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Figure 5. (a) Illustration depicting experimental ensemble combining optical stimulation with ptECoG
in a mouse model. (b) Optical illumination and stimulation spatially control over the mouse brain
and pECoG via an optical fiber. (c) Spatial mapping of local field potentials obtained from a graphene
HECoG throughout an optically evoked potential on the cortex of a channel rhodopsin positive
mouse; x-scale bars represent 50 ms, y-scale bars represent 100 uV. (d) Post-mortem control depicting
photo-electric artefact generated during blue-light optical stimulation; x-scale bar, 50 ms; y-scale bars,
100 V. Reprinted with permission from Reference [44].

Previously reported ntECoG devices are summarized in Table 1. For reference, penetrating
electrode works are also summarized in Table 2.

Table 1. Comparison of different electrocorticography (ECoG) and micro-ECoG (LEC0G) electrodes
with regards to various parameters.

Layout :/}‘al::‘i-::z Re;":‘:elzil?te Size/Impedance Notes Reference (Year)
) 1 mm? 255 channels
2D planar array Polyimide Pt LFP and ECoG recording [22] (2009)
1.5-5kQ)
awake monkey for 4 months
LFP and ECoG recording in
2D planar array Parylene C Au-PEDOT:PSS 10 x 10 pm? freely moving rat and [61] (2015)
) 02MQ humans
256 channels
Transparency
Diameter: 150-200 evoked potential by light
D planararray ~ L2vlene € Graphene 1tm, 100-600 kO (Op(ogenitics)(lifeti}r]neg>70 [44] (2014)
days)
Diameter: 150-200
Parylene C Pt um (lifetime >70 days)
50-300 kO
2D planar array ~ Silicone rubber Pt - SEP recording (ECoG) and [62] (2011)

stimulation
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Table 1. Cont.

Substrate Recording Site

Layout Materials Materials Size/Impedance Notes Reference (Year)
49-channel
Sputtered indium tin (Pitch of 800 um ) Design, fabrication, p
2D planar array Parylene C oxide (ITO) 16-channel and characterization 48] (2011)
(Pitch of 200 pm)
Sputtered indium tin Diameter: 200 um Optogenetics with
2D planararray  Parylene C oxide (ITO) 100-200 kO integrated LEDs [49] (2013)
100 % 100 recording from rat
2D planar array Polyimide Au-PEDOT u:; 10 pm somatosensory cortex [63] (2015)
) in vivo
. 10 x 10 um Spike recording from surface
2D planar array Parylene C PEDOT:PSS 210-50 kO (NeuroGrid),256 channel [61] (2015)
Multiplexing with
2 P =4
2D planar array Polyimide Pt 300 x 300 pm integrated transistors [71(2011)
~20 kQ Lo
Electrographic seizures
2D planar array 124-channel pECoG and
N - Diameter: 200 pm 32-channel microdrive, y
ina cl;\tazber Polyimide Au 2445 kO Multi-unit, LFP, [64] (2015)
syste WUECoG comparison
planararmay, b ene ¢ Pt Diameter: 200 um 16 channel, optimizing [65] (2013)
perforated vascular imaging.
2D planararray ~ Polyimide Ptand Au D“““;‘fgfgo pm 32-channel LECoG [66] (2011)
Diameter: 200 16 channel uECoG arrays,
2D planar array Parylene C Pt Lm<1000 kO varying array footprint. [67] (2014)
. Mesh structure for
2D planar array Silk Au 30 electrodes conformal contact [68] (2010)
360 channels each . . .
2D planar array Polyimide Pt electrode Multip lexe.?l us}ng Si [7] (2011)
transistors

300 um x 300 um
256 channels overall

2D planar array PLGA Si 3em x 3.5 cm Bioresorbable [69,70] (2016/2012)

2D, two-dimensional; Pt, platinum; Au, gold; Si, silicon; LED, light-emitting diode; LFP, local field potential;
PLGA, poly(lactic-co-glycolic acid); PEDOT, poly(3,4-ethylenedioxythiophene); PSS, poly(styrenesulfonate); SEP,
somatosensory evoked potential.

Table 2. Comparison of different penetrating electrodes with regards to various parameters.

Electrode Substrate Recording Site . Reference
Type Layout Materials Materials Size/lmpedance Notes (Year)
. 50 um x50 pm Primary auditory cortex
o 3D array N/A Stainless 64 channels (rat, ECoG recording) 1711 (2006)
Micro wire 3D arta N/A Stainless 50 um x 50 um Single cortical (721 2003)
Y Or Tungsten Teflon coated neurons (monkey)
3D array N/A Tungsten 35 um? Cerebral cortex (rat) [73] (1999)
o Assembled . 100 um?,
Michigan 3D array Si Ir 2 MO LFP [74] (2000)
: Cerebral cortex (rat)
2
Michigan ~ Assembled 15 um thickness Ir 177 um?, 0.72MQ Chronic recording [75] (2004)
3D array of Si 312 um?, 1.65 MQ)
(127 days)
Lo . Gold, 9.1 MQ Single unit
Michigan 2D array Si PEDOT & Au PEDOT, 0.37 MQ implanted in layer V (rat) [76] (2011)
PEDOT VS Carbon
A new set of materials
2 . to make
Michigan 2D array Si PEDOT - fundamental [77] (2012)
Chronic single unit spikes
in cortex
10 x 10 . . Width 80 pum, length . . L
Utah 3D array Doped Si Ti/Pt (50/240 nm) 1500 pm Insulated with polyimide [78] (1992)

Tip exposed (500 um)

Utah 1010 Doped Si PY/Ir 100-300 kO Cat auditory & (79] (1999)
3D array .
visual cortex
10 % 10 Tip exposed (40 um)
Utah Doped Si Pt/Ir 1600 um? 100-750 kO Primary motor cortex [80] (2005)
3D array
(M1, monkey)
Cortical
. 125 k) . . s
10 x 10 Doped Si Pt 2 stimulation/recording
Utah 3D array 2mC-cm (>90 days in vitro) 143] (2010)
Cortical
. Sputtered iridium 6 kQ . . .
Doped Si oxide film (SIROF) 0.3 mC.cm 2 sumulahon/v recx?rdlng
(>90 days in vitro)
Unrestricted . 72 channels
Utah freedom in thici?'fJes::)f si (Sogééjég;m) 1-2MQ Recording LFP in layers 1, [81] (2009)
the 2D probe 2, and 3 for 15 days

3D, three-dimensional; Ir, iridium; Ti, titanium.
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3.5. Bioresorbable Silicon

In clinical neurological monitoring involving nECoG with the abovementioned materials, a second
surgical procedure for removal of the device is typically performed after the recording is over. Whether
the implant is extensive or not, such a second procedure often adds cost and risk. In most cases,
one to three weeks of recording is required. Ideally, a temporary monitoring system that can
dissolve or disappear after the suggested period of implant time would eliminate such a second
surgical procedure. Recent advances in silicon devices demonstrated bioresorbable forms of silicon
sensors and electronics, where ultrathin silicon nanomembranes disappear after a certain period
of time in fluids. For instance, a hydrolysis demonstration of block silicon nanomembrane (initial
dimensions: 3 mm x 3 mm x 70 nm) in phosphate-buffered saline (PBS) at 37 °C suggests that a
complete dissolution occurs after 12 days. It was also demonstrated that the constituent materials
comprising such bioresorbable sensors and electronics are biocompatible, which is suitable for
biomedical applications [70].

Precise recordings of brain signals from the cerebral cortex were achieved utilizing bioresorbable
silicon electronics [69]. With an array of electrodes made of silicon nanomembranes mounted on
bioresorbable poly(lactic-co-glycolic acid) (PLGA) substrate, the flexible tECoG device could achieve
conformal contact with the cortex, owing to the ultrathin structure of the device. This technique of
utilizing bioresorbable substrate was also demonstrated with traditional metal electrodes where the
conformability of the electrodes was improved by eliminating the normal substrate, such as polyimide,
and replacing it with bioresorbable silk [68]. Furthermore, sophisticated bioresorbable silicon tECoG
arrays with actively multiplexed electronics involving silicon transistors were demonstrated for large
array-based spatial mapping of cortical activity. The multiplexed electrode array using flexible silicon
electronics was proven to achieve extremely high density (up to 25,600 channels) for precise mapping of
the brain activity. Such a concept provides a robust foundation for bioresorbable implantable electrode
technology, especially as the use of silicon aligns well with mature semiconductor manufacturing
infrastructure [7].

