multi-shank probe with 96
individually addressable nLEDs distributed along 6 shanks. Reproduced with permission from [112]; published by Nature,

2016. (c) Optical cochlear implant constructed by individually flip-chip bonding ten LEDs on top of a 12-um-thin, highly
flexible, polyimide-based probe. Reproduced with permission from [115]; published by IEEE, 2016. (d) High density, flexible
optrode with embedded gallium nitride uLEDs. Reproduced with permission from [116]; published by Frontiers, 2019.

(e) Fully implantable, wireless optogenetics system, with a PDMS encapsulated LED, for optogenetic modulation of the

spinal cord and peripheral nervous system. Reproduced with permission from [117]; published by Nature, 2015.

The properties that make the aforementioned pLED-based systems interesting, are
their straightforward scalability [112,114], the high light-source density and the ability
to control the radiance profile of each uLED individually [112-114]. As a result of those
properties, these kind of probes are capable of large volume illumination with high spatial
and temporal resolution. Unfortunately, the large mechanical mismatch between the stiff
silicon/sapphire substrates and the surrounding tissue make them prone to a severe foreign
body response in vivo [35,36]. uLED probes made with more flexible, polymeric materials,
such as SU-8 [118], polyimide [115,119,120] and parylene-C [116], have been presented.
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Originally, these flexible probes could not compete with their stiffer counterparts in terms
of either scalability or compactness. The designs of Fan et al. [118], Coa et al. [119] and
Schwaerzle et al. [120] all were very bulky (thickness > 350 um) and only contained a single
(WLED. Luckily, higher density probes have recently been reported [115,116]. Schwaerzle
etal. [115] presented a cochlear implant with ten independently controlled LEDs positioned
with a pitch of 350 um on top of a 12-um-thick polyimide substrate (Figure 2c). To fabricate
the linear LED array, each LED was individually placed with the help of a highly accurate
flip-chip bonder. Another approach used GaN-based pLEDs grown on silicon, which
were later released and encapsulated with parylene-C, to fabricate a high density, flexible,
optoelectronic neural probe [116] (Figure 2d). The probe could achieve uLED densities
similar to the densities for the silicon and sapphire probes and designs containing both
one- and two-dimensional uLED arrays, incorporating up to 32 uLEDs, were presented.

Lastly, an even softer uLED-based system was demonstrated by Park et al. [117]
(Figure 2e). They presented a fully implantable miniaturized optoelectronic system for
wireless optogenetics in the spinal cord and the peripheral nervous system. Both those
regions are prone to a lot of movement, so for this reason they developed a uLED-based sys-
tem able to withstand some straining. By using detached serpentine electrical interconnects
and encapsulating the entire structure in polydimethylsiloxane (PDMS), the finished probe
had a Young’s modulus of only 1.7 MPa, five orders of magnitude below the modulus of
bulk silicon, and could endure strains up to 40%.

4.2. Waveguide-Based Light Delivery

The second method of delivering light to deep-located neural structures is with the
help of waveguides. Waveguides are passive, optical components than can confine light
to its physical boundary as long as the light-guiding core of the waveguide has a higher
refractive index (denoted with #) than the surrounding material, or “cladding”. As a
result, light rays with incident angles within a certain range, determined by the difference
in refractive index, will be bounced back at the waveguide edges and therefore remain
trapped inside the high-index material. This physical phenomenon is called total internal
reflection (TIR) and allows light to be guided along the length of a waveguide. Therefore,
optrode designs often implement waveguides, since it allows the designer to position the
light source outside of the sensitive neural tissue, whilst still enabling illumination of the
modified neurons.

Noteworthy, the losses of the waveguide systems define, together with the original
light power density of the light source, how much light power eventually will arrive at
the neurons. There are two important loss contributions in waveguide-based systems.
A first contribution involves the coupling losses between the light source and the waveg-
uide. These losses primarily depend on the illumination profile of the light source, the
acceptance angle of the waveguide, and the alignment and overlap cross-sectional area
between both. The waveguide acceptance angle (2 x alpha) is usually specified by the
NA parameter, i.e,, NA = sin (alpha) = y/nZ,, — n% ;. The larger the waveguide’s NA,
the larger the range of angles of light rays (from the source) the waveguide will accept.
Similarly, the larger the NA, the wider the cone of light the waveguide will emit onto
the tissue. To guarantee a sufficiently high NA, a cladding layer with a well-known, low
refractive index is often deposited around the light-guiding core. Without a cladding layer,
the NA of the waveguide depends on the refractive index of the surrounding media and it
has been shown that this value can vary a lot in neural tissue (n ~ 1.34-1.41 [121]). A second
contribution involves the propagation losses which are a measure for the amount of trans-
mitted light inside the light-guiding core. Low propagation losses can be achieved by (i)
employing waveguide materials with low optical absorption (at the operation wavelength)
and (ii) ensuring a low-roughness boundary between the core and cladding material to
limit scattering losses.

There are two classic waveguide-based approaches that are frequently used to deliver
light to deep-located neural tissue. A first approach employs waveguides created on top of
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stiff (e.g., silicon) carriers with the help of lithography, deposition and etching steps, while
a second approach makes use of free-standing optical fibers. Both groups have their own
advantages regarding size, stiffness, illumination profiles, losses, etc. More recently, a third
group of waveguide-based light delivery systems is introduced. This group is derived
from the classical approaches, but employs less conventional biomaterials to construct
customized, low-modulus waveguides and optical fibers.

4.2.1. Waveguide-on-Carrier

The first waveguide-based optical probes that are discussed in this section are the de-
signs that use lithography, deposition and etching steps to fabricate small waveguides on
top of silicon probes. These types of probes often also incorporate multiple metal microelec-
trodes, since they are relatively easy integrated on silicon substrates [87,122,123] (Figure 3a—c).
Two similar probes were presented by Kampasi et al. [124] and Wu et al. [122] (Figure 3a).
Both probes contain silicon oxynitride waveguides (12 pm x 5 um and 30 pm x 7 pm) with
silicon oxide (n = 1.46) cladding layers (2 pm and 3.5 pm) on top of silicon shanks with
eight integrated recording electrodes. However, the method in which they try to improve
the coupling efficiency of the external light source to the waveguide differs. While the first
probe employs a gradient-index lens to focus the light, the second probe increases its over-
lap cross-sectional area by tapering the width of the waveguide to double its original size.
However, the maximal overlap cross-sectional area for these types of waveguides is limited
by the achievable thickness of the oxynitride layer. Fabricating thicker layers has proven
difficult due to the inherently large tensile stresses in the dielectric layer and the extended
plasma etching times. Nevertheless, low-stress, thicker waveguides have been achieved using
polymers, such as SU-8 (n = 1.59), instead of oxynitride [87,123,125]. The probe presented
by Schwaerzle et al. [123] contains four 1520 pm by 12 pm (width and thickness) SU-8
waveguides, while Son et al. [87] presents a 20 pm by 15 um SU-8 waveguide. The probe
presented by Son et al. [87] also exhibits two other interesting properties (Figure 3b). Firstly,
by implementing two levels of y-shaped optical splitters along the probe, they were able to
provide multi-site illumination with a single-coupled light source. Secondly, they showed
that the low-stress glass cladding layer below the waveguide (Figure 3b), can double as the
top layer for incorporated microfluidic channels (Figure 3c) [125].
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Figure 3. Optrodes constructed with waveguides on Michigan-type neural electrodes. (a) An optrode consisting out of an

oxynitride waveguide and eight electrical recording sites on top of a 15-um-thick silicon substrate. The light is coupled

into the waveguide by an optical fiber positioned in a U-groove at the proximal end of the probe. For 7 mW of 473 nm

light inside the optical fiber, the simulation results show the light-power densities that can be achieved in the neural tissue
at the distal end of the waveguide. Reproduced with permission from [122]; published by IOP, 2013. (b) A four-shank
waveguide-based optrode, constructed using two levels of y-shaped optical splitters. The SU-8 waveguide is accompanied

by a low-stress, glass cladding layers created with a reflow process. Reproduced with permission from [87]; published by

Nature, 2015. (c) Cross-sectional image of the glass cladding layer with incorporated microfluidic channels. Reproduced

with permission from [125]; published by Nature, 2019.
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Light-delivery systems made with waveguides implemented on silicon neural probes
clearly have their advantages. Firstly, probes can straightforwardly be scaled up to contain
multiple electrode shafts for multi-site illumination [87,123]. Secondly, each shaft can
contain both optical illumination and electrical recording, while maintaining the size of
each shank below a width of 100 um and thickness of 50 pm. However, this approach
also has its downsides. Firstly, the small cross-sections of the waveguides can lead to
high coupling losses [87], thus reducing the power efficiency of the system. Secondly,
while the small cross-section of the probes are beneficial to reduce the FBR, the high-
modulus silicon carriers (E ~ 130-190 GPa [37]) that are employed can possibly still cause
persistent irritation of the neural tissue as a result of micromotions [35,36]. Lastly, it should
also be noted that the electrical signals recorded by these systems are prone to stimulation
artifacts as a result of photovoltaic effects occurring during the high-intensity illumination
of the incorporated recording electrodes [126,127]. However, to reduce this effect, designs
including side-emitting waveguides, employing integrated micromirrors [128] or grating
couplers [129], and shielded recording sites [54] have been presented.

4.2.2. Optical Fibers

The second category of waveguide-based light-delivery system use optical fibers as
their waveguide of choice. Optical fibers are, in comparison with the previous group of
waveguides, pick-and-place components that are commercially available with a large range
of different characteristics (e.g., NA, size, transmission spectrum, etc.). They can also easily
be combined with all kinds of stand-alone electrodes (e.g., tetrodes, microwires, high-
density probes, etc.), simplifying the manufacturing process for optrodes tremendously.
Consequently many optrodes have used commercially available fibers in their experimental
set-ups [45,127,130].

Optical fiber systems can also provide multi-site and/or broad-range illumination.
This can straightforwardly be implemented by incorporating multiple optical fibers into
the design, whether or not coupled to the same integrated light source [130,131] (Figure 4a).
An alternative, and less invasive way of obtaining multi-site and broad-range illumination with
optical fibers, is by altering the geometrical properties of the fibers. For example, Pisanello
et al. [132] presented that tapered fibers can be used to couple light out of the fibers at well-
defined positions over a certain range (Figure 4b). The size of the range and the exact out-
coupling position are defined by the NA and taper angle of the fiber, and the angle of light
incoupling at the fiber interface, respectively. Additionally, homogenous light can be delivered
to surrounding tissue, over a range of a few hundred pm to a few mm, by applying light
to the fiber along all supported incoupling angles [126,132]. Another option to obtain tissue
illumination at well-defined positions or over a certain range, is by introducing elements in the
fibers to locally couple out the light (e.g., bends or microstructures). Reupert et al. [133] created
side-emitting fibers by introducing femtosecond laser induced scattering centers along the fiber
core (Figure 4c). The resulting local refractive-index fluctuations causes the transmitted light
to scatter and couple out the fiber at the modified positions. Alternatively, nano-sized silica
spheres attached to the surface of a glass optical fiber encapsulated in a transparent polymer
(Figure 4d), has shown to produce similar light emission patterns [134]. The particles cause light
to scatter by light refraction at the contact point between the silica spheres and the fiber core or
by interactions of the particles with the light’s evanescent waves.

The aforementioned optical fibers fit well in a lot of optogenetic applications.
Both their easy combinability with a large range of electrodes, as the possibility of cus-
tomizing their illumination properties, make them a viable approach for the delivery of the
opsin-enabling light. However, their relatively bulky size (diameter of 125400 pm) and
high young’s modulus (Egjj;c, =~ 80 GPa), make them less suitable for chronic implants and
more for short-term optogenetic studies.
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Figure 4. Multi-site and broad-range illumination with optical fibers. (a) A MEMS optrode array consisting out of a 4 x 4
array of optical fibers coupled to a single LED-source. Reproduced with permission from [130]; published by Elsevier, 2018.
(b) Tapered optical fibers can both achieve light illumination at discrete positions along its length and across broad brain
volumes, by injecting light at specific input angles and over the entire input range, respectively. Reproduced with permission
from [132]; published by Springer Nature, 2017. (c) Modification of a step-index optical fiber by introducing femtosecond
laser induced scattering centers, to obtain side emission at discrete positions along the length of the fiber. Reprinted with
permission from [133] © The Optical Society. (d) Side-emitting optical fiber obtained by attaching nanoparticles, which
function as scattering centers, on the surface of an uncladded glass fiber. Reprinted with permission from [134]. Copyright
2019 American Chemical Society.

4.2.3. Low-Modulus Waveguides and Optical Fibers

A wide range of low-modulus waveguides and optical fibers have been proposed
from all kinds of biomaterials. These waveguides/fibers are discussed in the next few
sections and are classified based on the type of biomaterial from which they are fabricated.
There are three material groups that exhibit interesting properties for optical applications
in biological environments, being the thermoplastics, the hydrogels and the elastomers.
Table 2 contains a quick overview of some of the optical, mechanical and biological proper-
ties of the biomaterials and indicates for each group which of their properties are useful for
optical components intended for optrode design. Further, for the waveguides and fibers
discussed in the next few sections, the reported geometrical and optical characteristics are
listed together with the manufacturing methods in Table 3.
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Table 2. Optical, mechanical and biological properties of biomaterials mentioned in Section 4.2.3.