Drawing from the Tables 1 and 2, a multitude of different studies can be formulated. Overall,
the use of different materials within the microarrays is still up for debate, and wide varieties are
still in testing. Additional materials such as graphene and poly(ethylenedioxythiphene) (PEDOT)
were added to the traditional materials. These vary greatly from the traditional metallic electrodes
in composition, but strive to imitate the electrical characteristics that are desirable [60]. In all cases,
the general characteristics are known, but with each material having its own specific drawbacks.
Overall, neuro-recording and stimulation are emerging fields, as a greater understanding of brain
processes is required. Given this push, along with precise manufacturing techniques, the variety of
implementation will go up. However, until long-term studies can be completed, the use of the original
metallic electrode microarrays (Pt, Ir, and Tn) will remain the clinical standard.

4. Host Response to tECoG Devices

The brain has a unique and complex response to trauma that is heavily mediated by neurogenic
inflammation. The complex inflammatory response to brain injury following trauma can be
neuroprotective, but can also result in secondary injury, driving chronic neural injury. Neurogenic
inflammation in response to trauma is beyond the scope of this review, and was best described
elsewhere [47,82-84]. Of particular interest to this review is the chronic foreign body response (FBR),
as implanted electrodes often incite an FBR, which can both affect the performance of implanted
electrodes and the surrounding brain tissue itself [47,85,86].

Whilst host cells immediately respond to the surgical injury itself, the foreign body (electrode)
induces chronic inflammation at the biotic—abiotic interface [47,87]. At the biotic—abiotic interface,
microglia (resident immune cells of the central nervous system (CNS), analogous to macrophages in
the rest of the body) become activated, undergo gliosis, and eventually encapsulate the implanted
device [47]. The primary cause of this reaction is yet to be elucidated; however, the strongest evidence
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indicates that a mismatch between implanted materials and tissue compliance heavily mediates
the activation of microglia, as demonstrated by several eloquent in vitro studies [88,89]. Increasing
evidence demonstrates the importance of material properties on cell fate, including neural stem and
progenitor cells, which holds implications for neural regeneration around the electrode site [90].

The most invasive electrodes, such as penetrating electrode arrays, cause the most trauma at
the time of implant, and also elicit the greatest FBR response as a result of increased surface area
between the implanted foreign body and the native tissue [85,86]. In contrast, less invasive devices,
such as tECoG, are thought to generally elicit less of a response, demonstrated by greater electrode
longevity [66,67,91].

Most commonly, implanted devices (particularly penetrating devices) become encapsulated in a
glial scar similar to macrophage-induced fibrosis in other organs [92]. The foreign body response is
dynamic, and considered an evolutionary survival mechanism to either remove or compartmentalize
foreign objects (not self), preventing their interaction with surrounding tissues (self) as a means of
self-preservation. The glial scar, astrocytes and microglia responding to a foreign body, can isolate
the electrode from the desired neurons and insulate it from the rest of the cortex. This can lead to
an increase in impedance, and make it harder for the electrode to record the electrical activity of the
underlying tissue [47,59,85,86]. Astrocytes can be identified by increased expression of glial fibrillary
acidic protein (GFAP) and vimentin [93,94]. Microglia are often identified by immunostaining for
ionized calcium-binding adaptor molecule 1 (Ibal). Glial scars consist of an excess of extracellular
matrix, including collagen IV and chondroitin sulfate proteoglycans [95]. The increase in inflammatory
cell density and extracellular matrix deposition both lead to increased impedance and decreased
recording capability [59].

Aside from the cellular elements of scarring, molecular elements such as proteins are known to
adhere to the surface of recording sites (biofouling). These protein layers typically have no reactive
impedance on signals below 5 MHz. Therefore, the buildup of protein can be modeled as an increase in
series electrolytic resistance in the equivalent circuit. The electrode-electrolyte interface impedance is
comparable to that of a high-pass filter, with larger impedances for low-frequency signals. This increase
in electrolytic resistance increases the impedance for signals of all frequencies. This causes an upward
shift in the virtual cutoff frequency, making the device more susceptible to noise at lower frequencies,
and decreases the amplitude seen by the amplifier circuit, lowering the signal-to-noise ratio (SNR).
Electrode design factors such as geometry, materials, and level of invasiveness all play important roles
in the longevity of electrodes by reducing glial scar formation and biofouling. Providing open space
as opposed to solid electrodes was shown to reduce scar formation [77,96]. Reducing invasiveness
(LECoG vs. penetrating arrays) may also reduce scaring through reducing trauma, both to the
parenchyma and the blood-brain barrier [67,87].

The host response can significantly affect the performance of the electrode. Typically, the implanted
neural electrodes show a large increase in the impedance of the electrode after implantation for the first
7-10 days [44,59,65]. This is speculated to primarily be due to the host response to the implantation
surgery rather than electrode degradation.

5. Role of ECoG and pECoG in Human Disease and BCI

The role of macro- and micro-ECoG for the clinical treatment of human patients is expanding.
Seizure focus localization is the major traditional role for ECoG clinically [97,98]. Intraoperative ECoG
can be used to identify abnormal interictal discharges as a proxy for the epileptic focus, but numerous
constraints, especially limited time, make identification of a seizure focus in the operating room
unreliable. Instead, temporarily implanted subdural ECoG arrays, often in conjunction with depth
electrodes, provide longer-term monitoring, during which withdrawal of antiepileptic drugs and
recording of multiple seizures can help localize the region of seizure onset [11,18,97].

In addition to localizing the source of seizures, ECoG can also be used to localize the eloquent
cortex that must be spared during surgical resection. Traditionally, this is achieved with intraoperative
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mapping via bipolar cortical stimulation and identification of corresponding motor/sensory response
or speech arrest, with ECoG arrays utilized to monitor for stimulation-induced after-discharges,
which raise concern for stimulation-induced seizures. Performing eloquent cortex mapping with
stimulation via an implanted ECoG array outside the operating room removes time constraints and
results in a more detailed functional map. Cortical mapping using implanted ECoG arrays outside the
operating room also negates the need for awake surgery, a key concern to maximize patient comfort
especially for those patients unable to tolerate awake surgery [8,9,11,18,30,99,100].

The unpredictability of seizures is one of the sources of morbidity in epilepsy. If a patient
has some warning of an impending seizure, they may be able to prepare for the event by making
modifications to their physical environment or medication dosing. An implanted subdural ECoG array
(NeuroVista, Seattle, WA, USA) linked to a subcutaneously implanted battery and telemetry unit that
communicates with a patient advisory device was used to provide patients with an early warning of a
possible impending seizure, with promising results reported in 2013 in an early feasibility human trial
involving 15 patients [101].

The ability to detect impending seizure activity also opens the possibility of potentially
interrupting that activity with direct responsive neurostimulation (RNS). In patients with seizure
foci that are not amenable to surgical resection (e.g., foci involving the eloquent cortex or bilateral
hippocampi), responsive neurostimulation (NeuroPace, Inc., Mountain View, CA, USA.) was shown in
a randomized multicenter double-blinded controlled trial involving 191 patients to significantly
decrease the frequency of partial-onset seizures, with a median reduction of 53% at two years.
This system utilized either ECoG strip electrodes (1 x 4) or depth electrodes to provide continuous
monitoring of electrical activity with subsequent stimulation based on specific abnormalities associated
with seizure onset [102,103].

In an investigative fashion, subdural ECoG was used in humans to evaluate cortical activity
surrounding areas of brain injury in patients with ischemic stroke, traumatic brain injury,
and aneurysmal subarachnoid hemorrhage. These studies demonstrated frequent episodes of cortical
spreading depolarization and depression around the area of injury and the resultant increased
metabolic demand was associated with neurological worsening. It is uncertain at this time whether
interventions based on detecting these episodes of cortical spreading depolarization or preventing
them can be used to improve clinical outcomes [104-107].

Cortical stimulation via ECoG, coupled with rehabilitation therapy, was also postulated to aid
functional recovery after stroke. Despite promising animal studies [57,108-113] and early human
trials [114-117], a large multicenter randomized controlled human trial using a fully implanted
epidural ECoG array and battery (Northstar Neuroscience, Inc, Seattle, WA, USA) to deliver continuous
stimulation over an area of chronic infarct, combined with intensive therapy, failed to demonstrate
clinically significant benefit [118,119].

The application of BCI for the control of prosthetic limbs exploded in the last decade,
predominantly encouraged by the Defense Advanced Research Projects Agency’s (DARPA)
Revolutionizing Prosthetics Program [120]. Several groups demonstrated various applications
for uECoG in the decoding of upper limb movements for control of prosthetics by humans,
including virtual hand opening and closing [32], finger movements [6], and wrist movements [121].
Leuthardt et al. demonstrated that tECoG can be used to identify and separate motor movements
in the wrist from <5 mm of motor cortex in humans [121], whilst Wang et al. showed that utECoG
can be used by a patient with tetraplegia to control a cursor on a computer in both two and three
dimensions [122]. Micro-ECoG is yet to be tested for the range of applications of its macro predecessor,
such as for controlling the latest multifaceted, modular upper prosthetic limbs [123].

6. Discussion and Future Direction

The development of multichannel neural interfaces, including tECoG, allowed for great advances
in understanding the link between neural activity and body function, as well as exploring the cause
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of neurological disorders such as epilepsy. Furthermore, these technologies enable the development
of neuroprosthetic devices and therapies that hold tremendous potential to restore an individual’s
motor and sensory function that was lost to disease or traumatic injury. Due to its balance between
invasiveness, spatial resolution, and biocompatibility, tECoG is a technology that is ideally placed to
provide stable, reliable neural interfaces for years to come in both the research and clinical domains.

The use of tECoG in basic science and pre-clinical research gained significant momentum over
the past decade especially for work exploring brain—-computer interfaces and examining the viability
of cortex following neural injury. However, nEcoG is still not the preferred method for recording
cortical neural activity in the majority of neuroscience research, as it struggles to isolate the spiking
activity of individual neurons, especially those from deeper cortical layers. The relationship between
spiking activity in deeper cortical layers and the signal recorded by nECoG is an active area of research
for many in vivo biophysical and computational modeling studies. We expect that results of these
experiments could result in new techniques for localizing and predicting individual sources of neural
activity leading to the greater usage of tECoG technology.

Despite the potential of tECoG alone, we see its greatest potential when used in concert
with optical stimulation/imaging techniques to dissect the function of neural circuits. As we
discussed above, the development of optically clear tECoG electrodes enables the simultaneous
recording of cortical potentials and neural stimulation via optogenetic techniques (see Figure 5).
More exciting is the combination of optically clear tECoG electrodes, advanced optical imaging
modalities (i.e., multiphoton imaging and light sheet microscopy), and animal models with genetically
encoded sensors offering the opportunity to interrogate structures located farther from the cortical
surface. These techniques offer the ability to explore the relationship between electrophysiology,
cellular metabolism, and vascular dynamics, which will be necessary to understand the etiology of
many neural diseases like epilepsy.

Although pECoG shows great promise for clinical application, it has yet to reach widespread
utilization in the diagnosis and treatment of human disease. The underwhelming use of tECoG in
clinical settings stems from two factors. Firstly, there is currently no Food and Drug Administration
(FDA)-approved device/indication for tECoG. While challenging, gaining the approval of regulators
seems a matter of time given the similarity of tECoG with its technological cousin, ECoG. We expect
that this obstacle will be overcome in the near future. Secondly, there is currently no pressing clinical
need for tECoG, as current-generation ECoG technology satisfies today’s clinical usage. For example,
the use of ECoG in epilepsy patients drove much of what is currently known about the functional
organization of the human cortex. We expect the use of tECoG to further push the boundaries
established by conventional ECoG due to its ability to measure more detailed electrophysiological data,
and the less invasive nature of tECoG has the potential expand the patient population appropriate for
implanted devices. We believe that the application of tECoG for BCI will soon replace macro-ECoG as
the new standard, due to its higher spatio-temporal resolution and reduced manufacturing limitations.

Aside from replacing current-generation ECoG with tECoG, new clinical indications requiring
uECoG are on the horizon. Implanted devices, such as deep brain stimulation for movement disorders
and responsive neurostimulation for the treatment of epilepsy, moved out of labs and are now
standard-of-care treatment for thousands of patients. Micro-ECoG will most certainly be used to
add closed-loop stimulation capabilities to the future generation of neuromodulation devices. Here,
UECoG could provide a richer stream of electrophysiological information that will fine-tune decisions
regarding when and where to initiate therapeutic stimulation. Furthermore, tECoG could most
certainly be used to monitor neural signals in the first-generation clinical neuroprosthetic devices
due to its relatively high spatial resolution and biocompatibility. However, the clinical viability of
neuroprosthetic devices hinges on improvements in the wireless transmission of data and power, which
will allow for a fully implantable form factor. We see a potentially bright future for uECoG technologies,
one where many patients will see benefits from future generations of implanted neuromodulation
and neuroprosthetic devices. The use and utility of tECoG is clearly ascending, as its core and

323



Micromachines 2019, 10, 62

supporting technologies are being refined and new applications are being imagined. Next-generation
technologies could be catalyzed by the development of tECoG devices that are fully untethered
from the external world and include all of the necessary electronics (i.e., data acquisition, power
transmission, and communication) directly on the device [124-127]. Such developments will enable
integrated neuroprosthetic and neuromodulation systems that will have the ability to function for the
lifetime of the patient.
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Abstract: Advanced electrode designs have made single-unit neural recordings commonplace
in modern neuroscience research. However, single-unit resolution remains out of reach for the
intrinsic neurons of the gastrointestinal system. Single-unit recordings of the enteric (gut) nervous
system have been conducted in anesthetized animal models and excised tissue, but there is a large
physiological gap between awake and anesthetized animals, particularly for the enteric nervous
system. Here, we describe the opportunity for advancing enteric neuroscience offered by single-unit
recording capabilities in awake animals. We highlight the primary challenges to microelectrodes in
the gastrointestinal system including structural, physiological, and signal quality challenges, and we
provide design criteria recommendations for enteric microelectrodes.

Keywords: microelectrodes; in vivo electrophysiology; neural interfaces; enteric nervous system;
conscious recording; electrode implantation

1. Introduction

The enteric nervous system is a subdivision of the peripheral, autonomic nervous system that
resides in the gastrointestinal tract (Figure 1A-C). The small intestine alone has been estimated to
contain more than 733,000 neurons in the mouse, 3.7 million neurons in the guinea-pig, and 88 million
neurons in the sheep [1]. The human enteric nervous system is estimated to contain between 200 and
600 million neurons, roughly as many as the spinal cord [2]. For over a century, the enteric nervous
system has been known to regulate gastrointestinal motility, and the circuitry controlling basic motor
patterns is relatively well understood [3]. Pathologies of the enteric nervous system include functional
and motility disorders, developmental disorders, and neurological disorders [4,5].
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Figure 1. Anatomy of the enteric nervous system. A segment of the gastrointestinal tract and the
anatomical tissue layers. Pan-neuronal marker HuC/D (A) and neuron tubulin marker Tuj-1 (B) imaged
in whole intestinal tissue by light sheet microscopy, adapted from [6]; (C) Immunoreactive labelling of
cell nuclei (DAPI, blue) and neuron tubulin (Tuj-1, red) in sections of the intestine, adapted from [7];
(D) Histology of (i) healthy colon; (ii) inflamed colon; and (iii) inflamed small intestine with crypt
abscess (arrowhead) and granuloma (arrows).