Bulk Material Loss

Material Refractive Index (A = 473 nm) [dB/cm] Young’'s Modulus Stability Small-Cross-Section Fibers ! References
Thermoplastic polymers + +/— — + +
PMMA 1.49 0.001 3 GPa Inert Yes [135,136]
PC 1.58-1.586 1.27 2.39 GPa Inert Yes [137-139]
CcOoC 1.52-1.53 1.21-1.58 3 GPa Inert Yes [137,138,140,141]
PES 1.65 2.6 2.6 GPa Inert Yes [142,143]
PLA (including isorr;ers 147 0.1-1.8 35 GPa Degrades (weeks, months, 1-2 No [144-147]
and copolymers) years)
Hydrogels + Ff= + = =
PES];E?;T\ZI A(I,)EG]))A’ 1.33-1.46 0.13-1.26 3 >60 kPa Slow oxidation and hydrolysis No [148-154]
PAAmM 1.33-1.45 No data 8 kPa Slow hydrolysis No [31,155-158]
Alginate 1.33 0.25-2.964 17 kPa Slow OUtdlfo;Sig:; of divalent / . 5[73} '5]955 go]
Elastomer + + + +/— +
COCE 1.51 No data 34 MPa Inert Yes [137]
POC/POMC 1.5 0.03-0.08 3.4-4.8 MPa Degrades (months) No [161]
PU 1.49 0.02 4.7-7.4 MPa Slow oxidation and hydrolysis No [162-164]
PDMS 1.40-1.55 0.11 (Sylgard 184) 3 kPa-10 MPa Inert Yes [165-169]

! Small-cross-section fibers is here defined as fibers with a diameter <200 pm. ? Including poly(L-lactic acid), poly(D,L-lactic acid), poly(lactic-co-glycolic acid) and poly(D,L-lactic-co-glycolic acid). 3 Based
on the reported transmission losses for PEGDA (700 Da) hydrogels at concentrations from 20-90% [150]. 4 Based on the reported transmission losses for Na alginate at concentrations from 1-4% [155].
Abbreviations: PMMA, poly(methylmethacrylate); PC, polycarbonate; COC, cyclic olefin copolymer; PES, polyethersulfone; PLA, poly lactic acid; PEG, poly-ethylene glycol; PEGDA, PEG diacrylate; PEGDMA,
PEG dimethacrylate; PAAm, polyacrylamide; COCE, COC elastomer; POC, poly(octamethylene citrate); POMC, poly(octamethylene maleate citrate); PU, polyurethane; PDMS, polydimethylsiloxane
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Table 3. Geometrical and optical properties, and manufacturing method of reported optical fibers.
Materials (Core/Clad) Dimensions ! Optical Loss A [nm] NA Manufacturing Ref.
[dB/cm] Process
100-130 um @ 1.90 £+ 0.02 473 0.43 Thermal drawing
pc/coc 65-71 um @ <15 473 0.42 Thermal drawing [157,158]
PES 800 um @ 0.7-0.8 633 Thermal drawing [142]
Alginate- L
PAAm/ Alginate- 750 pm/1100 pm & 0.45 532 011  UVeuringin tube mold [156]
+ dip-coating
PAAmM
. 0.249 -
Alginate-PAAm 300 pum @ (unswollen) (swollen) 472 UV-curing in tube mold [31]
PEGDA UV-curing in tube mold
(700Da)/ Alginate 800 um /1000 um & 0.32 + 0.02 492 0.6 + dip-coating [159]
P(AAm-co- UV-curing in tube mold
PEGDA)/alginate 200 pm/300—-400 pm & 0.30 532 0.54 + dip-coating [155]
COC elastomer 125 um x 100 pum-250 pm x 200 um 3.98 473 Thermal drawing [137]
Thermal crosslinking in
POMC/POC 500 pm/800 pm-3 mm & 0.4 633 0.1 premanufactured [161]
cladding layer
Thermal crosslinking in
PU /silicone Imm x 1 mm/3 mm x 3 mm 2 860 0.46 premanufactured [162]
cladding layer
PU/PDMS 4mm X 1 mm/4 mm x 1.8 mm 0.48 Molding [163]
1mm @ 0.63 441.6 Thermal crosslinking in
PDMS 5mm x 1.4 mm 0.45 445 tube mold [165,166]
50 um x 50 pm/ Soft lithography +
PDMS/PDMS 250 i x 100 pn 0.14 850 0.69 capillary filling [170]
PDMS/PDMS 800 um/1100 um & 0.36 £ 0.03 635 0.64 E‘?be mold + [167]
ip-coating
PDMS 45 um @ 0.5 632 Fiber drawing [171]

T Cylindrical fibers are indicated with “@” and the dimensions correspond with the diameter.

Thermoplastic Polymers

A first group of biomaterials, selected for their ability to create small-diameter, op-
tical fibers, are the thermoplastic polymers. In this group, one of the most well-known
materials for optical applications is poly(methylmethacrylate) or PMMA. Optical fibers
created with PMMA, better known as polymer optical fibers or POFs, are widely used
in short range, optical communication systems, due to their high mechanical durability
and inexpensiveness in comparison to glass optical fibers [135]. Nevertheless, no opto-
genetic systems, which incorporate PMMA-based optical fibers, have been presented in
literature. In contrast, optrodes have been presented with the thermoplastic polymers poly-
carbonate (PC) and cyclic olefin copolymer (COC) as core, respectively cladding material.
Lu et al. [137] and Park et al. [138] proposed optrodes for which the optical fibers were
created by a thermal drawing process. Thermal drawing is a fiber manufacturing process
where a macroscale template or preform is heated to elevated temperatures and manually
or automatically drawn into long fibers (Figure 5a). The obtained fibers can be up to
hundreds of meters long and the cross-sections are downscaled versions of the original
preform. The fiber proposed by Lu et al. [137] used a 12.5-mm-diameter preform composed
out of COC sheets wrapped around a 9-mm-diameter, PC cylinder to draw a flexible,
step-index fiber with a total diameter of 100-130 um (Figure 5a). After the drawing process,
silver nanowires (AgNWs) and an insulating PDMS layers were deposited on the surface
of the fiber by two consecutive dip-coating steps (Figure 5b). The added layers increased
the diameter of the fiber with only 5 um, while allowing electrical recording of LFPs in the
surrounding tissue. A similar optical fiber is proposed by Park et al. [138]. They present a
multifunctional fiber for optogenetics, by adapting the previous design in two ways. Firstly,
instead of adding the recording functionality after the drawing process, they incorporate
six conductive-polymer electrodes in the preform (Figure 5c), providing multi-site electrical
recording. Secondly, by also introducing two microfluidic channels, their design provides



Micromachines 2021, 12, 38

16 of 30

the possibility of delivering opsin carrying viral vectors or anti-inflammatory compounds
to the surrounding neural tissue. Therefore, the total number of brain insertions can be
reduced to one, since the implanted fiber can both function as transgene delivery system
and as optogenetic neural probe.

OC0000

Figure 5. Optical fibers and fiber-based optrodes manufactured with thermoplastic polymers.

(@)

(a) Thermal drawing of the PC/COC preform to obtain small optical fibers. (b) A cross-section
of the PC/COC fiber after coating with AgNWs and PDMS. The SEM image depicts a close-up
view of the AgNW electrode. Reproduced with permission from [137]; published by AAAS, 2017.
(c) A cross-section of the multifunctional fiber presented by Park et al. [138], containing six in-
corporated graphite-conductive polyethylene (gCPE) electrodes and two microfluidic channels.
Reproduced with permission from [138]; published by Springer Nature, 2017. (d) Photographs of the
thermally drawn PES fiber after localized heat treatment. The amount of induced scattering centers is
gradually increased from position 1 to position 6. For each position, the corresponding cross-section
is given. The dark spots present in the cross-sections correspond to the induced microbubbles.
Reprinted with permission from [142] © The Optical Society.

Another thermally drawn fiber for optogenetics is presented by Shabahang et al. [142].
Here, they used polyethersulfone (PES) to fabricate flexible optical fibers with custom-
designable scattering profiles (Figure 5d). Scattering losses along optical fibers can among
other things be the result of surface roughness, impurities, compositional inhomogeneity
or density fluctuations. Usually, these losses are minimized during processing to obtain
transparent fibers with low optical transmission losses. However, homogenous light-
outcoupling along the fiber or light-outcoupling at discrete positions and in discrete
directions can be achieved, by controlling the scattering profile. Here, they employed the
relatively high water absorption capacity (~2%) of the PES to create thermally-induced
microbubbles. The microbubbles cause micrometer sized inhomogeneities along the fibers
cross-section, that will scatter propagating light in all directions. Additionally, the amount
of scattering at each position can be controlled by varying the heating profile and exposure
time along the fiber. They demonstrated the viability of their process for fibers with a
diameter down to 200 um. Lastly, it should be mentioned that a range of optical fibers
and waveguides have recently been presented made from poly lactic acid (PLA) and its
derivatives [144-147]. However, these fibers are not suited for long-term optogenetic
therapies, due to the fast degradation time of the material, which is in the order of weeks
to months [147]. Therefore, these fibers will not be further discussed in this section, nor
incorporated in Table 3.
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Hydrogels

A second group of biomaterials that are worth examining are the hydrogels. These ma-
terials are synthetic or natural polymers that are extremely hydrophilic and swell when
submerged in water. As a result, their Young’s modulus is relatively low and can obtain
values similar to the one for neural tissue (Table 2).

The hydrogels that are most often employed to fabricate waveguides and optical
fibers are made from alginate [31,155,156,159], polyethylene glycol (PEG) [150,159] poly-
acrylamide (PAAm) [31,156], and their derivatives [155]. Alginate hydrogel is a soft
(E =17 kPa [157]), natural material that exhibits low optical losses (=1-2 dB/cm) as long
as the hydrogel is created with low concentrations (1-2 wt%) of alginate. Consequently, the
hydrogel has a refractive index (n = 1.3331 [155]) similar to the one of water (n = 1.33) and is
therefore predominantly used as a cladding material [155,159]. Alginate is also often added
to the synthetic PAAm-based hydrogels for the creation of large-strain enduring fibers.
The alginate’s ionic crosslinks, intertwined between the PAAm’s covalent bonds, easily
break when strain is applied and, therefore, absorb most part of the deforming energy [157].
Consequently, the stronger, covalent bonds in the alginate-PAAm hydrogel are spared and
the resulting optical fiber can endure strains up to 700% [156]. Furthermore, the resulting
fibers exhibit low optical losses and obtain Young’s moduli (E = 64-80 kPa) close to the
modulus of neural tissue.

PEG-based hydrogels also have been proposed as suitable candidates for the develop-
ment of mechanically soft optical fibers. There are two types of PEG that are generally used.
Depending on the acrylate groups used in the monomers, the polymers are either called
a PEG diacrylate (PEGDA) or a PEG dimethacrylate (PEGDMA). Hydrogels made from
these materials have largely varying properties, depending on the underlying polymer
network [148,150,172]. The refractive index, the Young’s Modulus and the swelling of
PEG-based hydrogels have been reported with values ranging between 1.33 to 1.47, 60 kPa
to tens of MPa’s and 1 to more than 20, respectively [148,150,172].

A PEG-based optical fiber was presented by Choi et al. [159]. They used PEGDA
(700 Da) as the core material at 80-90 wt% in the precursor solution and employed an
alginate cladding. As a consequence of using the short PEG monomers at high concen-
trations, causing a high crosslink density in the hydrogel matrix and low water intake,
they obtained a relatively stiff (order of MPa) optical core with a high refractive index.
However, the low-index alginate cladding makes for a soft mechanical buffer (E ~ 20 kPa)
with the surrounding tissue, while at the same time providing a large NA of 0.6. A similar
fiber to the work of Choi et al. [159] was presented by Yetisen et al. [155]. Here, they
introduced a PAAm copolymer to the PEGDA (700 Da) solution to increase the flexibility
of the stiff PEG fiber, while still maintaining a NA of 0.54. Recently, also a poly(ethylene
glycol dimethacrylate-co-N-isopropylacrylamide-co-acrylic acid) (PEGDMA-NIPAAmM-AA)
waveguide has been proposed, although the transmission losses were not reported [173].
Another innovation for PEG-based fibers was proposed by Ohannsmeier et al. [148].
They showed the viability of inserting polystyrene particles into the hydrogels to work as
diffusors for controlled light-outcoupling.

A last thing that should be mentioned regarding hydrogel fibers, is the difficulty of
manufacturing fibers with diameters equal or below 200-400 pm, similar to the size of
standard glass fibers in fiber-based optrodes [45,127,130]. All of the discussed fibers use
a similar manufacturing process. They UV-cure the hydrogels inside silicone [31,156] or
PVC [155] tubes and then remove the fiber by air or water pressure, sometimes aided by
swelling the silicone tube in dichloromethane [159]. However, this approach tends to limit
the minimal obtainable diameter for step-index fibers to 300—400 um (see Table 3), since
the low mechanical strength and the high surface to volume ratio of the fibers, makes it
increasingly difficult to remove the fibers from the tubes.
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Elastomers

The third and last group of biomaterials discussed for the fabrication of waveguides
and optical fibers are the elastomers. These materials are defined as synthetic polymers
with rubber-like characteristics. Due to their rubber-like properties, elastomers usually
have a low Young’s modulus (in the order of MPa) and can endure large strains before
breaking. Lu et al. [137] fabricated an optical fiber from COC elastomer (COCE), a similar
material to the earlier-mentioned thermoplastic COC, but with a Young’s modulus that
is almost 100 times lower. The COCE is, similar to COC, qualified for thermal drawing,
albeit with the aid of a sacrificial PMMA shell to help maintain its shape after drawing.
The PMMA shell is removed after the COCE solidifies. Square fibers were created this
way, with cross-sectional dimensions down to 100 um. A second paper used citrate-based
polymers to make a cylindrical, step-index fiber [161]. The fabrication process started by
deposition of the liquid poly(octamethylene citrate) (POC) cladding material around a
surface-polished stainless steel wire. After curing of the POC, the steel wire was removed
and the cladding layer was used as the tube mold for the poly(octamethylene maleate
citrate) (POMC) core. By using the surface-polished, steel-wire template, scattering losses
due to surface roughness are reduced and very good control of the core diameter can be
obtained. Unfortunately, the coating of the wires led to much less uniform layers and the
eventual cladding layer was between 125 um and 1.25 mm thick. Polyurethane (PU)) is a
third type of elastomer used for optical fiber manufacturing. Zhao et al. [162] and Kwok
et al. [163] presented a square and rectangular step-index fiber, respectively, with a core
made of PU. While the material is interesting due to its relatively good optical transmission
(>90% per cm), the cross-sectional area of the reported fibers is too large (7.2-9 mm?) to be
employed in an optical-fiber based optrode.

Lastly PDMS has also proven itself to be a viable candidate for waveguide and optical
fiber manufacturing. The material offers both good optical and mechanical properties,
exhibits an excellent resistance against biodegradation and ageing, and is considered
biocompatible [174,175]. Noteworthy, surface modification of the PDMS have shown to
further improve the biocompatibility and to increase the cell viability at its surface by
up to 650% [176,177], allowing for closer integration with the surrounding neural tissue.
An example of a well-known PDMS is Sylgard 184, a room-temperature vulcanizing
siloxane produced by Dow Corning. The optical transmission capabilities of Sylgard 184
(n = 1.40-1.41) optical fibers have been proven by Kwok et al. [165] and Wang et al. [166].
Both papers presented optical fibers with transmission losses lower than 1 dB/cm (see
Table 3). They also demonstrated that PDMS is a suitable material to fabricate tapered
waveguides [165] and has the ability to incorporate diffusors [166]. Further, step-index
fibers and waveguides out of PDMS were also presented [167,170]. They used high-index
elastomer (e.g OE-6550, LS-6257) with a Sylgard 184 cladding layer to obtain a large-angle-
accepting structures (NA = 0.64-0.69) with low-loss transmission (0.14-0.36 dB/cm).

Sylgard 184 also has good mechanical properties, making it a widely used encap-
sulation material for implants [117,137,178]. The materials hydrophobic character and
its low Young’s modulus (1-3 MPa) can protect internal electronic circuits from aqueous
environment, while providing a soft interface with the surrounding tissue. Additionally,
changing the curing temperature of the PDMS has shown to change the crosslink density,
and therefore the Young’s modulus. For Sylgard 184, the modulus decreases from 2.97 MPa
to 1.32 MPa by decreasing the curing temperature from 200 to 25 °C [168]. Similarly, the
crosslink density can be reduced by altering the ratio of silicone precursor with crosslinking
agent in the prepolymer solution. While a 10:1 ratio gives a modulus between 1 and 3 MPa,
changing the ratio to 30:1, 50:1 and 60:1 reduces the modulus to approximately 100 kPa,
8 kPa and 3 kPa, respectively [169].

PDMS appears to be a viable material choice to fabricate waveguides with for deep-
brain illumination. The biocompatible material provides a tunable modulus, low transmis-
sion losses and can be employed for homogenous or multi-site illumination (e.g., tapering,
diffusors). Additionally, many fiber-manufacturing processes have been proposed, all with
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their own perks. Firstly, Martincek and co-authors [171], Li and co-authors [179], and Kacik
and Martincek [180] all presented PDMS fibers manufactured with fiber drawing. This pro-
cess allow for fibers with diameters ranging from a few mm down to several um. Secondly,
Snell et al. [181] showed an extrusion process capable of creating 200-um-diameter fibers
with a length in the order of tens of cm. Thirdly, the lost-wax method proposed by Lee
and Kim [182] allows for the parallel manufacturing of many fibers with a highly-uniform
cross-section and a diameter of only 150 pm.

5. Implantation Methods for Soft/Flexible Neural Implants

In the past few sections, both electrical and optical architectures were discussed with
the goal of identifying suitable candidates to be combined in the design of a closed-loop
optogenetic solution for long-term treatment of epilepsy. Flexible and/or small-cross-
section optrodes are most promising in providing a long-term therapeutic intervention.
Unfortunately, these probes usually do not exhibit sufficient mechanical stiffness required
for penetrating the meningeal layers enveloping the brain and, therefore, attention to
this practical problem has to be included in the design considerations of the optrode.
Two main approaches exist for implantation of soft probes in the brain. The first approach
is centered around implantation procedures (e.g., small surgical procedures and external
guide systems). The second approach focuses on providing a temporarily increased stiffness
by either manipulating the probe design or by temporarily implanting a stiff aid structure
together with the probe.

5.1. External Measures for Eased Probe Implantation

A first widely used method to ease the mechanical requirements for implantation, is
the surgical removal of the dura mater (the upper, most-dense meningeal layer) above the
implantation site. This only leaves the weaker arachnoid mater and pia mater to be pierced
by the probe. The surgical procedure is called a durotomy and can be combined with other
methods to further reduce the required stiffness. One of those methods, is the collagenase-
aided modification of the pia mater, proposed by Kralik et al. [183]. Collagenase partially
breaks down the collagen network of the pia mater, making it easier to be penetrated. Kunal J.
Paralikar and Ryan S. Clement [184] validated the method and showed that the collagenase
mediated modification reduces the maximal insertion force, required to pierce the pia, up to
40%, hence, allowing thinner or more flexible probes to be implanted without buckling.

Other approaches have employed external guiding structures to increase the maximal
force that can be applied to a probe during insertion without causing it to buckle, i.e., critical
buckling force (CBF) [185,186]. Shoffstall et al. [185] presented a PMMA-based insertion
guide inspired by the way that mosquitos use to penetrate the human skin (Figure 6a).
By partially supporting the bottom of the probe, the guide is able to decrease the probe’s
effective length, hereby, reducing the section of the probe that can buckle. As long as the
length of the probe is less than five times the thickness of the guide, this method increases
the CBF of small, flexible devices to more than four times its original value. Even larger
improvements have been obtained with the external guide presented by Arafat et al. [186]
(Figure 6b). They employed multiple pairs of supporting arms to further reduce the probe’s
effective length and, hence, further increasing the CBF. For a 25-um-diameter Pt microwire
with a length of 16mm, the CBF increased from 254 uN to 5087 uN by employing the
guide. By additionally spinning the probe during implantation, they were even capable of
penetrating the dura mater.
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Figure 6. Methods to aid the implantation of flexible intracortical probes. (a) An external PMMA guide based on a

mosquito’s labium. Reproduced with permission from [185]; published by Nature, 2018. (b) A microelectrode guide
constructed out of four pairs of separated arms with a central opening through which the probe can pass. Reproduced with
permission from [186]; published by IEEE, 2019. (c) A PDMS probe with an integrated microfluidic channel filled with
gallium. Reproduced with permission from [187]; published by Elsevier, 2019. (d) A 3D-sharpened insertion shuttle with
central wicking channel through which the dissolvable glue can flow and attach the shuttle to the probe. Reproduced with
permission from [188]; published by IOP, 2019. (e) The principle behind the ‘needle-and-thread’ method. Reproduced with
permission from [74]; published by AAAS, 2017. (f) Electrode array with integrated loops. Reproduced with permission
from [189]; published by BioRxiv, 2019. (g) A phase contrast (left) and SEM (right) image from a parylene probe within a
bilayered PVA /PLGA bioresorbable shuttle. The white dashed lines indicate the outer boundary of the parylene probe.
Reproduced with permission from [97]; published by IOP, 2018. (h) A CMC dissolvable dual-shank needle. Reprinted with
permission from ref. [73]. Copyright 2016 Springer Nature.

5.2. Temporary Stiffeners

Several methods exist to increase the stiffness of an implantable components during
insertion. Firstly, the probe itself can be designed to have a temporary stiffness during
insertion while softening after implantation. Secondly, insertion shuttles that are implanted
along with the probes, but are retracted afterwards, can be used. Thirdly, probes can be
coated with stiff materials that dissolve upon probe implantation.

5.2.1. Stiff Probes That Soften after Implantation

Stiff intracortical probes that soften after implantation would simplify the implantation
procedure. A first way to obtain such probes consists of employing less conventional mate-
rials. Ware et al. presented softening intracortical electrodes made with a methyl acrylate
(MA)/acrylic acid (AA) copolymer [190] and a thiol-ene/acrylate polymer [90]. Both materials
originally have a large shear modulus of 700 MPa and 360-460 MPa, respectively, but soften
due to plasticization by water uptake following implantation. The resulting shear moduli
can go as low as 300 kPa and 4.7 MPa for the MA /AA copolymer and the thiol-ene/acrylate
polymer, respectively. However, the water uptake that causes the probes to soften also causes
the probes to swell. Ware et al. reported that the MA/AA copolymer probes could swell up
to 200-300%, depending on the AA concentration, causing mechanical failure of the thin film
metal electrodes, due to the resulting strain. In contrast, the thiol-ene/acrylate polymer only
swells 3%, making it a more trustworthy technology.
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Instead of using specialized materials, conventional, flexible intracortical probes
(made out of PDMS, polyimide, parylene-C, etc.) can be equipped with a temporary
stiffness by incorporating an embedded microfluidic channel (Figure 6c). By increasing
the fluidic pressure in the embedded channel during implantation, the stiffness of the
probe can be increased. Rezaei et al. [191] and Wen et al. [187] demonstrated probes that
make use of this principle, and reported temporary improvements of the CBF with a factor
five and ten, respectively. However, the main improvement reported by Wen et al. [187]
came from their use of gallium inside the embedded microfluidic channel and as electrical
interconnects for the electrodes (Figure 6¢). The relatively stiff gallium (E = 10 GPa) has a
melting temperature of approximately 30 °C and melts after the probe is implanted, hereby,
reducing the overall stiffness with four orders of magnitude.

The discussed technologies are promising but they cannot be integrated with all types
of probes, since they impose additional restriction during the design process. For example,
intracortical implants created with MA/AA copolymer or thiol-ene/acrylate polymer
require a minimal size to guarantee successful insertion. In addition, also the incorporation
of microfluidic channels imposes a minimal size on the implant. For ultra-small probes,
such as e.g., the NET or mesh electrodes, the following approaches are better suited.

5.2.2. Insertion Shuttles

A second way to provide stiffness to soft, flexible probes involves the use of stiff carri-
ers, such as silicon shuttles [188,192,193] or tungsten microwires [74,82,189,194], that are
retracted upon probe implantation. The tricky part about this method is being able to
detach the insertion shuttle after the probe has been delivered. Failing to do so can cause
the probe to be displaced or fully explanted when the guide is retracted [193].

A first method to temporarily attach the stiff shuttle to the probe is by using a water-
dissolvable glue (e.g., PEG). The U-shuttle presented by Du et al. [33] is ideally suited
for fiber-based probes and fixes them in place by depositing a small amount of glue at
the tip. In contrast, planar probes can more easily be implanted with accordingly flat
guides [188,192] and often use integrated wicking channels (Figure 6d) for the glue to
attach the shuttle at the backside of the probe. In addition, these shuttles can be sharpened,
which reduces the required insertion force and, therefore, the required stiffness to penetrate
the meningeal layers [188]. Further, the applicability of insertion shuttle arrays that allow
the implantation of multiple probes in parallel, based on the temporary attachment with
the dissolvable glue, has been demonstrated by Zhao et al. [194]. They presented multiple
designs for minimally-invasive implantation of electrode arrays, to increase the overall
throughput and allow for accurate control over the implantation sites.

A second method to temporarily attach shuttles to stiff carriers is by using a so called
needle-and-thread approach [74,82,195] (Figure 6e,f). In this approach the probe functions
as the needle and a stiff microwire [74] or even an actual needle [195] can function as the
thread. For this method to work, the implantable probes have to incorporate a small hole
at the probe tip. This hole is then used to lock the thread in place, after which the probe is
pushed to the desired depth. Afterwards, the guide can easily be retracted, since it was
never actually attached to the probe. Further, to allow for rapid and precise implantation
of several electrodes, Hanson et al. recently reported the design of a computer controllable
“sewing machine” [189].

Lastly, it should be mentioned that sometimes polymer-based materials, such as PI
and PDMS, can exhibit hydrophobic interactions, which can cause the probes to stick to the
insertion shuttles. To cope with this problem, Kozai et al. [193] demonstrated a carboxyl
terminated self-assembled monolayer coating for the shuttles. The hydrophilic coating
attracts water molecules to the insertion shuttle which causes it to detach more easily from
the polymer probe.
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5.2.3. Dissolvable Coatings

A last way of providing temporary stiffness to small, flexible probes is by coating
them with dissolvable, stiff materials (Figure 6g,h). A whole range of dissolvable materials
have been used to insert probes. There are papers mentioning PEG [37,45,95,137,196],
Silk fibroin [69,95,197], gelatin [72], poly-glycolic acid (PGA) [41], poly(lactic-co-glycolic)
acid (PLGA) [97], poly(vinyl alcohol) (PVA) [97], carboxymethyl cellulose (CMC) [73] and
maltose [92]. The Young’s modulus of these materials are relatively low (E < 5 GPa). As a
consequence, the required size of the dissolvable shuttle is generally larger than the size of
its non-dissolvable counterpart. Consequently, these shuttles can be more invasive and
can possible cause for an increase in the acute FBR. Nevertheless, depending on the used
material, this is not always the case. Dissolvable needles made with gelatin, have shown to
prevent scar tissue formation and to improve the neuronal density in the proximity of the
probe, compared to the same probe implanted without gelatin [36,198].

Further, the dissolution rate of the guide is also an important factor to take into
account when designing probes that employ dissolvable shuttles. Some materials, such as
PLGA and PGA, have an intrinsically slow dissolution rate and take days to weeks to
dissolve [41,97], while others, such as PEG, silk and PVA, can dissolve in the order of
seconds or minutes [95,97]. Depending on the dissolution rate of the employed guide, more
or less material will be required to guarantee a successful implantation. However, there
are methods to decrease the effective dissolution rate. A first approach is by limiting the
area that comes into contact with water. Takeuchi et al. [196] proposed a parylene-based
microfluidic probe, which was stiffened by inserting PEG inside the microfluidic channel.
Since the PEG had only a small contact area with the CSF, the dissolution went significantly
slower and less material could be used to implant the probe. Secondly, the dissolvable
materials, can also be coated with water retardation materials [72,97], which makes it
harder for the CSF to reach the coated material.

6. Conclusions and Outlook

The design of an optogenetic probe for the closed-loop therapy of epilepsy and other
related network disorders of the brain poses many challenges, of which most are related
to providing and guaranteeing the long-term functionality in vivo. A first challenge is the
preservation of the biological environment in which the optrode is present, to sustainably
support recording of the epileptic networks and optical illumination of the genetically mod-
ified neurons, for the duration of treatment. However, the biological medium will always
react to the optrode’s implantation and its continuous presence inside the medium, i.e.,
the FBR. This response includes persistent inflammation, glial scar formation, and neuronal
loss in proximity of the implant, all of which counteract the implant’s functionality. Never-
theless, it has been shown that reducing an neural implant’s mechanical stiffness and overall
size, can reduce the extent of the detrimental biological response to the point where optrodes
can theoretically preserve their functionality indefinitely.

However, obeying both the stiffness and size restrictions, providing the optogenetic
functionalities (electrical recording and optical illumination), as well as guaranteeing
successful implantation has proven to be difficult and a plethora of designs have been pre-
sented in order to tray and solve this problem. Firstly, in the electrical domain, people have
tried to circumvent the size and stiffness limitations by positioning the electrical contacts in
regions which are less affected by the FBR. However, this showed only slight histological
improvements compared with the traditional probes. Better results were obtained with
the ultra-small and/or ultra-flexible designs, such as the NET-probes and mesh electrodes,
which elicited (almost) no chronic biological reaction months past implantation. Addition-
ally, to cope with the reduced SNR ratio, resulting from the smaller electrical contacts, most
designs increased the effective surface area of the metal contacts by roughening the metal
or creating micro-or nano protrusions. Secondly, in the optical domain, no clear solution
for a long-term implantable light source, ideal for this application, has been reported yet.
Both uLED- and waveguide-based approaches are capable of multi-site or broad-range illu-



Micromachines 2021, 12, 38 23 of 30

mination, but their functional longevity are limited by the device’s obtainable flexibility or
size. More recently, less-conventional biomaterials have been used that are multiple orders
of magnitude softer than the traditional biomaterials. The resulting low-modulus waveg-
uides and optical fibers show promise in obtaining the desired specifications, although,
further research has to be conducted. Lastly, also many approaches have been presented
to solve the practical problem regarding the implantation of soft/flexible implants. These
approaches include, but are not limited to, surgical procedures, external guiding systems
and dissolvable guides. Furthermore, each method has its own strengths and weaknesses
and multiple techniques can be combined. Nevertheless, the ideal implantation method
will eventually depend on the electrical and optical component selected by the designer to
constitute the optrode.