Despite its size and importance, the enteric nervous system is under-examined compared to other
systems in neuroscience. Our knowledge of enteric neuroscience remains antiquated compared to
the central nervous system because of the lack of specialized tools and methods. For instance, it has
been possible to record cortical neurons intracellularly in freely-moving animals [8], and calcium
activity from populations of cortical neurons in head-fixed animals [9] for over a decade. In contrast,
recordings from the enteric neurons have been conducted almost exclusively in excised tissue.

Classical enteric electrophysiology is conducted using flat-sheet preparations, a method that has
remained largely unchanged for decades. As enteric neuroscience progresses, flat-sheet preparations
are not sufficient to investigate the interactions of the enteric nervous system with other systems,
including the gut-brain axis, neuro-immune crosstalk, interaction with microbiota, etc., in living
systems. For proper context, our understanding of these systems will be enhanced by measurements
in live animal models, which offer greater physiological fidelity and greater potential for translational
research. However, technology for awake, single-unit recordings in the gastrointestinal system
is underdeveloped.

Currently, in vivo neural recordings from the gastrointestinal tract must be conducted under
anesthesia, presumably during acute, non-survival surgical procedures. Anesthesia and invasive
surgical procedures greatly alter the physiology of the gastrointestinal environment, directly affecting
neurotransmission and motility. To fully realize the advantages of in vivo enteric electrophysiology,
neural recording and stimulation must be conducted in conscious animal models. Advancing
neurogastroenterology with the tools for single-unit recordings in awake animal models demands new
and innovative neural microelectrode technology.

First, we review the traditional methods for enteric electrophysiology, discussing ex vivo
preparations and the limitations of anesthetized in vivo neural recordings. Secondly, we discuss
the current challenges to single-unit recordings from enteric neurons in awake animal models, such
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as gastrointestinal pathophysiology (Figure 1D). Finally, we consider design criteria for novel enteric
microelectrodes and potential applications of single-unit recordings from conscious animals and the
potential synergy with other novel technologies.

2. Classical Methods for Enteric Electrophysiology

Electrophysiology in the enteric nervous system has largely been conducted in excised tissue
(Figure 2). Excised tissue can be kept alive and functional for several hours, often with direct access
to enteric ganglia. More complex preparations have been developed to capture neural activity with
greater physiological relevance, such as suction electrodes for whole-organ recordings. Enteric neuron
recordings are rarely conducted in vivo. In this section, we discuss the advantages and limitations of
flat-sheet and whole-organ preparations, and the challenges of anesthetized recordings.

Flat-sheet preparations

M
SM
SMP
CM
MP
LM

(0) \\ Whole-organ (d) Anesthetized in vivo
\ / > —— D)

S5 N . a \

- / ‘—wl%/é,, — ==

4 —_—

Figure 2. Classical methods for enteric electrophysiology. (a) Flat-sheet LMMP preparation; (b)
Full-thickness flat-sheet preparation; (¢) Whole-organ preparation; (d) Anesthetized in vivo preparation.
M: mucosa, SM: submucosa, SMP: submucosal plexus, CM: circular muscle, MP: myenteric plexus, LM:
longitudinal muscle.

2.1. Neural Recordings in Excised Tissue

Enteric neural recordings are most commonly conducted ex vivo, using flat-sheet preparations
in organ baths. In these preparations, the gastrointestinal tract is dissected out, opened along the
mesenteric border, and pinned flat in a Sylgard dish. The mucosa, submucosa, and circular muscle
is frequently dissected away, leaving only the myenteric plexus attached to the longitudinal muscle
(LMMP) [10]. The flat-sheet LMMP preparation was fundamental for the intracellular recordings
that first classified electrophysiology in enteric neurons as S (Type 1) or AH (Type 2) neurons [11,12].
Although the electrophysiology classification system is less frequently used than neurochemical or
functional classification [13,14], it is often used to characterize patient biopsies [15]. The primary
advantage of this preparation is the accessibility of myenteric ganglia for pharmacological assays
with extracellular recordings, patch clamp recordings, etc. [16]. However, the flat-sheet LMMP
preparation has limited applications because the submucosal plexus, circular muscle, lamina propria,
and epithelium have been dissected away. Therefore, this preparation is not suitable for examining the
effect of intraluminal stimuli or communication with epithelial cells, resident immune cells, submucosal
neurons, or circular muscle.

Alternatively, the full-thickness flat-sheet preparation maintains the connections to circular
muscle, submucosal plexus, lamina propria, and epithelium. As a result, the full-thickness flat-sheet
preparation is ideal for examining intraluminal stimuli and interactions between enteric neurons and
the epithelium, resident immune cells, and smooth muscle. For example, Spencer and colleagues have
revealed novel firing patterns in enteric neurons that drive coordinated smooth muscle response
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using the full-thickness flat-sheet preparations [17,18]. The full-thickness flat-sheet preparation
is also advantageous for calcium imaging because it captures either plexus in a single imaging
plane [19,20]. However, myenteric and submucosal neurons are enclosed within the smooth muscle
layers and the lamina propria in the full-thickness flat preparation, making single-unit and intracellular
recordings prohibitive in this preparation. A fundamental limitation of all flat-sheet preparations is
the longitudinal incision along the mesenteric border. This incision disrupts the electrical syncytium,
particularly in the circular muscle, and severs many circumferentially projecting fibers. Further,
the flat-sheet preparation is not well equipped to propel luminal contents.

Gastrointestinal motility patterns are better examined in whole-organ preparations [21,22].
Whole-organ preparations maintain the intrinsic connections of the enteric nervous system, leaving
the smooth muscle, lamina propria, and epithelial layers intact. Whole-organ preparations consist of
intact segments of the gastrointestinal tract in organ baths, and they are well-suited for examining
gastrointestinal motility patterns or intraluminal stimuli because the longitudinal and circular
smooth muscles remain functional and intact. As with the full-thickness flat-sheet preparation,
the enteric neurons in whole-organ preparations are inaccessible by classical electrophysiology
methods. Suction electrodes on the serosal surface provide an alternate method by measuring smooth
muscle activity in whole-organ and full-thickness flat-sheet preparations, but they are inadequate to
describe enteric neural activity directly [23-25].

Neural recordings from excised tissue present a convenient platform for examining single-unit
response under a variety of conditions and stimuli. However, several limitations exist for all excised
tissue preparations, including, most notably, the lack of peripheral innervation and extrinsic circuitry.
In some ex vivo preparations, peripheral fiber recordings are possible, but they lack extrinsic circuits
in the central nervous system [26,27]. The limitations of ex vivo preparations can be addressed by
studying the enteric nervous system in live animal models.

2.2. Challenges of Anesthetized Recordings from Enteric Neurons

Anesthesia allows for recordings from live animal models, which provide more
physiologically-relevant conditions compared to excised tissue. Due to current technological
limitations, flat-sheet preparations are better suited for single-unit recordings than anesthetized
recordings. Additionally, anesthesia greatly changes gastrointestinal function, making results from
anesthetized preparations difficult to interpret. We discuss two direct effects of various anesthetic
agents on gastrointestinal function: the effect of anesthesia on various receptors of the enteric nervous
system, and the effect of anesthesia on gastrointestinal motility.

First, several neuron species in the enteric nervous system act on receptors that
are directly affected by various anesthetic agents. Here, we review the inhibiting and
potentiating effects of common anesthetic agents on some of the primary receptor classes in
the enteric nervous system: nicotinic cholinergic, P2X, 5-HT3, N-methyl-D-aspartate (NMDA),
a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA), gamma-Aminobutyric acid (GABA),
and glycine receptors (Table 1). Agonists to these receptors are expressed by common neuron
species in the myenteric ganglia and submucosal ganglia [13,28-30]. Although glutamate
and glycine are less well-studied in enteric ganglia in comparison to acetylcholine, serotonin,
and purinergic neurotransmitters, their role as enteric neurotransmitters are strongly supported
by electrophysiological responses to pharmaceutical stimuli [30,31]. The receptor-specific responses
for several forms of anesthesia have been reviewed by [32]. In addition to the direct effects of
anesthesia, [33] have reported that common anesthetic agents (isoflurane, sevoflurane, ketamine,
and urethane) modulate glutamate receptors, voltage-dependent calcium channels, and voltage-gated
potassium channels, suggesting that anesthesia may have prolonged effects on neural activity.
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Table 1. The effect of common anesthetic agents on various receptors of the enteric nervous system.