Finally, it should be noted that to the knowledge of the authors no of the discussed
electrical or optical probes has been used for optogenetic closed-loop therapy of patients
with epilepsy. However, this review may operate as a guide for future researchers and aid
the design of an implant for human patients.

Author Contributions: Conceptualization, P.B. (Paul Boon), K.V,, R.R. and ].V,; funding acquisition,
P.B. (Paul Boon) and J.V.; writing—original draft preparation, B.V.; writing—review and editing, ]. M.,
P.B. (Pieter Bauwens), R.V,, R.R. and K.V. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was funded by the Research Foundation—Flanders (FWO), grant number
G.0885.19N.

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

References

1.  Fisher, RS,; Acevedo, C.; Arzimanoglou, A.; Bogacz, A.; Cross, ].H.; Elger, C.E.; Engel, J.; Forsgren, L.; French, J.A.; Glynn, M.;
et al. ILAE Official Report: A practical clinical definition of epilepsy. Epilepsia 2014, 55, 475-482. [CrossRef] [PubMed]

2. WHO Epilepsy. Available online: https://www.who.int/news-room/fact-sheets/detail /epilepsy (accessed on 16 June 2020).

3. Chen, Z,; Brodie, M.].; Liew, D.; Kwan, P. Treatment outcomes in patients with newly diagnosed epilepsy treated with established
and new antiepileptic drugs a 30-year longitudinal cohort study. JAMA Neurol. 2018, 75, 279-286. [CrossRef] [PubMed]

4. Perucca, P; Gilliam, F.G. Adverse effects of antiepileptic drugs. Lancet Neurol. 2012, 11, 792-802. [CrossRef]

5. Martin-Mcgill, K.J.; Jackson, C.F,; Bresnahan, R.; Levy, R.G.; Cooper, P.N. Ketogenic diets for drug-resistant epilepsy. Cochrane
Database Syst. Rev. 2018, 2018. [CrossRef] [PubMed]

6. Mertens, A.; Raedt, R.; Gadeyne, S.; Carrette, E.; Boon, P.; Vonck, K. Recent advances in devices for vagus nerve stimulation.
Expert Rev. Med. Devices 2018, 15, 527-539. [CrossRef] [PubMed]

7. Sprengers, M.; Vonck, K.; Carrette, E.; Marson, A.G.; Boon, P. Deep brain and cortical stimulation for epilepsy. Cochrane Database
Syst. Rev. 2017, 2017. [CrossRef] [PubMed]

8. Jobst, B.C.; Cascino, G.D. Resective epilepsy surgery for drug-resistant focal epilepsy: A review. JAM -]. Am. Med. Assoc. 2015,
313, 285-293. [CrossRef]

9.  Krook-Magnuson, E.; Soltesz, I. Beyond the hammer and the scalpel: Selective circuit control for the epilepsies. Nat. Neurosci.
2015, 18, 331-338. [CrossRef]

10. Nagel, G.; Szellas, T.; Huhn, W.; Kateriya, S.; Adeishvili, N.; Berthold, P; Ollig, D.; Hegemann, P.; Bamberg, E. Channelrhodopsin-2,
a directly light-gated cation-selective membrane channel. Pnas 2003, 100, 13940-13945. [CrossRef]

11. Boyden, E.S.; Zhang, F; Bamberg, E.; Nagel, G.; Deisseroth, K. Millisecond-timescale, genetically targeted optical control of neural
activity. Nat. Neurosci. 2005, 8, 1263-1268. [CrossRef]

12.  Zhang, F; Wang, L.P,; Brauner, M.; Liewald, ].F,; Kay, K.; Watzke, N.; Wood, P.G.; Bamberg, E.; Nagel, G.; Gottschalk, A; et al.
Multimodal fast optical interrogation of neural circuitry. Nature 2007, 446, 633-639. [CrossRef]

13.  Yizhar, O.; Fenno, L.E.; Davidson, T.J.; Mogri, M.; Deisseroth, K. Optogenetics in Neural Systems. Neuron 2011, 71, 9-34. [CrossRef]
[PubMed]

14. Fenno, L,; Yizhar, O.; Deisseroth, K. The Development and Application of Optogenetics. Annu. Rev. Neurosci. 2011, 34, 389-412.
[CrossRef] [PubMed]

15. Krook-Magnuson, E.; Armstrong, C.; Oijala, M.; Soltesz, I. On-demand optogenetic control of spontaneous seizures in temporal
lobe epilepsy. Nat. Commun. 2013, 4, 1-8. [CrossRef] [PubMed]

16. Paz,].T.; Davidson, T.J.; Frechette, E.S.; Delord, B.; Parada, I.; Peng, K.; Deisseroth, K.; Huguenard, J.R. Closed-loop optogenetic
control of thalamus as a tool for interrupting seizures after cortical injury. Nat. Neurosci. 2013, 16, 64-70. [CrossRef]

17.  Krook-Magnuson, E.; Armstrong, C.; Bui, A.; Lew, S.; Oijala, M.; Soltesz, I. In vivo evaluation of the dentate gate theory in

epilepsy. J. Physiol. 2015, 593, 2379-2388. [CrossRef]


http://doi.org/10.1111/epi.12550
http://www.ncbi.nlm.nih.gov/pubmed/24730690
https://www.who.int/news-room/fact-sheets/detail/epilepsy
http://doi.org/10.1001/jamaneurol.2017.3949
http://www.ncbi.nlm.nih.gov/pubmed/29279892
http://doi.org/10.1016/S1474-4422(12)70153-9
http://doi.org/10.1002/14651858.CD001903.pub4
http://www.ncbi.nlm.nih.gov/pubmed/30403286
http://doi.org/10.1080/17434440.2018.1507732
http://www.ncbi.nlm.nih.gov/pubmed/30071175
http://doi.org/10.1002/14651858.CD008497.pub3
http://www.ncbi.nlm.nih.gov/pubmed/28718878
http://doi.org/10.1001/jama.2014.17426
http://doi.org/10.1038/nn.3943
http://doi.org/10.1073/pnas.1936192100
http://doi.org/10.1038/nn1525
http://doi.org/10.1038/nature05744
http://doi.org/10.1016/j.neuron.2011.06.004
http://www.ncbi.nlm.nih.gov/pubmed/21745635
http://doi.org/10.1146/annurev-neuro-061010-113817
http://www.ncbi.nlm.nih.gov/pubmed/21692661
http://doi.org/10.1038/ncomms2376
http://www.ncbi.nlm.nih.gov/pubmed/23340416
http://doi.org/10.1038/nn.3269
http://doi.org/10.1113/JP270056

Micromachines 2021, 12, 38 24 of 30

18.

19.
20.

21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Zhao, M.; Alleva, R.; Ma, H.; Daniel, A.G.S.; Schwartz, T.H. Optogenetic tools for modulating and probing the epileptic network.
Epilepsy Res. 2015, 116, 15-26. [CrossRef]

Choy, M.K,; Duffy, B.A,; Lee, ].H. Optogenetic study of networks in epilepsy. J. Neurosci. Res. 2017, 95, 2325-2335. [CrossRef]
Tung, ] K.; Berglund, K.; Gross, R.E. Optogenetic Approaches for Controlling Seizure Activity. Brain Stimul. 2016, 9, 801-810.
[CrossRef]

Tennesen, J.; Kokaia, M. Epilepsy and optogenetics: Can seizures be controlled by light? Clin. Sci. 2017, 131, 1605-1616. [CrossRef]
Assaf, F.; Schiller, Y. The antiepileptic and ictogenic effects of optogenetic neurostimulation of PV-expressing interneurons.
J. Neurophysiol. 2016, 116, 1694-1704. [CrossRef] [PubMed]

Soper, C.; Wicker, E.; Kulick, C.V.; N'Gouemo, P.; Forcelli, P.A. Optogenetic activation of superior colliculus neurons suppresses
seizures originating in diverse brain networks. Neurobiol. Dis. 2016, 102-115. [CrossRef] [PubMed]

Krook-Magnuson, E.; Szabo, G.G.; Armstrong, C.; Oijala, M.; Soltesz, I. Cerebellar directed optogenetic intervention inhibits
spontaneous hippocampal seizures in a mouse model of temporal lobe epilepsy. eNeuro 2014, 1. [CrossRef] [PubMed]

Rousche, PJ.; Normann, R.A. Chronic recording capability of the Utah Intracortical Electrode Array in cat sensory cortex.
J. Neurosci. Methods 1998, 82, 1-15. [CrossRef]

Williams, J.C.; Rennaker, R.L.; Kipke, D.R. Long-term neural recording characteristics of wire microelectrode arrays implanted in
cerebral cortex. Brain Res. Protoc. 1999, 4, 303-313. [CrossRef]

Fiath, R.; Hofer, K.T.; Csikéds, V.; Horvath, D.; Nanasi, T.; Téth, K.; Pothof, E; Bohler, C.; Asplund, M.; Ruther, P; et al. Long-term
recording performance and biocompatibility of chronically implanted cylindrically-shaped, polymer-based neural interfaces.
Biomedizinische Technik 2018, 63, 301-315. [CrossRef] [PubMed]

Anderson, ].M.; Rodriguez, A.; Chang, D.T. Understanding the Inflammatory Tissue Reaction to Brain Implants To Improve
Neurochemical Sensing Performance. Semin. Immunol. 2008, 20, 86—100. [CrossRef]

Biran, R.; Martin, D.C.; Tresco, P.A. Neuronal cell loss accompanies the brain tissue response to chronically implanted silicon
microelectrode arrays. Exp. Neurol. 2005, 195, 115-126. [CrossRef]

Barrese, ].C.; Aceros, J.; Donoghue, ].P; Island, R.; Island, R. Scanning electron microscopy of chronically implanted Intracortical
Microelectrode Arrays in Non-Human Primates. |. Neural. Eng. 2016, 13, 27. [CrossRef]

Wang, L.; Zhong, C.; Ke, D.; Ye, F,; Tu, J.; Wang, L.; Lu, Y. Ultrasoft and Highly Stretchable Hydrogel Optical Fibers for In Vivo
Optogenetic Modulations. Adv. Opt. Mater. 2018, 6, 2—7. [CrossRef]

Sheng, H.; Wang, X.; Kong, N.; Xi, W.; Yang, H.; Wu, X.; Wu, K;; Li, C.; Hu, J.; Tang, J.; et al. Neural interfaces by hydrogels.
Extrem. Mech. Lett. 2019, 30, 100510. [CrossRef]

Du, Z.].; Kolarcik, C.L.; Kozai, T.D.Y.; Luebben, S.D.; Sapp, S.A.; Zheng, X.S.; Nabity, J.A.; Cui, X.T. Ultrasoft microwire neural
electrodes improve chronic tissue integration. Acta Biomater. 2017, 53, 46-58. [CrossRef] [PubMed]

Spencer, K.C,; Sy, ].C.; Ramadi, K.B.; Graybiel, A.M.; Langer, R.; Cima, M.]. Characterization of Mechanically Matched Hydrogel
Coatings to Improve the Biocompatibility of Neural Implants. Sci. Rep. 2017, 1-16. [CrossRef]

Sohal, H.S; Clowry, G.J.; Jackson, A.; O’'Neill, A.; Baker, S.N. Mechanical flexibility reduces the foreign body response to long-term
implanted microelectrodes in rabbit cortex. PLoS ONE 2016, 11, e0165606. [CrossRef] [PubMed]

Kohler, P.; Wolff, A.; Ejserholm, F.; Wallman, L.; Schouenborg, J.; Linsmeier, C.E. Influence of probe flexibility and gelatin
embedding on neuronal density and glial responses to brain implants. PLoS ONE 2015, 10. [CrossRef]

Kato, Y.X.; Furukawa, S.; Samejima, K.; Hironaka, N.; Kashino, M. Photosensitive-polyimide based method for fabricating various
neural electrode architectures. Front. Neuroeng. 2012, 5, 1-14. [CrossRef]

Budday, S.; Nay, R.; de Rooij, R.; Steinmann, P.; Wyrobek, T.; Ovaert, T.C.; Kuhl, E. Mechanical properties of gray and white
matter brain tissue by indentation. Physiol. Behav. 2017, 176, 139-148. [CrossRef]

Gilletti, A.; Muthuswamy, J. Brain micromotion around implants in the rodent somatosensory cortex. J. Neural Eng. 2006, 3, 189-195.
[CrossRef]

Subbaroyan, J.; Martin, D.C.; Kipke, D.R. A finite-element model of the mechanical effects of implantable microelectrodes in the
cerebral cortex. J. Neural Eng. 2005, 2, 103-113. [CrossRef]

Stice, P; Gilletti, A.; Panitch, A.; Muthuswamy, J. Thin microelectrodes reduce GFAP expression in the implant site in rodent
somatosensory cortex. J. Neural Eng. 2007, 4, 42-53. [CrossRef]

Seymour, J.P.; Kipke, D.R. Neural probe design for reduced tissue encapsulation in CNS. Biomaterials 2007, 28, 3594-3607.
[CrossRef] [PubMed]

Hubel, D.H. Tungsten Microelectrode for Recording from Single Units. Science 1957, 125, 549-550. [CrossRef] [PubMed]

Welle, E.J.; Patel, PR.; Woods, J.E.; Petrossians, A.; Della Valle, E.; Vega-Medina, A.; Richie, ].M.; Cai, D.; Weiland, ].D.; Chestek,
C.A. Ultra-small carbon fiber electrode recording site optimization and improved in vivo chronic recording yield. |. Neural Eng.
2020, 17. [CrossRef] [PubMed]

Wang, L.; Huang, K.; Zhong, C.; Wang, L.; Lu, Y. Fabrication and modification of implantable optrode arrays for in vivo
optogenetic applications. Biophys. Rep. 2018, 4, 82-93. [CrossRef]

Lin, S.-T.; Wolfe, ].C.; Dani, J.A.; Shih, W.-C. Flexible optitrode for localized light delivery and electrical recording. Borne 2008, 23, 1-7.
[CrossRef]

Barna, ].S.; Arezzo, J.C.; Vaughan, H.G. A new multielectrode array for the simultaneous recording of field potentials and unit
activity. Electroencephalogr. Clin. Neurophysiol. 1981, 52, 494-496. [CrossRef]


http://doi.org/10.1016/j.eplepsyres.2015.06.010
http://doi.org/10.1002/jnr.23767
http://doi.org/10.1016/j.brs.2016.06.055
http://doi.org/10.1042/CS20160492
http://doi.org/10.1152/jn.00744.2015
http://www.ncbi.nlm.nih.gov/pubmed/27486107
http://doi.org/10.1016/j.nbd.2015.12.012
http://www.ncbi.nlm.nih.gov/pubmed/26721319
http://doi.org/10.1523/ENEURO.0005-14.2014
http://www.ncbi.nlm.nih.gov/pubmed/25599088
http://doi.org/10.1016/S0165-0270(98)00031-4
http://doi.org/10.1016/S1385-299X(99)00034-3
http://doi.org/10.1515/bmt-2017-0154
http://www.ncbi.nlm.nih.gov/pubmed/29478038
http://doi.org/10.1016/j.smim.2007.11.004
http://doi.org/10.1016/j.expneurol.2005.04.020
http://doi.org/10.1088/1741-2560/13/2/026003
http://doi.org/10.1002/adom.201800427
http://doi.org/10.1016/j.eml.2019.100510
http://doi.org/10.1016/j.actbio.2017.02.010
http://www.ncbi.nlm.nih.gov/pubmed/28185910
http://doi.org/10.1038/s41598-017-02107-2
http://doi.org/10.1371/journal.pone.0165606
http://www.ncbi.nlm.nih.gov/pubmed/27788240
http://doi.org/10.1371/journal.pone.0119340
http://doi.org/10.3389/fneng.2012.00011
http://doi.org/10.1016/j.jmbbm.2015.02.024
http://doi.org/10.1088/1741-2560/3/3/001
http://doi.org/10.1088/1741-2560/2/4/006
http://doi.org/10.1088/1741-2560/4/2/005
http://doi.org/10.1016/j.biomaterials.2007.03.024
http://www.ncbi.nlm.nih.gov/pubmed/17517431
http://doi.org/10.1126/science.125.3247.549
http://www.ncbi.nlm.nih.gov/pubmed/17793797
http://doi.org/10.1088/1741-2552/ab8343
http://www.ncbi.nlm.nih.gov/pubmed/32209743
http://doi.org/10.1007/s41048-018-0052-4
http://doi.org/10.1364/OL.37.001781
http://doi.org/10.1016/0013-4694(81)90035-3

Micromachines 2021, 12, 38 25 of 30

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Guitchounts, G.; Markowitz, ].E.; Liberti, W.A.; Gardner, T.]. A carbon-fiber electrode array for long-term neural recording. Res.
Commun. Chem. Pathol. Pharmacol. 2013, 10. [CrossRef]

Kim, T.; Branner, A.; Gulati, T.; Giszter, S.F. Braided multi-electrode probes: Mechanical compliance characteristics and recordings
from spinal cords. J. Neural Eng. 2013, 10, 1-22. [CrossRef]

Nicolelis, M.A.L.; Ghazanfar, A.A.; Faggin, B.M.; Votaw, S.; Oliveira, L.M.O. Reconstructing the engram: Simultaneous, multisite,
many single neuron recordings. Neuron 1997, 18, 529-537. [CrossRef]

Nicolelis, M.A.L.; Dimitrov, D.; Carmena, ].M.; Crist, R.; Lehew, G.; Kralik, J.D.; Wise, S.P. Chronic, multisite, multielectrode
recordings in macaque monkeys. Proc. Natl. Acad. Sci. USA 2003, 100, 11041-11046. [CrossRef]

Maynard, E.M.; Nordhausen, C.T.; Normann, R.A. The Utah Intracortical Electrode Array: A recording structure for potential
brain-computer interfaces. Electroencephalogr. Clin. Neurophysiol. 1997, 102, 228-239. [CrossRef]

Egert, D.; Pettibone, J.R.; Lemke, S.; Patel, PR.; Caldwell, C.M.; Cai, D.; Ganguly, K.; Chestek, C.A.; Berke, ].D. Cellular-scale
silicon probes for high-density, precisely localized neurophysiology. . Neurophysiol. 2020, 124, 1578-1587. [CrossRef] [PubMed]
Kampasi, K.; English, D.E; Seymour, J.; Stark, E.; McKenzie, S.; Voroslakos, M.; Buzsdki, G.; Wise, K.D.; Yoon, E. Dual color
optogenetic control of neural populations using low-noise, multishank optoelectrodes. Microsyst. Nanoeng. 2018, 4. [CrossRef]
[PubMed]

Vetter, R.].; Williams, J.C.; Hetke, J.F.; Nunamaker, E.A.; Kipke, D.R. Chronic neural recording using silicon-substrate microelec-
trode arrays implanted in cerebral cortex. IEEE Trans. Biomed. Eng. 2004, 51, 896-904. [CrossRef] [PubMed]

Scholvin, J.; Kinney, J.P.; Bernstein, J.G.; Moore-Kochlacs, C.; Kopell, N.; Fonstad, C.G.; Boyden, E.S. Close-packed silicon
microelectrodes for scalable spatially oversampled neural recording. IEEE Trans. Biomed. Eng. 2016, 63, 120-130. [CrossRef]
Raducanu, B.C.; Yazicioglu, R.F.; Lopez, C.M.; Ballini, M.; Putzeys, J.; Wang, S.; Andrei, A.; Rochus, V.; Welkenhuysen, M.; van
Helleputte, N.; et al. Time multiplexed active neural probe with 1356 parallel recording sites. Sensors (Switzerland) 2017, 17, 2388.
[CrossRef]

Dutta, B.; Trautmann, E.M.; Welkenhuysen, M.; Shenoy, K.V.; Andrei, A.; Harris, T.D.; Lopez, C.M.; O’Callahan, J.; Putzeys,
J.; Raducanu, B.C.; et al. The Neuropixels probe: A CMOS based integrated microsystems platform for neuroscience and
brain-computer interfaces. Tech. Dig.-Int. Electron Devices Meet. IEDM 2019, 202-205. [CrossRef]

Jun, ].].; Steinmetz, N.A.; Siegle, ] H.; Denman, D.].; Bauza, M.; Barbarits, B.; Lee, A K.; Anastassiou, C.A.; Andrei, A.; Aydin, C.;
et al. Fully integrated silicon probes for high-density recording of neural activity. Nature 2017, 551, 232-236. [CrossRef]
Steinmetz, N.A.; Aydin, C.; Lebedeva, A.; Okun, M.; Pachitariu, M.; Bauza, M.; Beau, M.; Bhagat, J.; Bohm, C.; Broux, M.; et al.
Neuropixels 2.0: A miniaturized high-density probe for stable, long-term brain recordings. bioRxiv 2020. [CrossRef]

Juavinett, A.L.; Bekheet, G.; Churchland, A.K. Chronically implanted neuropixels probes enable high-yield recordings in freely
moving mice. Elife 2019, 8, 1-17. [CrossRef]

Steinmetz, N.A.; Koch, C.; Harris, K.D.; Carandini, M. Challenges and opportunities for large-scale electrophysiology with
Neuropixels probes. Curr. Opin. Neurobiol. 2018, 50, 92-100. [CrossRef] [PubMed]

Vélez-Fort, M.; Bracey, E.F,; Keshavarzi, S.; Rousseau, C.V.; Cossell, L.; Lenzi, S.C.; Strom, M.; Margrie, TW. A Circuit for
Integration of Head- and Visual-Motion Signals in Layer 6 of Mouse Primary Visual Cortex. Neuron 2018, 98, 179-191. [CrossRef]
[PubMed]

Schevon, C.A.; Tobochnik, S.; Eissa, T.; Merricks, E.; Gill, B.; Parrish, R.R.; Bateman, L.M.; McKhann, G.; Emerson, R.G.; Trevelyan,
A.]. Multiscale recordings reveal the dynamic spatial structure of human seizures. Neurobiol. Dis. 2019, 127, 303-311. [CrossRef]
[PubMed]

Kim, E.G.R; Tu, H.; Luo, H; Liu, B.; Bao, S.; Zhang, J.; Xu, Y. 3D silicon neural probe with integrated optical fibers for optogenetic
modulation. Lab. Chip. 2015, 15, 2939-2949. [CrossRef]

Chung, ].E.; Joo, H.R,; Fan, ].L.; Liu, D.E; Barnett, A.H.; Chen, S.; Geaghan-Breiner, C.; Karlsson, M.P,; Karlsson, M.; Lee, K.Y.;
et al. High-Density, Long-Lasting, and Multi-region Electrophysiological Recordings Using Polymer Electrode Arrays. Neuron
2019, 101, 21-31. [CrossRef]

Yuk, H; Lu, B.; Zhao, X. Hydrogel bioelectronics. Chem. Soc. Rev. 2019, 1642-1667. [CrossRef]

Williams, J.C.; Hippensteel, J.A.; Dilgen, J.; Shain, W.; Kipke, D.R. Complex impedance spectroscopy for monitoring tissue
responses to inserted neural implants. J. Neural Eng. 2007, 4, 410-423. [CrossRef]

Wu, E; Im, M.; Yoon, E. A flexible fish-bone-shaped neural probe strengthened by biodegradable silk coating for enhanced
biocompatibility. In Proceedings of the 2011 16th International Solid-State Sensors, Actuators and Microsystems Conference,
Beijing, China, 5-9 June 2011; pp. 966-969.

Massey, T.L.; Kuo, L.S,; Fan, J.L.; Maharbiz, M.M. An Actuated Neural Probe Architecture for Reducing Gliosis-Induced Recording
Degradation. IEEE Trans. Nanobioscience 2019, 18, 220-225. [CrossRef]

Egert, D.; Najafi, K. New Class of Chronic Recording Multichannel Neural Probes with Post-Implant Self-Deployed Satellite
Recording Sites. In Proceedings of the 2011 16th International Solid-State Sensors, Actuators and Microsystems Conference,
Beijing, China, 5-9 June 2011; pp. 958-961.

Agorelius, J.; Tsanakalis, F; Friberg, A.; Thorbergsson, P.T.; Pettersson, L M.E.; Schouenborg, J. An array of highly flexible
electrodes with a tailored configuration locked by gelatin during implantation-initial evaluation in cortex cerebri of awake rats.
Front. Neurosci. 2015, 9, 1-12. [CrossRef]


http://doi.org/10.1088/1741-2560/10/4/046016
http://doi.org/10.1088/1741-2560/10/4/045001
http://doi.org/10.1016/S0896-6273(00)80295-0
http://doi.org/10.1073/pnas.1934665100
http://doi.org/10.1016/S0013-4694(96)95176-0
http://doi.org/10.1152/jn.00352.2020
http://www.ncbi.nlm.nih.gov/pubmed/32965150
http://doi.org/10.1038/s41378-018-0009-2
http://www.ncbi.nlm.nih.gov/pubmed/30766759
http://doi.org/10.1109/TBME.2004.826680
http://www.ncbi.nlm.nih.gov/pubmed/15188856
http://doi.org/10.1109/TBME.2015.2406113
http://doi.org/10.3390/s17102388
http://doi.org/10.1109/IEDM19573.2019.8993611
http://doi.org/10.1038/nature24636
http://doi.org/10.1101/2020.10.27.358291
http://doi.org/10.7554/eLife.47188
http://doi.org/10.1016/j.conb.2018.01.009
http://www.ncbi.nlm.nih.gov/pubmed/29444488
http://doi.org/10.1016/j.neuron.2018.02.023
http://www.ncbi.nlm.nih.gov/pubmed/29551490
http://doi.org/10.1016/j.nbd.2019.03.015
http://www.ncbi.nlm.nih.gov/pubmed/30898669
http://doi.org/10.1039/C4LC01472C
http://doi.org/10.1016/j.neuron.2018.11.002
http://doi.org/10.1039/C8CS00595H
http://doi.org/10.1088/1741-2560/4/4/007
http://doi.org/10.1109/TNB.2019.2905468
http://doi.org/10.3389/fnins.2015.00331

Micromachines 2021, 12, 38 26 of 30

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Khilwani, R.; Gilgunn, PJ.; Kozai, T.D.Y.; Ong, X.C.; Korkmaz, E.; Gunalan, PK.; Cui, X.T.; Fedder, G.K.; Ozdoganlar, O.B.
Ultra-miniature ultra-compliant neural probes with dissolvable delivery needles: Design, fabrication and characterization. Biormed.
Microdevices 2016, 18. [CrossRef]

Luan, L.; Wei, X.; Zhao, Z.; Siegel, ].].; Potnis, O.; Tuppen, C.A.; Lin, S.; Kazmi, S.; Fowler, R.A.; Holloway, S.; et al. Ultraflexible
nanoelectronic probes form reliable, glial scar—free neural integration. Sci. Adv. 2017, 3, 1-10. [CrossRef] [PubMed]

Xie, C.; Liu, J.; Fu, T,; Dai, X.; Zhou, W.; Lieber, C.M. Three-dimensional macroporous nanoelectronic networks as minimally
invasive brain probes. Nat. Mater. 2015, 14, 1286-1293. [CrossRef] [PubMed]

Fu, T.; Hong, G.; Viveros, R.D.; Zhou, T.; Lieber, C.M. Highly scalable multichannel mesh electronics for stable chronic brain
electrophysiology. Proc. Natl. Acad. Sci. USA 2017. [CrossRef] [PubMed]

Noh, H.S.; Moon, K.S.; Cannon, A.; Hesketh, P.J.; Wong, C.P. Wafer bonding using microwave heating of parylene intermediate
layers. J. Micromech. Microeng. 2004, 14, 625-631. [CrossRef]

Kim, E.G.R;; John, ] K.; Tu, H.; Zheng, Q.; Loeb, J.; Zhang, J.; Xu, Y. A hybrid silicon - parylene neural probe with locally flexible
regions. Sens. Actuators B Chem. 2014, 195, 416-422. [CrossRef]

Seymour, J.P; Langhals, N.B.; Anderson, D.J.; Kipke, D.R. Novel multi-sided, microelectrode arrays for implantable neural
applications. Biomed. Microdevices 2011, 13, 441-451. [CrossRef]

Musk, E. An integrated brain-machine interface platform with thousands of channels. |. Med. Internet Res. 2019, 21, 1-14.
[CrossRef]

Sohal, H.; Vassilevski, K.V.; Jackson, A.; Baker, S. A Novel Flexible Sinusoidal Probe for Chronic Extracellular Brain Recording A
Novel Flexible. Quant. Biol. 2015, 23, 188-194.