Neuron Species Approximate Percentage Affected Inhibiting Potentiating
P PP & Receptors Anesthetic Agents  Anesthetic Agents
Ketamine [36],
ChAT-positive neurons: pentobarbital [37],
: : . - propofol [37],
Cholinergic o 80% of myenteric neurons [29,34,35] Neuronal nACh Urethane [39]

isoflurane [37,38],
halothane [37,38],
sevoflurane [37]

o 50% of submucosal neurons [29,34,35]

P2X, Sevoflurane [42] -
ATP-releasi :
e eas;“gf“eumns ) 5.0 P2X, Pentobarbital [43] B
Purinereic o 2-25% of myenteric neurons [28,40 B -
8 o 40-60% of submucosal neurons [28,40] P2X4 Propofol [44]
o Other: Enteric glia (P2X7) [41] Ketamine [45],
P2X, - 5
propofol [45]
5-HT-positive neurons: Ketamine [46,47], . 4
Serotnergic . . SHTs pentobarbital 1o, LA
o 2% of myenteric neurons [13] propofol [46] E 38,
NMDA-positive neurons: Ketamine [49],
o Almost all myenteric neurons [30] NMDA urethane [39], -
o Almost all submucosal neurons [30] pentobarbital [50]
AMPA-positive neurons: Urethane [39],
o 30-60% of myenteric neurons [30] AMPA pentobarbital [51], -
Glutamatergic o Almost all submucosal neurons [30] propofol [50]
Ketamine [54],
urethane [39],
GABA j-positive neurons: pentobarbital
o 3-8% of myenteric and submucosal GABAA - [55,56],
neurons [52,53] propofol [54,57],
isoflurane [54,58],
halothane [54,58]
Urethane [39],
Glycine-responsive: propofol [57],
Glycinergic Glycine - isoflurane [59],

o 57% of colonic myenteric neurons [31] sevoflurane [59]

halothane [59]

Secondly, commonly used anesthetic agents impair gastrointestinal motility. Here, we review the
effects of commonly used injected and inhaled anesthetic agents (ketamine, urethane, pentobarbital,
propofol, isoflurane, sevoflurane, and halothane) on gastrointestinal motility during anesthesia
(Table 2). Generally, anesthetic agents have been shown to impair gastrointestinal motility by delaying
gastric emptying or decreasing intestinal transit time.

In addition to the effects of anesthesia, invasive abdominal surgery has been shown to impair
gastrointestinal motility. For example, human patients who have undergone laparotomy often
experience motility disorders such as postoperative ileus or pseudo-obstruction [60,61]. In horses,
surgery has been shown to disrupt gastrointestinal motility for 8 to 12 h [62]. Furthermore,
complications during surgery can lead to acute acidosis, which has been shown to directly reduce
gastrointestinal motility [63]. To mitigate the adverse effects of invasive surgery on gastrointestinal
function, animals should be allowed to recover prior to neural recordings or other experiments.

335



Micromachines 2018, 9, 428

Table 2. The effect of common anesthetic agents on gastrointestinal motility during anesthesia.

Anesthetic Agent Route of Administration Gastric Emptying Intestinal Transit
. - Unaffected/slight
Ketamine Injection Unaffected [64,65] decrease [64-67]
Urethane Injection Decrease [68-71] Decrease [68,69]
. I Dose-dependent
Pentobarbital Injection Decrease [70] increase /decrease [66]
Propofol Injection Decrease [72,73] Slight decrease [66,67]
Isoflurane Inhalation Decrease [74,75] Decrease [62,76]
Sevoflurane Inhalation Decrease [77] Decrease [77,78]
Halothane Inhalation Decrease [79] Decrease [79-81]

In summary, the flat-sheet preparation is a fundamental tool for enteric electrophysiology, and it
will not be replaced by new technology. However, the versatility of ex vivo preparations are limited,
and they lack the necessary context to examine more physiologically complex behaviors. Although
anesthetized, in vivo animal models are more physiologically relevant, however, anesthesia and
invasive surgery alter neurotransmission and impede gastrointestinal motility. Therefore, the effect
of various anesthetic agents and sufficient recovery time should be considered in the design of
experiments. Importantly, this demonstrates the potential advantages of conducting neural recordings
in conscious animals, particularly for neurogastroenterology.

3. Challenges to Gastrointestinal Neuro-Electrophysiology in Conscious Animals

Recently, new technology has been developed for myo-electrophysiology in the gastrointestinal
system of anesthetized animals and patients. L. K. Cheng and collaborators at the University of
Auckland examine smooth muscle function and electrical slow wave, using methods originally
developed by [82]. Arrays featuring multiple surface electrodes can be used to build spatiotemporal
maps of slow wave propagation with high resolution in anesthetized animal models [83] and in patients
during surgery [84]. In vivo myo-electrophysiology has led to an improved understanding of electrical
slow wave activity in healthy and diseased models. Although high-resolution myo-electrophysiology
has not yet reached conscious animals, it shows great promise, particularly for improved diagnosis
of gut pathophysiology. Simultaneously, in vivo gastrointestinal neuro-electrophysiology remains
largely out of reach, especially in awake animals. There are several barriers to in vivo gastrointestinal
neuro-electrophysiology, most of which are not unique to the gastrointestinal environment, such as
fibrosis and biofouling. In this section, we focus on the challenges that are greatly exacerbated in
the gut.

We identified six key challenges to in vivo gastrointestinal neuro-electrophysiology across three
categories: structural, physiological, and signal quality challenges (Table 3). The structural challenge is
the movement of the gastrointestinal tract within the abdomen, worsened by the lack of accessible
skeletal structures on which to mount a device. The two physiological challenges describe the
risks of disrupting gastrointestinal function: the issue of ischemia and reperfusion, and maintaining
gastrointestinal homeostasis. The three signal quality challenges are contamination from the electrical
slow wave, smooth muscle action potentials, and artifact due to tissue movement.
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Table 3. Key challenges to in vivo gastrointestinal neuro-electrophysiology.

Categories Challenges
Structural Large tissue displacements and no rigid structures on which to mount a device
Physiological Ischemia and reperfusion injury

Maintaining gastrointestinal homeostasis

Electrical slow waves
Signal Quality Smooth muscle action potentials
Artifact due to tissue movement

3.1. Structural Challenges in Neurogastroenterology

Animal movement is problematic for all methods of awake electrophysiology; movement
adds noise to the recording, damages the recording device, and harms the test subject. Generally,
the effect of conscious movements on neural recordings can be mitigated in two ways: restraining
the animal, such as head-fixed recordings, or minimizing aberrations in movement by fixing the
recording device to the skeleton. Restrained recordings pose fewer movement-related problems than
unrestrained (a.k.a. freely-behaving) recordings, but the restraint method may alter natural neural
activity. For example, single-unit recordings from freely-moving rats led to the discovery of place
cells in the hippocampus [85]. These methods have proven useful tools for probing the brain, and are
adaptable for other systems; head-fixed preparations, for example, have led to spine-fixed recordings
and spinal recordings in awake, moving rats [86,87]. However, these advancements have not led to
similar innovation in enteric neuroscience because of unique movement-related challenges posed by
the gastrointestinal environment.

Awake, single-unit recordings from enteric neurons are limited by structural challenges in the
gastrointestinal system. First, there are no accessibly skeletal structures below the stomach on which to
mount rigid devices, as used in brain and spine research. Additionally, enteric neurons are not fixed in
place within the abdominal cavity. Enteric neurons are located within the wall of the gastrointestinal
tract. In the gastrointestinal wall, smooth muscles drive macroscopic tissue motion in the form of
stationary or propagating waves of contractions, known as segmentation and peristalsis, respectively.
Smooth muscle contractions can induce tissue displacement several orders of magnitude greater than
micromotions observed in the brain. For example, micromotions in the brain have been observed on
the order of 10 to 100 um in rats [88]. Meanwhile, maximum distension in the colon can deform the
circular muscle up to 10 mm in guinea-pigs [89].