Wei, X.; Luan, L.; Zhao, Z.; Li, X.; Zhu, H.; Potnis, O.; Xie, C. Nanofabricated Ultraflexible Electrode Arrays for High-Density
Intracortical Recording. Adv. Sci. 2018, 5. [CrossRef]

Zhou, T.; Hong, G.; Fu, TM.; Yang, X.; Schuhmann, T.G.; Viveros, R.D.; Lieber, C.M. Syringe-injectable mesh electronics integrate
seamlessly with minimal chronic immune response in the brain. Proc. Natl. Acad. Sci. USA 2017, 114, 5894-5899. [CrossRef]
Hong, G.; Viveros, R.D.; Zwang, T.].; Yang, X.; Charles, M. Tissue-like neural probes for understanding and modulating the brain.
Biochemistry 2018, 57, 3995-4004. [CrossRef] [PubMed]

Lee, K.K,; He, J.; Singh, A.; Massia, S.; Ehteshami, G.; Kim, B.; Raupp, G. Polyimide-based intracortical neural implant with
improved structural stiffness. . Micromech. Microeng. 2004, 14, 32-37. [CrossRef]

Lee, C.D.; Hara, S.A; Yu, L.; Kuo, ].T.W.; Kim, B.].; Hoang, T.; Pikov, V.; Meng, E. Matrigel coatings for Parylene sheath neural
probes. J. Biomed. Mater. Res. Part B Appl. Biomater. 2016, 104, 357-368. [CrossRef] [PubMed]

Son, Y.; Lee, HJ.; Kim, J.; Shin, H.; Choi, N.; Lee, C.J.; Yoon, E.; Yoon, E.; Wise, K.D.; Kim, T.G.; et al. In vivo optical modulation of
neural signals using monolithically integrated two-dimensional neural probe arrays. Nat. Publ. Gr. 2015. [CrossRef] [PubMed]
Alla, K; Yuri, C.; Anatoliy, L.; Volodymyr, L.; Yuriy, S. Interface Nerve Tissue-Silicon Nanowire for Regeneration of Injured Nerve and
Creation of Bio- Electronic Device; IntechOpen: London, UK, 2019.

Du, J.; Riedel-Kruse, I.H.; Nawroth, J.C.; Roukes, M.L.; Laurent, G.; Masmanidis, S.C. High-resolution three-dimensional
extracellular recording of neuronal activity with microfabricated electrode arrays. |. Neurophysiol. 2009, 101, 1671-1678. [CrossRef]
[PubMed]

Ware, T.; Simon, D.; Liu, C.; Musa, T.; Vasudevan, S.; Sloan, A.; Keefer, EW.; Ii, R.L.R.; Voit, W. Thiol-ene/acrylate substrates for
softening intracortical electrodes. |. Biomed. Mater Res. B. Appl. Biomater. 2013, 1-11. [CrossRef] [PubMed]

Boehler, C.; Stieglitz, T.; Asplund, M. Biomaterials Nanostructured platinum grass enables superior impedance reduction for
neural microelectrodes. Biomaterials 2015, 67, 346-353. [CrossRef]

Xiang, Z.; Yen, S5.C.; Xue, N.; Sun, T.; Tsang, W.M.; Zhang, S.; Liao, L.D.; Thakor, N.V.; Lee, C. Ultra-thin flexible polyimide neural
probe embedded in a dissolvable maltose-coated microneedle. J. Micromech. Microeng. 2014, 24. [CrossRef]

Harris, A.R.; Morgan, S.; Chen, J.; Kapsa, R.M.; Wallace, G.G. Conducting polymer coated neural recording electrodes. J. Neural
Eng. 2013, 10, 1-16. [CrossRef]

Gerwig, R.; Fuchsberger, K.; Schroeppel, B.; Link, G.S.; Heusel, G.; Kraushaar, U.; Schuhmann, W.; Stett, A.; Stelzle, M. PEDOT-
CNT composite microelectrodes for recording and electrostimulation applications: Fabrication, morphology, and electrical
properties. Front. Neuroeng. 2012, 5, 1-11. [CrossRef]

Lecomte, A.; Castagnola, V.; Descamps, E.; Dahan, L.; Blatché, M.C.; Dinis, T.M.; Leclerc, E.; Egles, C.; Bergaud, C. Silk and PEG as
means to stiffen a parylene probe for insertion in the brain: Toward a double time-scale tool for local drug delivery. J. Micromech.
Microeng. 2015, 25. [CrossRef]

Pan, L.; Yu, G,; Zhai, D.; Lee, H.R.; Zhao, W,; Liu, N.; Wang, H.; Tee, B.C.K.; Shi, Y,; Cui, Y.; et al. Hierarchical nanostructured
conducting polymer hydrogel with high electrochemical activity. Proc. Natl. Acad. Sci. USA 2012, 109, 9287-9292. [CrossRef]
[PubMed]

Pas, J.; Rutz, A.L.; Quilichini, PP,; Slézia, A.; Ghestem, A.; Kaszas, A.; Donahue, M.].; Curto, V.E,; O’Connor, R.P,; Bernard, C.;
et al. A bilayered PVA/PLGA-bioresorbable shuttle to improve the implantation of flexible neural probes. ]. Neural Eng. 2018, 15.
[CrossRef] [PubMed]

Khodagholy, D.; Gelinas, ].N.; Thesen, T.; Doyle, W.; Devinsky, O.; Malliaras, G.G.; Buzsédki, G. NeuroGrid: Recording action
potentials from the surface of the brain. Nat. Neurosci. 2015, 18, 310-315. [CrossRef]


http://doi.org/10.1007/s10544-016-0125-4
http://doi.org/10.1126/sciadv.1601966
http://www.ncbi.nlm.nih.gov/pubmed/28246640
http://doi.org/10.1038/nmat4427
http://www.ncbi.nlm.nih.gov/pubmed/26436341
http://doi.org/10.1073/pnas.1717695114
http://www.ncbi.nlm.nih.gov/pubmed/29109247
http://doi.org/10.1088/0960-1317/14/4/025
http://doi.org/10.1016/j.snb.2014.01.048
http://doi.org/10.1007/s10544-011-9512-z
http://doi.org/10.2196/16194
http://doi.org/10.1002/advs.201700625
http://doi.org/10.1073/pnas.1705509114
http://doi.org/10.1021/acs.biochem.8b00122
http://www.ncbi.nlm.nih.gov/pubmed/29529359
http://doi.org/10.1088/0960-1317/14/1/305
http://doi.org/10.1002/jbm.b.33390
http://www.ncbi.nlm.nih.gov/pubmed/25809504
http://doi.org/10.1038/srep15466
http://www.ncbi.nlm.nih.gov/pubmed/26494437
http://doi.org/10.1152/jn.90992.2008
http://www.ncbi.nlm.nih.gov/pubmed/19091921
http://doi.org/10.1002/jbmb.32946
http://www.ncbi.nlm.nih.gov/pubmed/23666562
http://doi.org/10.1016/j.biomaterials.2015.07.036
http://doi.org/10.1088/0960-1317/24/6/065015
http://doi.org/10.1088/1741-2560/10/1/016004
http://doi.org/10.3389/fneng.2012.00008
http://doi.org/10.1088/0960-1317/25/12/125003
http://doi.org/10.1073/pnas.1202636109
http://www.ncbi.nlm.nih.gov/pubmed/22645374
http://doi.org/10.1088/1741-2552/aadc1d
http://www.ncbi.nlm.nih.gov/pubmed/30132444
http://doi.org/10.1038/nn.3905

Micromachines 2021, 12, 38 27 of 30

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.
111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

Schander, A.; Tesmann, T.; Strokov, S.; Stemmann, H.; Kreiter, A.K.; Lang, W. In-vitro evaluation of the long-term stability of
PEDOT:PSS coated microelectrodes for chronic recording and electrical stimulation of neurons. Proc. Annu. Int. Conf. IEEE Eng.
Med. Biol. Soc. EMBS 2016, 6174-6177. [CrossRef]

Shain, W.; Spataro, L.; Dilgen, J.; Haverstick, K.; Retterer, S.; Isaacson, M.; Saltzman, M.; Turner, ].N. Controlling cellular reactive
responses around neural prosthetic devices using peripheral and local intervention strategies. IEEE Trans. Neural Syst. Rehabil.
Eng. 2003, 11, 186-188. [CrossRef]

Zhong, Y.; McConnell, G.C; Ross, ].D.; Deweerth, S.P.; Bellamkonda, R.V. A novel dexamethasone-releasing, anti-inflammatory
coating for neural implants. In Proceedings of the Conference 2nd International IEEE EMBS Conference on Neural Engineering,
Arlington, VA, USA, 16-19 March 2005; pp. 522-525. [CrossRef]

Jhaveri, S.J.; Hynd, M.R.; Dowell-Mesfin, N.; Turner, ].N.; Shain, W.; Ober, C.K. Release of nerve growth factor from HEMA
hydrogel-coated substrates and its effect on the differentiation of neural cells. Biomacromolecules 2009, 10, 174-183. [CrossRef]
Mattis, J.; Tye, KM.; Ferenczi, E.A.; Ramakrishnan, C.; Daniel, J. Principles for applying optogenetic tools derived from direct
comparative analysis of microbial opsins. Nat. Methods 2012, 9, 159-172. [CrossRef]

Kale, R.P; Kouzani, A.Z.; Walder, K.; Berk, M.; Tye, S.J. Evolution of optogenetic microdevices. Neurophotonics 2015, 2. [CrossRef]
Gong, X.,; Mendoza-Halliday, D.; Ting, J.T.; Kaiser, T.; Sun, X.; Bastos, A.M.; Wimmer, R.D.; Guo, B.; Chen, Q.; Zhou, Y.; et al.
An Ultra-Sensitive Step-Function Opsin for Minimally Invasive Optogenetic Stimulation in Mice and Macaques. Neuron 2020, 107, 38-51.
[CrossRef]

ChR Viewer | TeamPrigge. Available online: http://teamprigge.de/chr-viewer/ (accessed on 22 June 2020).

Gysbrechts, B.; Wang, L.; Nguyen, N.; Trong, D.; Cabral, H.; Navratilova, Z.; Battaglia, F; Saeys, W.; Bartic, C. Light distribution
and thermal effects in the rat brain under optogenetic stimulation. J. Biophotonics. 2016, 585, 576-585. [CrossRef]

Liu, Y,; Jacques, S.L.; Azimipour, M.; Rogers, ].D.; Pashaie, R.; Eliceiri, K.W. OptogenSIM: A 3D Monte Carlo simulation platform
for light delivery design in optogenetics. Biomed. Opt. Express. 2015. [CrossRef] [PubMed]

Shin, Y,; Yoo, M.; Kim, H.S.; Nam, S.K; Kim, H.IL; Lee, SK.; Kim, S.; Kwon, H.S. Characterization of fiber-optic light delivery and
light-induced temperature changes in a rodent brain for precise optogenetic neuromodulation. Biomed. Opt. Express. 2016, 7, 525-534.
Andersen, P.; Moser, E.I. Brain temperature and hippocampal function. Hippocampus 1995, 5, 491-498. [CrossRef] [PubMed]
Thomsen, S. Pathologic analysis of photothermal and photomechnical effects of laser-tissue interactions. Photochem. Photobiol.
1991, 53, 825-835. [CrossRef]

Scharf, R.; Tsunematsu, T.; McAlinden, N.; Dawson, M.D.; Sakata, S.; Mathieson, K. Depth-specific optogenetic control in vivo
with a scalable, high-density plED neural probe. Sci. Rep. 2016, 6, 1-10. [CrossRef]

McAlinden, N.; Massoubre, D.; Richardson, E.; Gu, E.; Sakata, S.; Dawson, M.D.; Mathieson, K. Thermal and optical characteriza-
tion of micro-LED probes for in vivo optogenetic neural stimulation. Opt. Lett. 2013, 38, 992. [CrossRef]

Zhao, H.; Soltan, A.; Maaskant, P.; Dong, N.; Sun, X.; Degenaar, P. A Scalable Optoelectronic Neural Probe Architecture with
Self-Diagnostic Capability. IEEE Trans. Circuits Syst. I Requl. Pap. 2018, 65, 2431-2442. [CrossRef]

Schwaerzle, M.; Nehlich, J.; Ayub, S.; Paul, O.; Ruther, P. Led-based optical cochlear implant on highly flexible triple layer
polyimide substrates. In Proceedings of the 2016 IEEE 29th International Conference on Micro Electro Mechanical Systems
(MEMS), Shanghai, China, 24-28 January 2016; pp. 395-398. [CrossRef]

Reddy, ].W.; Kimukin, I.; Stewart, L.T.; Ahmed, Z.; Barth, A.L.; Towe, E.; Chamanzar, M. High density, double-sided, flexible
optoelectronic neural probes with embedded uLEDs. Front. Genet. 2019, 10, 1-15. [CrossRef]

Park, S.I.; Brenner, D.S.; Shin, G.; Morgan, C.D.; Copits, B.A.; Chung, H.U.; Pullen, M.Y;; Noh, K.N.; Davidson, S.; Oh, SJ.; et al.
Soft, stretchable, fully implantable miniaturized optoelectronic systems for wireless optogenetics. Nat. Biotechnol. 2015, 33, 1280-1286.
[CrossRef]

Fan, B.; Kwon, K.Y.; Weber, A].; Li, W. An implantable, miniaturized SU-8 optical probe for optogenetics-based deep brain
stimulation. In Proceedings of the 2014 36th Annual International Conference of the IEEE Engineering in Medicine and Biology
Society EMBC, Chicago, IL, USA, 26-30 August 2014; pp. 450-453. [CrossRef]

Cao, H.; Gu, L.; Mohanty, S.K.; Chiao, ].C. An integrated uLED optrode for optogenetic stimulation and electrical recording.
IEEE Trans. Biomed. Eng. 2013, 60, 225-229. [CrossRef]

Schwaerzle, M.; Pothof, E; Paul, O.; Ruther, P. High-resolution neural depth probe with integrated 460 NM light emitting diode
for optogenetic applications. In Proceedings of the 2015 Transducers-2015 18th International Conference Solid-State Sensors,
Actuators Microsystems, Transducers, Anchorage, AK, USA, 21-25 June 2015; pp. 1774-1777. [CrossRef]

Sun, J.; Lee, S.J.; Wu, L.; Sarntinoranont, M.; Xie, H. Refractive index measurement of acute rat brain tissue slices using optical
coherence tomography. Opt. Express. 2012, 20, 1084-1095. [CrossRef]

Wu, E; Stark, E.; Im, M.; Cho, L].; Yoon, E.S.; Buzsédki, G.; Wise, K.D.; Yoon, E. An implantable neural probe with monolithically
integrated dielectric waveguide and recording electrodes for optogenetics applications. J. Neural Eng. 2013, 10. [CrossRef]
Schwaerzle, M.; Paul, O.; Ruther, P. Compact silicon-based optrode with integrated laser diode chips, SU-8 waveguides and
platinum electrodes for optogenetic applications. J. Micromech. Microeng. 2017, 27. [CrossRef]