Movement-related challenges are amplified in the gastrointestinal system. Future implantable
devices must consider the mechanical characteristics at the tissue, organ, and body scales. Such devices
will likely combine flexible electrode arrays and interconnects, and rigid headstages mounted far from
the recording site. Additionally, the inflammation and irritation caused by sutures or adhesives must
be considered.

3.2. Disrupting Gastrointestinal Physiology

The gastrointestinal tract has evolved defense mechanisms that pose significant challenges for
medical device implants, particularly neural microelectrodes. In addition to the foreign-body response
associated with all medical implants, the gastrointestinal system poses unique challenges. Here, we
discuss the general principles of maintaining homeostasis in the gastrointestinal tract and the potential
challenges of intestinal injury caused by implanting neural microelectrodes. Intestinal injury and
inflammation induced by resident immune responses and ischemia reperfusion injury pose challenges
for enteric in vivo neuro-electrophysiology because they greatly alter the behavior of enteric neurons,
enteric glial cells, and resident immune cells, and disrupt gastrointestinal function.

The mammalian intestine encounters trillions of innocuous foreign antigens, symbiotic microbes,
and pathogens daily. The intestinal immune system is able to tolerate innocuous antigens and
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simultaneously respond to pathogens using three layers of regulation: physical barriers, antimicrobial
reagents, and immune cells [90]. First, the intestine is covered by a single lining of intestinal
epithelium cells, and specialized intestinal epithelium cells secrete mucus to protect the epithelium
from microbiota [91,92]. Second, specialized intestinal epithelium cells also release antimicrobial
compounds. For example, Paneth cells express antimicrobial peptides such as ReglIly and x-defensin
to inhibit luminal microbe growth and colonization in intestine [93]. Third, antigen-presenting cells,
including dendritic cells and macrophages, are responsible for immune surveillance and maintaining
homeostasis. Intestinal dendritic cells make up the most complex dendritic cell populations in the
body, and they are essential for establishing tolerance in the homeostatic environment by promoting
regulatory T cells [94,95]. Gastrointestinal macrophages are unique; unlike most tissue-resident
macrophages, which are yolk sac or embryo derived with self-renewal capacity, gastrointestinal
macrophages are continuously replenished by circulating monocytes and are exquisitely sensitive to
environmental stimuli [96,97]. Mature gastrointestinal macrophages maintain epithelial cell integrity,
and limit bacteria-induced inflammatory responses by constantly secreting inhibitory cytokines and
low levels of tumor necrosis factor (TNF), and engulfing penetrating bacteria via efficient phagocytosis,
respectively [98,99]. The intestinal immune system carefully titrates the inflammatory response to
innocuous antigens, symbiotic microbes, and pathogens, but it may be dysregulated by implanted
neural microelectrodes.

Implanted neural microelectrodes in the intestine have the potential to cause severe intestinal
inflammation by disrupting epithelial barrier function and activating antigen-presenting cells. First,
epithelial barrier function is importance for homeostasis, and has been implicated in inflammatory
bowel disease patients [100,101]. Breaking down epithelial cells in animal models, such as with
dextran sulfate sodium or 2,4,6-trinitrobenzenesulfonic acid, has been shown to induce severe colitis
and intestinal inflammation [102-105]. Barrier function can also be disrupted by ischemia reperfusion
injury, a common gastrointestinal disease in which hypoxia-ischemia and reperfusion in the epithelium
leads to epithelial cell death caused by enhanced reactive oxygen species production once blood
flow is re-established in hypoxic regions [106,107]. Disrupted barrier function can lead to bacteria
translocation and directly activate enteric neurons and glial cells that express innate pattern recognition
receptors, such as toll-like receptors [108,109].

Additionally, intestinal inflammation may be induced by antigen-presenting cells in response to
pathogens, translocated bacteria, or when they are dysregulated. For example, intestinal inflammation
developed spontaneously in mice after knocking out A20, a nuclear factor kappa-light-chain-enhancer
of activated B cells (NF-kB) signaling pathway inhibitor [110]. Distinct dendritic cells, pro-inflammatory
monocytes, and pro-inflammatory macrophages promote the intestinal inflammation response, increase
differentiation of pro-inflammatory monocytes and macrophages, and production of pro-inflammatory
cytokines [111-114]. Chronic inflammation can mediate enteric neuron cell death, posing additional
challenges to in vivo neuro-electrophysiology [115]. Neural microelectrode implants have the potential
to disrupt homeostasis and barrier function, induce cell death and bacteria translocation, and lead to
chronic inflammation.

3.3. Signal Quality

The signal-to-noise ratio of enteric neuro-electrophysiology will likely be contaminated by three
main sources of noise specific to the gastrointestinal tract. First, electrical slow waves will introduce
low-frequency noise. Second, action potentials from surrounding smooth muscle tissue will contribute
high-frequency noise. Third, peristalsis and segmentation will create motion artifact, introducing
additional high-frequency noise.

Electrical slow waves propagate through smooth muscle along the length of the gut, from
esophagus to rectum, and they are driven by pacemaker cells known as interstitial cells of
Cajal [116]. Populations of interstitial cells of Cajal vary along the length of the gut and occupy
the myenteric, intramuscular, and submucosal layers and have individual pacemaker frequencies [117].
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The pacemaker potentials conduct through the smooth muscle syncytium, generating electrical slow
waves [118]. The smooth muscle layers directly border the myenteric and submucosal plexuses,
and any recording from the plexus layers will contain signals from electrical slow waves [119].
The slow waves will contribute low-frequency noise, because they occur at 2-40 cycles per minute,
depending on animal species and location along the gastrointestinal tract [29]. Therefore, high-pass
filtering will remove most slow-wave noise from neural recordings.

Smooth muscle action potentials and motion artifact will contribute physiological noise to neural
recordings at high frequencies. Smooth muscle fibers border the myenteric and submucosal plexuses,
and recordings from the plexus layers will likely contain neural action potentials and muscle action
potentials [120]. For single-unit recordings, it will be difficult to filter out muscle action potentials and
claim with certainty that the spiking signals are of neural origin. Extracellular action potential shape
analysis or template matching will likely be the most effective way to differentiate these signals [121].

Coincident with smooth muscle activity are macroscopic movements in gastrointestinal tissue,
causing artifacts in electrical recordings. Motion artifact is a long-standing issue for gastrointestinal
electrophysiology in excised tissue, and it continues to pose challenges for understanding
electrical slow waves and characterizing smooth muscle action potentials [122,123]. In classical
neuro-electrophysiology in excised tissue, slow waves, smooth muscle action potentials, and motion
artifact can be blocked pharmacologically [15]. However, these sources of noise cannot be blocked
during in vivo neuro-electrophysiology without disrupting gastrointestinal physiology. Instead,
limiting these sources of noise during in vivo neural recordings may be achieved by improved implant
design and various signal processing techniques.

4. Enteric Microelectrode Design Criteria

The gastrointestinal environment poses unique challenges that have slowed progress in enteric
neuroscience. Novel neural microelectrodes designed specifically for the gut may overcome these
unique challenges and provide access to single-unit activity for the first time. In this section, we suggest
design criteria for enteric microelectrodes for awake, single-unit recordings. The design criteria target
the six key challenges to in vivo gastrointestinal neuro-electrophysiology by focusing on: intrinsic
material properties, extrinsic design parameters, and the implant procedure (Table 4).

Table 4. Enteric microelectrode design criteria for awake, single-unit recordings.