Kampasi, K.; Stark, E.; Seymour, J.; Na, K.; Winful, H.G.; Buzsaki, G.; Wise, K.D.; Yoon, E. Fiberless multicolor neural optoelectrode
for in vivo circuit analysis. Sci. Rep. 2016, 6, 1-13. [CrossRef]

Shin, H.; Son, Y.; Chae, U.; Kim, J.; Choi, N.; Woo, J.; Cho, Y,; Yang, S.H.; Lee, C.J.; Cho, L; et al. Multifunctional multi-shank
neural probe for investigating and modulating long-range neural circuits in vivo. Nat. Commun. 2019. [CrossRef]


http://doi.org/10.1109/EMBC.2016.7592138
http://doi.org/10.1109/TNSRE.2003.814800
http://doi.org/10.1109/CNE.2005.1419674
http://doi.org/10.1021/bm801101e
http://doi.org/10.1038/nmeth.1808
http://doi.org/10.1117/1.NPh.2.3.031206
http://doi.org/10.1016/j.neuron.2020.03.032
http://teamprigge.de/chr-viewer/
http://doi.org/10.1002/jbio.201500106
http://doi.org/10.1364/BOE.6.004859
http://www.ncbi.nlm.nih.gov/pubmed/26713200
http://doi.org/10.1002/hipo.450050602
http://www.ncbi.nlm.nih.gov/pubmed/8646277
http://doi.org/10.1111/j.1751-1097.1991.tb09897.x
http://doi.org/10.1038/srep28381
http://doi.org/10.1364/OL.38.000992
http://doi.org/10.1109/TCSI.2018.2792219
http://doi.org/10.1109/MEMSYS.2016.7421644
http://doi.org/10.3389/fnins.2019.00745
http://doi.org/10.1038/nbt.3415
http://doi.org/10.1109/EMBC.2014.6943625
http://doi.org/10.1109/TBME.2012.2217395
http://doi.org/10.1109/TRANSDUCERS.2015.7181290
http://doi.org/10.1364/OE.20.001084
http://doi.org/10.1088/1741-2560/10/5/056012
http://doi.org/10.1088/1361-6439/aa6ad4
http://doi.org/10.1038/srep30961
http://doi.org/10.1038/s41467-019-11628-5

Micromachines 2021, 12, 38 28 of 30

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.
142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

Sileo, L.; Bitzenhofer, S.H.; Spagnolo, B.; Popplau, J.A.; Holzhammer, T.; Pisanello, M.; Pisano, F,; Bellistri, E.; Maglie, E.; De
Vittorio, M.; et al. Tapered Fibers Combined With a Multi-Electrode Array for Optogenetics in Mouse Medial Prefrontal Cortex.
Front. Neurosci. 2018, 12, 1-10. [CrossRef]

Liu, X;; Lu, Y;; Iseri, E.; Shi, Y.; Kuzum, D. A compact closed-loop optogenetics system based on artifact-free transparent graphene
electrodes. Front. Neurosci. 2018, 12, 1-13. [CrossRef]

Reddy, ].W.; Lassiter, M.; Chamanzar, M. Parylene photonics: A flexible, broadband optical waveguide platform with integrated
micromirrors for biointerfaces. Microsystems Nanoeng. 2020, 6. [CrossRef]

Libbrecht, S.; Hoffman, L.; Welkenhuysen, M.; Van den Haute, C.; Baekelandt, V.; Braeken, D.; Haesler, S. Proximal and
distal modulation of neural activity by spatially confined optogenetic activation with an integrated high-density optoelectrode.
J. Neurophysiol. 2018, 120, 149-161. [CrossRef]

Yoo, S.; Lee, H.; Jun, S.B.; Kim, Y.K,; Ji, C.H. Disposable MEMS optrode array integrated with single LED for neurostimulation.
Sens. Actuators A Phys. 2018, 273, 276-284. [CrossRef]

Stark, E.; Koos, T.; Buzsaki, G. Diode probes for spatiotemporal optical control of multiple neurons in freely moving animals.
J. Neurophysiol. 2012, 108, 349-363. [CrossRef] [PubMed]

Pisanello, F; Mandelbaum, G.; Pisanello, M.; Oldenburg, I.A.; Sileo, L.; Markowitz, J.E.; Peterson, R.E.; Della Patria, A.; Haynes,
T.M.; Emara, M.S; et al. Dynamic illumination of spatially restricted or large brain volumes via a single tapered optical fiber.
Nat. Neurosci. 2017, 20, 1180-1188. [CrossRef] [PubMed]

Reupert, A.; Heck, M.; Nolte, S.; Wondraczek, L. Side-emission properties of femtosecond laser induced scattering centers in
optical fibers. Opt. Mater. Express 2019, 9, 2497. [CrossRef]

Lanzarini-Lopes, M.; Cruz, B.; Garcia-Segura, S.; Alum, A.; Abbaszadegan, M.; Westerhoff, P. Nanoparticle and Transparent
Polymer Coatings Enable UV-C Side-Emission Optical Fibers for Inactivation of Escherichia coli in Water. Environ. Sci. Technol.
2019, 53, 10880-10887. [CrossRef]

Fischer, U.H.P,; Haupt, M.; Joncic, M. Optical Transmission Systems Using Polymeric Fibers; Intech open: London, UK, 2011.
[CrossRef]

Szczurowski, M.K.; Martynkien, T.; Statkiewicz-Barabach, G.; Khan, L.; Webb, D.J.; Ye, C.; Dulieu-Barton, J.; Urbanczyk, W.
Measurements of stress-optic coefficient and Young’s modulus in PMMA fibers drawn under different conditions. Photonic Cryst.
Fibers IV 2010, 7714, 77140G. [CrossRef]

Lu, C,; Park, S.; Richner, T.].; Derry, A.; Brown, I.; Hou, C.; Rao, S.; Kang, J.; Moritz, C.T.; Fink, Y.; et al. Flexible and stretchable
nanowire-coated fibers for optoelectronic probing of spinal cord circuits. Sci. Adv. 2017, 3. [CrossRef]

Park, S.; Guo, Y,; Jia, X.; Choe, HK.; Grena, B.; Kang, J.; Park, J.; Lu, C.; Canales, A.; Chen, R.; et al. One-step optogenetics with
multifunctional flexible polymer fibers. Nat. Neurosci. 2017, 20, 612-619. [CrossRef]

Aden, M.; Roesner, A.; Olowinsky, A. Optical Characterization of Polycarbonate: Influence of Additives on Optical Properties.
Ploymer Phys. 2004, 48, 451-455. [CrossRef]

Niles, W.D.; Coassin, PJ. Cyclic olefin polymers: Innovative materials for high-density multiwell plates. Assay Drug Dev. Technol.
2008, 6, 577-590. [CrossRef]

Khanarian, G. Optical properties of cyclic olefin copolymers. Opt. Eng. 2001, 40, 1024. [CrossRef]

Shabahang, S.; Forward, S.; Yun, S.-H. Polyethersulfone optical fibers with thermally induced microbubbles for custom side-
scattering profiles. Opt. Express 2019, 27, 7560. [CrossRef] [PubMed]

Pazokian, H.; Barzin, J.; Mollabashi, M.; Jelvani, S.; Abolhosseini, S. Exploring the influence of a XeCl laser treatment on
biocompatibility of polyethersulfone film. Laser Phys. 2012, 22, 922-929. [CrossRef]

Nizamoglu, S.; Gather, M.C.; Humar, M.; Choi, M.; Kim, S.; Kim, K.S.; Hahn, S.K.; Scarcelli, G.; Randolph, M.; Redmond, R.W.;
et al. Bioabsorbable polymer optical waveguides for deep-tissue photomedicine. Nat. Commun. 2016, 7, 1-7. [CrossRef] [PubMed]
Gierej, A.; Vagenende, M.; Filipkowski, A.; Siwicki, B.; Buczynski, R.; Thienpont, H.; Van Vlierberghe, S.; Geernaert, T.; Dubruel,
P,; Berghmans, F. Poly(D,L-Lactic Acid) (PDLLA) Biodegradable and Biocompatible Polymer Optical Fiber. ]. Light. Technol. 2019,
37,1916-1923. [CrossRef]

Feng, J.; Jiang, Q.; Rogin, P.; de Oliveira, PW.; del Campo, A. Printed soft optical waveguides of PLA copolymers for guiding
light into tissue. ACS Appl. Mater. Interfaces 2020. [CrossRef]

Fu, R.; Luo, W.,; Nazempour, R.; Tan, D.; Ding, H.; Zhang, K; Yin, L.; Guan, J.; Sheng, X. Implantable and Biodegradable
Poly(I-lactic acid) Fibers for Optical Neural Interfaces. Adv. Opt. Mater. 2018, 6, 1-8. [CrossRef]

Johannsmeier, S.; Torres-Mapa, M.L.; Dipresa, D.; Ripken, T.; Heinemann, D.; Heisterkamp, A. Hydrogels for targeted waveguid-
ing and light diffusion. Opt. Matercial Express 2019, 9, 3925. [CrossRef]

Choi, M.; Choi, J.W.; Kim, S.; Nizamoglu, S.; Hahn, S.K.; Yun, S.H. Light-guiding hydrogels for cell-based sensing and optogenetic
synthesis in vivo. Nat. Photonics 2013, 7, 987-994. [CrossRef]

Torres-Mapa, M.L.; Singh, M.; Simon, O.; Mapa, J.L.; Machida, M.; Giinther, A.; Roth, B.; Heinemann, D.; Terakawa, M.;
Heisterkamp, A. Fabrication of a monolithic lab-on-a-chip platform with integrated hydrogel waveguides for chemical sensing.
Sensors (Switzerland) 2019, 19, 4333. [CrossRef]

Reid, B.; Gibson, M.; Singh, A.; Taube, ].; Furlong, C.; MUrcia, M.; Elisseeff, ]. PEG hydrogel degradation and the role of the
surronding tissue environment. . Tissue Eng. Regen MED 2015, 9, 315-318. [CrossRef] [PubMed]


http://doi.org/10.3389/fnins.2018.00771
http://doi.org/10.3389/fnins.2018.00132
http://doi.org/10.1038/s41378-020-00186-2
http://doi.org/10.1152/jn.00888.2017
http://doi.org/10.1016/j.sna.2018.02.039
http://doi.org/10.1152/jn.00153.2012
http://www.ncbi.nlm.nih.gov/pubmed/22496529
http://doi.org/10.1038/nn.4591
http://www.ncbi.nlm.nih.gov/pubmed/28628101
http://doi.org/10.1364/OME.9.002497
http://doi.org/10.1021/acs.est.9b01958
http://doi.org/10.5772/19448
http://doi.org/10.1117/12.855089
http://doi.org/10.1126/sciadv.1600955
http://doi.org/10.1038/nn.4510
http://doi.org/10.1002/polb.21906
http://doi.org/10.1089/adt.2008.134
http://doi.org/10.1117/1.1369411
http://doi.org/10.1364/OE.27.007560
http://www.ncbi.nlm.nih.gov/pubmed/30876318
http://doi.org/10.1134/S1054660X12050210
http://doi.org/10.1038/ncomms10374
http://www.ncbi.nlm.nih.gov/pubmed/26783091
http://doi.org/10.1109/JLT.2019.2895220
http://doi.org/10.1021/acsami.0c03903
http://doi.org/10.1002/adom.201700941
http://doi.org/10.1364/OME.9.003925
http://doi.org/10.1038/nphoton.2013.278
http://doi.org/10.3390/s19194333
http://doi.org/10.1002/term.1688
http://www.ncbi.nlm.nih.gov/pubmed/23495204

Micromachines 2021, 12, 38 29 of 30

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

Browning, M.B.; Cosgriff-Hernandez, E. Development of a biostable replacement for PEGDA hydrogels. Biomacromolecules 2012,
13, 779-786. [CrossRef] [PubMed]

Browning, M.B.; Cereceres, S.N.; Luong, P.T.; Cosgriff-Hernandez, E.M. Determination of the in vivo degradation mechanism of
PEGDA hydrogels. J. Biomed. Mater. Res. Q. 2014, 102, 4244-4251. [CrossRef]

Ulbricht, J.; Jordan, R.; Luxenhofer, R. On the biodegradability of polyethylene glycol, polypeptoids and poly(2-oxazoline)s.
Biomaterials 2014, 35, 4848-4861. [CrossRef]

Yetisen, A K.; Jiang, N.; Fallahi, A.; Montelongo, Y.; Ruiz-Esparza, G.U.; Tamayol, A.; Zhang, Y.S.; Mahmood, I.; Yang, S.A.; Kim,
K.S.; et al. Glucose-Sensitive Hydrogel Optical Fibers Functionalized with Phenylboronic Acid. Adv. Mater. 2017, 29. [CrossRef]
Guo, J.; Liu, X,; Jiang, N.; Yetisen, A.K,; Yuk, H.; Yang, C.; Khademhosseini, A.; Zhao, X.; Yun, S.H. Highly Stretchable, Strain
Sensing Hydrogel Optical Fibers. Adv. Mater. 2016, 28, 10244-10249. [CrossRef]

Sun, J.Y.; Zhao, X.; llleperuma, W.R.K.; Chaudhuri, O.; Oh, K.H.; Mooney, D.J.; Vlassak, ].J.; Suo, Z. Highly stretchable and tough
hydrogels. Nature 2012, 489, 133-136. [CrossRef]

Xiong, B.; Loss, R.D.; Shields, D.; Pawlik, T.; Hochreiter, R.; Zydney, A.L.; Kumar, M. Polyacrylamide degradation and its
implications in environmental systems. NP] Clean Water 2018, 1. [CrossRef]

Choi, M.; Humar, M,; Kim, S.; Yun, S.H. Step-Index Optical Fiber Made of Biocompatible Hydrogels. Adv. Mater. 2015, 27, 4081-4086.
[CrossRef]

Bouhadir, K.H.; Lee, K.Y.; Alsberg, E.; Damm, K.L.; Anderson, K.W.; Mooney, D.J. Degradation of partially oxidized alginate and
its potential application for tissue engineering. Biotechnol. Prog. 2001, 17, 945-950. [CrossRef]

Shan, D.; Zhang, C.; Kalaba, S.; Mehta, N.; Kim, G.B.; Liu, Z; Yang, J. Flexible biodegradable citrate-based polymeric step-index
optical fiber. Biomaterials 2017, 143, 142-148. [CrossRef] [PubMed]

Zhao, H.; O'Brien, K,; Li, S.; Shepherd, R.E. Optoelectronically innervated soft prosthetic hand via stretchable optical waveguides.
Sci. Robot. 2016, 1, 1-10. [CrossRef] [PubMed]

Kwok, S.J.].; Forward, S.; Wertheimer, C.M.; Liapis, A.C.; Lin, H.H.; Kim, M,; Seiler, T.G.; Birngruber, R.; Kochevar, LE.; Seiler, T.;
et al. Selective equatorial sclera crosslinking in the orbit using a metal-coated polymer waveguide. Investig. Ophthalmol. Vis. Sci.
2019, 60, 2563-2570. [CrossRef] [PubMed]

Vermette, P.; Griesser, H.J.; Laroche, G.; Guidoin, R. Tissue Engineering Intelligence Unit 6; Landes Bioscience: Eurekah, TX, USA,
2001; ISBN 158706023X.