Design Criteria Features

Low Young’s modulus

Material Properties High elasticity

Low cross-sectional area
Design Parameters Tethered recording platform
Multiple recording sites along the length of the shank

Implant along longitudinal axis
Implant Procedure Shallow insertion angle
Undisturbed submucosa and epithelial layer

4.1. Intrinsic Material Properties

The gastrointestinal tract has high elasticity, and enteric microelectrodes will need to withstand
large tissue displacements and strain without failure. Gastrointestinal tissues have an isotropic elastic
modulus ranging from 0.3 kPa to 5 MPa depending on species and tissue segment [124]. For example,
the rat distal colon and human small intestine have a Young’s modulus as low as 0.3 kPa and 1.0 kPa,
respectively [125]. The Young’s modulus of the porcine and human rectum can reach up to 1.8 and
5.2 MPa, respectively, and the tissues can elongate up to 2.1 and 1.6 their original length before failure,
respectively [126].

339



Micromachines 2018, 9, 428

Due to the high elasticity of the gastrointestinal tract, enteric microelectrodes may benefit from
flexible substrates with greater compliance and decreased bending stiffness [127]. Ultra-soft microwire
electrodes, for example, have Young’s modulus reportedly less than 1 MPa and may reduce the risk of
intestinal injury [128]. Traditional microelectrodes such as monolithic silicon would be problematic due
to their intrinsic stiffness, and would inevitably lead to increased cell death and pathophysiology [129].
Beyond the unique challenges of the gastrointestinal system, device characteristics such as electrical
and insulative properties must also be considered. These material properties are discussed in detail
by [130], and are summarized as: single-unit activity is better captured by low impedance and low
surface area recording sites, with enough insulation to minimize parasitic capacitance.

4.2. Extrinsic Design Parameters

Extrinsic design parameters, such as probe geometry, electrode density, etc., can reduce the risk
of disrupting gastrointestinal function and improve the signal-to-noise ratio of single-unit activity.
First, enteric microelectrodes can increase flexibility with decreasing cross-sectional area, particularly
probe thickness. For example, nanoelectronic thread electrodes are less than one-micron thick
and “ultra-flexible”; the bending stiffness and mechanical interactions are on the order of cellular
forces [131-133]. Ultrathin probes with a small cross-sectional area will be crucial to withstand the
constant forces and movement within the gastrointestinal tract.

The macroscopic tissue movement in the gastrointestinal tract, and lack of nearby anchoring
locations (i.e., skull, spine, etc.) pose additional challenges for enteric microelectrode design.
The gastrointestinal environment will almost certainly demand a flexible tether between the anchored,
transcutaneous connector and a recording platform [130]. The recording platform and enteric
microelectrode must be anchored to the gastrointestinal wall without obstructing motility. Scaling up
the mounting techniques from peripheral nerve interfaces, such as the spiral cuff [134] or locking-buckle
cuff [135] are inappropriate, because they will prevent gastrointestinal distension and obstruct
motility. Anchoring the recording platform with sutures through the serosa and muscular layers
of the gastrointestinal wall will be less likely to obstruct the gastrointestinal tract and not directly
disrupt barrier function [136-138].

Enteric microelectrodes should contain multiple recording sites along the length of the shank.
To reach the myenteric plexus, the enteric microelectrode must penetrate the serosa and longitudinal
muscle. Multiple recordings sites along the shank will allow a greater margin of error for probe depth
and increase the likelihood of positioning a recording site near an enteric ganglion. The spacing
between recording sites requires experimental optimization, and it will vary based on the insertion
angle of the microelectrode. Importantly, multiple recording sites within the plexus layer will improve
single-unit isolation [139]. Positioning additional recording sites in neighboring longitudinal or
circular muscle layers may provide auxiliary physiological signals such as muscle action potentials or
electrical slow wave activity. The additional recording sites and physiological signals could provide
greater context for single-unit recordings or be used in signal processing techniques to increase the
signal-to-noise ratio of single-unit recordings.

4.3. Implant Procedure

The implant procedure will greatly impact gastrointestinal physiology, and the procedure should
be designed to reduce the risk of intestinal injury. A flexible microelectrode shank inserted into the
gastrointestinal wall will be difficult to reliably position, and chronic macroscopic tissue motion will
cause the electrode to drift over time, causing significant tissue damage [140,141]. To minimize the
dimensions of tissue displacement relative to the probe, enteric microelectrodes should theoretically
be implanted along the longitudinal axis, instead of the circumferential axis. However, this approach
would be well-supported by experimental analysis.

Finally, enteric microelectrodes should be inserted at shallow angles relative to the serosa of the
gastrointestinal wall. Microelectrodes should be designed to penetrate the longitudinal muscle layer
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without penetrating the submucosal layer. Piercing the epithelial layer or compromising barrier
function will cause inflammation and sepsis [142]. Therefore the length of the microelectrodes
and insertion angle should be designed specifically for the anatomy of the target species, because
gastrointestinal dimensions scale across species [143].

5. Discussion

The available methods in enteric neuroscience are largely limited to excised tissue. While flat-sheet
and whole-organ preparations are reliable tools to examine enteric neurophysiology, they are
inadequate to study the interactions with the immune system, microbiota, extrinsic nervous system,
etc. Anesthesia, on the other hand, modulates neurotransmission and impedes gastrointestinal
motility, which confounds the interpretability of anesthetized invivo recordings. Previously,
we reported electrical activity from the enteric nervous system in anesthetized mouse, supported by
simultaneous calcium imaging [144]. Although we observed increases in activity as expected with
pharmacological stimulation and strong correlation with calcium activity, the source and robustness
of the electrical activity remains disputed. This previous account demonstrates the challenges of
anesthetized recordings, as well as the structural, physiological, and signal quality challenges in the
gastrointestinal environment.

Single-unit recording capability from enteric neurons in awake animals has the potential
to improve our understanding of the enteric nervous system, neurogastrointestinal function,
and nutrition-mediated behavior. Single-unit resolution in awake animals will lead to computational
models that better capture enteric neurophysiology which could guide future therapeutics [145,146].
Additionally, single-unit recordings pose great opportunities to synergize with advancements in
other neurophysiology tools. Calcium imaging has been used reliably to monitor enteric neurons
simultaneously in excised tissue [147,148] and anesthetized animals [144]. Furthermore, optogenetic
stimulation and inhibition techniques have been adapted for enteric neurons [149], and have
already been used to modulate motility in awake, freely-moving mice [150]. Additionally, neural
microelectrodes designed for chronic, in vivo conditions have applications in electrical stimulation as
an alternative to optogenetic stimulation.

6. Conclusions

In vivo electrophysiology in awake animals provides several opportunities and advantages over
in vitro, ex vivo, and anesthetized in vivo recordings. Single-unit recordings from awake animals
will require novel devices and methods to overcome the unique technical challenges posed by the
gastrointestinal system. Importantly, single-unit recordings from awake animals have great potential to
synergize with recent developments in optogenetics and in vivo imaging, but they will not completely
replace traditional electrophysiology methods.
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Abstract: Microscale neural technologies interface with the nervous system to record and stimulate
brain tissue with high spatial and temporal resolution. These devices are being developed to
understand the mechanisms that govern brain function, plasticity and cognitive learning, treat
neurological diseases, or monitor and restore functions over the lifetime of the patient. Despite
decades of use in basic research over days to months, and the growing prevalence of neuromodulation
therapies, in many cases the lack of knowledge regarding the fundamental mechanisms driving
activation has dramatically limited our ability to interpret data or fine-tune design parameters
to improve long-term performance. While advances in materials, microfabrication techniques,
packaging, and understanding of the nervous system has enabled tremendous innovation in the
field of neural engineering, many challenges and opportunities remain at the frontiers of the neural
interface in terms of both neurobiology and engineering. In this short-communication, we explore
critical needs in the neural engineering field to overcome these challenges. Disentangling the
complexities involved in the chronic neural interface problem requires simultaneous proficiency
in multiple scientific and engineering disciplines. The critical component of advancing neural
interface knowledge is to prepare the next wave of investigators who have simultaneous
multi-disciplinary proficiencies with a diverse set of perspectives necessary to solve the chronic
neural interface challenge.