Kwok, S.]J.J.; Kim, M.; Lin, H.H.; Seiler, T.G.; Beck, E.; Shao, P.; Kochevar, L.E.; Seiler, T.; Yun, S.H. Flexible optical waveguides for
uniform periscleral cross-linking. Investig. Ophthalmol. Vis. Sci. 2017, 58, 2596-2602. [CrossRef] [PubMed]

Wang, D.; Sheng, B.; Peng, L.; Huang, Y.; Ni, Z. Flexible and optical fiber sensors composited by graphene and PDMS for motion
detection. Polymers (Basel) 2019, 11, 1433. [CrossRef]

Ersen, A.; Sahin, M. Polydimethylsiloxane-based optical waveguides for tetherless powering of floating microstimulators.
J. Biomed. Opt. 2017, 22. [CrossRef]

Johnston, I.D.; McCluskey, D.K.; Tan, C.K.L.; Tracey, M.C. Mechanical characterization of bulk Sylgard 184 for microfluidics and
microengineering. J. Micromech. Microeng. 2014, 24. [CrossRef]

Ochsner, M.; Dusseiller, M.R.; Grandin, H.M.; Luna-Morris, S.; Textor, M.; Vogel, V.; Smith, M.L. Micro-well arrays for 3D shape
control and high resolution analysis of single cells. Lab Chip 2007, 633, 2-3. [CrossRef]

Missinne, J.; Kalathimekkad, S.; Van Hoe, B.; Bosman, E.; Vanfleteren, J.; Steenberge, G. Van Stretchable optical waveguides.
Opt. Soc. Amerika 2014, 22, 1178-1181. [CrossRef]

Martincek, I.; Pudis, D.; Chalupova, M. Technology for the preparation of PDMS optical fibers and some fiber structures.
IEEE Photonics Technol. Lett. 2014, 26, 1446-1449. [CrossRef]

Zhao, H. Recent progress of development of optogenetic implantable neural probes. Int. J. Mol. Sci. 2017, 18, 1751. [CrossRef]
[PubMed]

Francone, A.; Kehoe, T.; Obieta, I.; Saez-Martinez, V.; Bilbao, L.; Khokhar, A.Z.; Gadegaard, N.; Simao, C.D.; Kehagias, N.; Torres,
C.M.S. Integrated 3D Hydrogel Waveguide Out-Coupler by Step-and-Repeat Thermal Nanoimprint Lithography: A Promising
Sensor Device for Water and pH. Sensors 2018, 18, 3240. [CrossRef] [PubMed]

Bélanger, M.C.; Marois, Y. Hemocompatibility, biocompatibility, inflammatory and in vivo studies of primary reference materials
low-density polyethylene and polydimethylsiloxane: A review. J. Biomed. Mater. Res. 2001, 58, 467-477. [CrossRef]

Hassler, C.; Boretius, T.; Stieglitz, T. Polymers for neural implants. J. Polym. Sci. Part B Polym. Phys. 2011, 49, 18-33. [CrossRef]
Park, J.Y,; Hwang, C.M.; Lee, S.H. Effective methods to improve the biocompatibility of poly (dimethylsiloxane). Biochip ]. 2008, 2, 39-43.
Ionescu, M.; Winton, B.; Wexler, D.; Siegele, R.; Deslantes, A.; Stelcer, E.; Atanacio, A.; Cohen, D.D. Enhanced biocompatibility of
PDMS (polydimethylsiloxane) polymer films by ion irradiation. Nucl. Instrum. Methods Phys. Res. Sect. B Beam Interact. Mater.
Atoms 2012, 273, 161-163. [CrossRef]

Kim, S.H.; Moon, J.H.; Kim, J.H.; Jeong, S.M.; Lee, S.H. Flexible, stretchable and implantable PDMS encapsulated cable for
implantable medical device. Biomed. Eng. Lett. 2011, 1, 199-203. [CrossRef]

Li, Q.; Dhakal, R.; Kim, J. Microdroplet-based On-Demand Drawing of High Aspect-Ratio Elastomeric Micropillar and Its Contact
Sensing Application. Sci. Rep. 2017, 7, 1-10. [CrossRef]


http://doi.org/10.1021/bm201707z
http://www.ncbi.nlm.nih.gov/pubmed/22324325
http://doi.org/10.1002/jbm.a.35096.Determination
http://doi.org/10.1016/j.biomaterials.2014.02.029
http://doi.org/10.1002/adma.201606380
http://doi.org/10.1002/adma.201603160
http://doi.org/10.1038/nature11409
http://doi.org/10.1038/s41545-018-0016-8
http://doi.org/10.1002/adma.201501603
http://doi.org/10.1021/bp010070p
http://doi.org/10.1016/j.biomaterials.2017.08.003
http://www.ncbi.nlm.nih.gov/pubmed/28802101
http://doi.org/10.1126/scirobotics.aai7529
http://www.ncbi.nlm.nih.gov/pubmed/33157858
http://doi.org/10.1167/iovs.19-26709
http://www.ncbi.nlm.nih.gov/pubmed/31212308
http://doi.org/10.1167/iovs.17-21559
http://www.ncbi.nlm.nih.gov/pubmed/28494493
http://doi.org/10.3390/polym11091433
http://doi.org/10.1117/1.JBO.22.5.055005
http://doi.org/10.1088/0960-1317/24/3/035017
http://doi.org/10.1039/b704449f
http://doi.org/10.1364/OE.22.004168
http://doi.org/10.1109/LPT.2014.2326695
http://doi.org/10.3390/ijms18081751
http://www.ncbi.nlm.nih.gov/pubmed/28800085
http://doi.org/10.3390/s18103240
http://www.ncbi.nlm.nih.gov/pubmed/30261650
http://doi.org/10.1002/jbm.1043
http://doi.org/10.1002/polb.22169
http://doi.org/10.1016/j.nimb.2011.07.065
http://doi.org/10.1007/s13534-011-0033-8
http://doi.org/10.1038/s41598-017-17230-3

Micromachines 2021, 12, 38 30 of 30

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

Kacik, D.; Martincek, I. Optical structure with PDMS microfibre for displacement measurement. In Proceedings of the PHOTOPTICS
2017-Proc. 5th International Conference Photonics, Optics and Laser Technology, Porto, Portugal, 21-25 February 2017; pp. 365-368.
[CrossRef]

Snell, K.; Lopez, I; Louie, B.; Kiessling, R.; Sanii, B. Drawing and hydrophobicity-patterning long polydimethylsiloxane silicone
filaments. J. Vis. Exp. 2019, 2019, 1-9. [CrossRef]

Lee, J.; Kim, ]. Fabrication of strongly anchored, high aspect ratio elastomeric microwires for mechanical and optical applications.
J. Micromech. Microeng. 2011, 21. [CrossRef]

Kralik, J.D.; Dimitrov, D.E,; Krupa, D.J.; Katz, D.B.; Cohen, D.; Nicolelis, M.A.L. Techniques for long-term multisite neuronal
ensemble recordings in behaving animals. Methods 2001, 25, 121-150. [CrossRef] [PubMed]

Paralikar, K.J.; Clement, R.S. Collagenase-aided intracortical microelectrode array insertion: Effects on insertion force and
recording performance. IEEE Trans. Biomed. Eng. 2008, 55, 2258-2267. [CrossRef] [PubMed]

Shoffstall, A.J.; Srinivasan, S.; Willis, M.; Stiller, A.M.; Ecker, M.; Voit, W.E.; Pancrazio, ].J.; Capadona, ].R. A Mosquito Inspired
Strategy to Implant Microprobes into the Brain. Sci. Rep. 2018, 1-10. [CrossRef] [PubMed]

Arafat, M.A.; Rubin, L.N,; Jefferys, J.G.R.; Irazoqui, P.P. A Method of Flexible Micro-Wire Electrode Insertion in Rodent for
Chronic Neural Recording and a Device for Electrode Insertion. IEEE Trans. Neural Syst. Rehabil Eng. 2019, 27, 1724-1731.
[CrossRef] [PubMed]

Wen, X.; Wang, B.; Huang, S.; Leo, T.; Lee, M.; Chung, P.; Chow, Y.T.; Huang, I.-W.; Monbouquette, H.G.; Maidment, N.T.; et al.
Flexible, multifunctional neural probe with liquid metal enabled, ultra-large tunable stiffness for deep-brain chemical sensing
and agent delivery. Biosens. Bioelectron. 2019, 131, 37-45. [CrossRef] [PubMed]

Joo, H.R.; Fan, ].L.; Chen, S.; Pebbles, ].A ; Liang, H.; Chung, ].E.; Yorita, A.M.; Tooker, A.C.; Tolosa, V.M.; Geaghan-Breiner, C.;
et al. A microfabricated, 3D-sharpened silicon shuttle for insertion of flexible electrode arrays through dura mater into brain.
J. Neural Eng. 2019, 16. [CrossRef] [PubMed]

Hanson, T.L.; Diaz-Botia, C.A.; Kharazia, V.; Maharbiz, M.M.; Sabes, P.N. The “sewing machine” for minimally invasive neural
recording. bioRxiv 2019, 578542. [CrossRef]

Ware, T.; Simon, D.; Arreaga-Salas, D.E.; Reeder, ].; Rennaker, R.; Keefer, E.W.; Voit, W. Fabrication of responsive, softening neural
interfaces. Adv. Funct. Mater. 2012, 22, 3470-3479. [CrossRef]

Rezaei, S.; Xu, Y.; Pang, S.W. Control of neural probe shank flexibility by fluidic pressure in embedded microchannel using
PDMS/PI hybrid substrate. PLoS ONE 2019, 14, e0220258. [CrossRef]

Felix, S.H.; Shah, K.G.; Tolosa, V.M.; Sheth, H.].; Tooker, A.C.; Delima, T.L.; Jadhav, S.P,; Frank, L.M.; Pannu, S.S. Insertion of
flexible neural probes using rigid stiffeners attached with biodissolvable adhesive. J. Vis. Exp. 2013, 1-12. [CrossRef]

Kozai, T.D.Y,; Kipke, D.R. Insertion shuttle with carboxyl terminated self-assembled monolayer coatings for implanting flexible
polymer neural probes in the brain. J. Neurosci. Methods 2009, 2, 199-205. [CrossRef] [PubMed]

Zhao, Z.; Li, X.; He, F.; Wei, X,; Lin, S. Parallel, minimally-invasive implantation of ultra-flexible neural electrode arrays. J. Neural
Eng. 2019, 16, 035001. [CrossRef] [PubMed]

Zhang, S.; Wang, C.; Gao, H.; Yu, C; Yan, Q.; Lu, Y; Tao, Z.; Linghu, C.; Chen, Z.; Xu, K; et al. A Removable Insertion Shuttle for
Ultraflexible Neural Probe Implantation with Stable Chronic Brain Electrophysiological Recording. Adv. Mater. Interfaces 2020, 7, 1-8.
[CrossRef]

Takeuchi, S.; Ziegler, D.; Yoshida, Y.; Mabuchi, K.; Suzuki, T. Parylene flexible neural probes integrated with microfluidic channels.
Lab. Chip. 2005, 5, 519-523. [CrossRef] [PubMed]

Wu, E; Tien, L.; Chen, F,; Kaplan, D.; Berke, ].; Yoon, E. A multi-shank silk-backed parylene neural probe for reliable chronic
recording. In Proceedings of the 2013 Transducers Eurosensors XXVII 17th International Conference Solid-State Sensors, Actuators
Microsystems, Transducers Eurosensors, Barcelona, Spain, 16-20 June 2013; pp. 888-891. [CrossRef]

Lind, G.; Linsmeier, C.E.; Thelin, J.; Schouenborg, J. Gelatine-embedded electrodes - A novel biocompatible vehicle allowing
implantation of highly flexible microelectrodes. J. Neural Eng. 2010, 7. [CrossRef] [PubMed]


http://doi.org/10.5220/0006298603650368
http://doi.org/10.3791/58826
http://doi.org/10.1088/0960-1317/21/8/085016
http://doi.org/10.1006/meth.2001.1231
http://www.ncbi.nlm.nih.gov/pubmed/11812202
http://doi.org/10.1109/TBME.2008.923150
http://www.ncbi.nlm.nih.gov/pubmed/18713695
http://doi.org/10.1038/s41598-017-18522-4
http://www.ncbi.nlm.nih.gov/pubmed/29317748
http://doi.org/10.1109/TNSRE.2019.2932032
http://www.ncbi.nlm.nih.gov/pubmed/31380762
http://doi.org/10.1016/j.bios.2019.01.060
http://www.ncbi.nlm.nih.gov/pubmed/30818131
http://doi.org/10.1088/1741-2552/ab2b2e
http://www.ncbi.nlm.nih.gov/pubmed/31216526
http://doi.org/10.1101/578542
http://doi.org/10.1002/adfm.201200200
http://doi.org/10.1371/journal.pone.0220258
http://doi.org/10.3791/50609
http://doi.org/10.1016/j.jneumeth.2009.08.002
http://www.ncbi.nlm.nih.gov/pubmed/19666051
http://doi.org/10.1088/1741-2552/ab05b6
http://www.ncbi.nlm.nih.gov/pubmed/30736013
http://doi.org/10.1002/admi.201901775
http://doi.org/10.1039/b417497f
http://www.ncbi.nlm.nih.gov/pubmed/15856088
http://doi.org/10.1109/Transducers.2013.6626910
http://doi.org/10.1088/1741-2560/7/4/046005
http://www.ncbi.nlm.nih.gov/pubmed/20551508

	Background 
	Biological Constraints of Long-Term Implantation of Optrodes 
	Neural Activity Monitoring 
	Electrode Designs That Elicit a Minimal Foreign Body Response 
	Reduction of the Electrode-Tissue Impedance 

	Neural Tissue Illumination 
	Implanted LED-Based Light Delivery 
	Waveguide-Based Light Delivery 
	Waveguide-on-Carrier 
	Optical Fibers 
	Low-Modulus Waveguides and Optical Fibers 


	Implantation Methods for Soft/Flexible Neural Implants 
	External Measures for Eased Probe Implantation 
	Temporary Stiffeners 
	Stiff Probes That Soften after Implantation 
	Insertion Shuttles 
	Dissolvable Coatings 


	Conclusions and Outlook 
	References