Keywords: micromachine; neuroscience; biocompatibility; training; education; diversity; bias; BRAIN
Initiative; multi-disciplinary; micro-electromechanical systems (MEMS)

1. Introduction

Neurotechnologies that are capable of stimulating or recording from a small population of neurons
have revolutionized quality of life by enabling the deaf to hear [1,2], the blind to see [3,4], and the
paralyzed to write, grasp, and walk [5-11]. The advancement of this technology has seen a dramatic
growth over the past decade which has attracted additional attention and increasing promises of
what these devices can accomplish to further improve quality of life. These neurotechnologies can
range from implants that are inserted deep within the nervous system to non-invasive wearable
technologies that generally have more limited capabilities. Key progress feeding into the growth of this
field is the investment from major pharmaceutical and start-up companies to provide alternatives to
drugs with side-effects as well as increased congressional and government support in developing and
maintaining the infrastructural apparatus for technology development. In parallel, advancements in
batteries, wireless recharging, miniaturization, sensors, computer chips, and advancements in decoding
algorithms and machine learning promise potential for dramatic advances in the coming decades.
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These neural interface technologies were originally employed as tools for basic science research
in order to study how the brain works [12-15]. Basic science mapping experiments were carried
out by using neural interfaces to electrically stimulate various regions of the brain or the nervous
system and observing muscle twitches [16-20]. Mapping was also carried out in the opposite
direction by applying sensory stimulation or driving motor activity and recording ionic currents
from action potentials using microscale neural recording interfaces [21-23]. From these experiments,
academic researchers discovered that specific functions of the nervous system were encoded in
specific regions of the brain and nerve bundles [24-29]. Furthermore, they discovered that the
frequency of action potentials recorded generally corresponded to the intensity of activity (sensation
or muscle activation) [13-15,30,31]. These basic science discoveries have led to numerous neural
interface applications from brain-computer interfaces that extract brain signals from paralyzed
patients and allow them to control robotic limbs and computer cursors to electrical stimulation
technologies that restore sensory function or treat Parkinson’s tremors [2,3,5,7-9,11,32,33]. The present
short-communication takes a brief glance at the history of the field as well as a wide-angle perspective
of the emerging challenges and opportunities on the horizon along the frontier of neural engineering.

2. Brief History of Microscale Implantable Neural Technologies

Microscale neural interfaces were originally developed as research tools for academic investigation
into the neural mechanisms that regulate attention, movement, and behavior [12]. Classically,
these microscale interfaces have fallen into three categories: (1) microwire arrays (Figure 1la),
(2) microfabricated planar arrays (Figure 1b), and (3) micromachined arrays (Figure 1c).

Figure 1. Classes of microscale implantable neural technologies: (a) 50 um polyimide-insulated

tungsten microwire with chiseled tips (Tucker-Davis Technologies, Alachua, FL, USA);
(b) microfabricated silicon Michigan array with iridium electrode sites (NeuroNexus Technologies,
Ann Arbor, MI, USA), scale = 100 um; (c) macromachined boron-doped silicon array (Blackrock
Microsystems, Salt Lake City, UT, USA), each needle is electrically separated at the base with glass.
Scale = 400 pm.

Microwire electrodes have two key components: (1) a conductive core wires, and (2) an insulator
such as glass, parylene, teflon, or polyimide. Generally, the insulation is exposed at the recording site at
the tip. Sometimes, other electrode site materials are deposited on the tip of the wire, before insulation
or after removal of the insulation from the tip, in order to improve the electrical properties of the
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microelectrode. These wires are typically manually assembled into bed of needle arrays with several
different strategies employed to align the wires [34].

Microfabricated planar arrays are typically engineered through photolithography of silicon,
metals, and polymers [35]. These arrays are generally microfabricated through layering of multiple
conductive and non-conductive materials leading to a planar configuration. While early planar
arrays were made from rigid silicon (such as the Michigan arrays), flexible configurations have been
developed, including planar arrays that can be rolled, folded, or stacked into 3D configurations [36].

Micromachined arrays are similar to microwire arrays. Instead of assembling individual wires
into an array, a block of silicon is micromachined into a pillar of needles [37]. Band-saws are used
to mill large blocks of conductive (boron-doped) silicon into individual pillars. During the milling
process, non-conductive glass is used to hold the pillars in a bed of needle configuration. Once the
square pillars are etched into round pillars, the electrode tip material and insulation are deposited onto
the array in a manner similar to microwires. Due to the band-saw micromachining process, it is much
more difficult to develop arrays that have staggered configurations when compared to microwire
arrays. However, it is much easier to precisely align all of the needles to have the same angle.

These three array technologies form the basic classes of implantable microscale neural interfaces;
however, the diversity within these classes has dramatically increased in both functionality and
application (Figure 2). Advances in materials and biomaterials, microfabrication techniques,
and packaging have enabled a large breadth of distinct configurations over a wide range of design
space parameters [36,38-57]. Still, it is crucial to recognize that optimizing one key parameter often
leads to trade-offs on other critical parameters, and failure to maintain the functional domain in each
of the crucial parameter spaces will lead to a non-functional device [36]. For example, while flexible
polymer devices are hypothesized to reduce tissue inflammation and improve the electrode-tissue
interface, the materials and designs behind these compliant devices typically result in more brittle
implants, increased resistance and lower signal conductivity, higher impedance, greater shunt leakage,
and enhancement of motion related electromagnetic artifacts [36,58]. A comprehensive examination
of technical advances and trade-offs in microscale technology design space parameters has been
covered in a separate review [36]. While much of the technological development of neural interfaces
has focused on improving electrically stimulating and recording from central nervous system (CNS)
targets, some recent advances have fundamentally altered the traditional limits of neural implants.

For example, optogenetics has dramatically altered the functionality of what once were exclusively
electrical neural interfaces. Optogenetics includes transgenically expressing photon-gated ion
channels called opsins in neuronal and non-neuronal cells whose cell activity are dependent on ion
concentration [59]. Today, optogenetics also includes transgenically expressing fluorescent indicators
into cells where the intensity level of the indicator changes based on the activity of the cells [60].
This is typically carried out by creating chimera proteins with a fluorescent protein, such as green
fluorescent protein. The chimera is created such that the fluorescent protein is slightly denatured at rest.
The other half of the chimera protein is designed to bind to key molecules of interest, such as calcium
(released during action potentials) or glutamate [61-63]. The binding of the effector molecule leads to
a conformation change in the binding site in the chimera, which rearranges the fluorescent protein into
a conformation that allows the protein to fluoresce brightly, compared to the denatured state at rest.
The adoption of optogenetic technology in the neuroscience community has motivated incorporation
of waveguides as well as light-emitting and sensing diodes into microscale neural interfaces [36,40].
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Figure 2. Advances in microscale neural interfaces: (a) 64-channel Buszaki Array (Neuronexus);
(b) 128-channel Matrix Array (Neuronexus); (c) 24-channel ultra-small carbon fiber array on silicon
stacks (courtesy of Paras Patel /Cynthia Chestek), scale = 100 um; (d) high-density ultra-small microwire
array (Paradromics Inc., San Jose, CA, USA), scale = 500 um; (e) pLED silicon optoelectrode (courtesy of
NeuroNex MINT Hub at University of Michigan, Ann Arbor, MI, USA (http:/ /mint.engin.umich.edu)),
scale = 100 pum; (f) a standard-sized 1.27 mm diameter Lawrence Livermore National Laboratories

(LLNL) DBS-style penetrating probe constructed using microfabrication techniques, allowing for
a higher-density of electrodes and avoiding typical hand-assembly techniques; and (g) A LNLL
128-channel microelectrocorticography (LECoG) array used for language mapping on awake patients.
This 20-um-thick flexible electrode array is constructed using thin-film polymers and metals and
features 1.2 mm diameter electrodes.
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Similarly, a better understanding of the nervous system and foreign body response in the central
nervous system has motivated the development of peripheral nerve interfaces. The central nervous
system (CNS) is separated from the rest of the body by the blood-brain barrier (BBB). It was once
believed that the brain was “immune privileged”. Today, this is understood to be an inaccurate
dogma [64,65]. However, the inflammatory response and immune response that are triggered during
surgical implantation of brain neural interfaces, as well as the threat of serious consequences from
brain tissue infection along percutaneous connectors, have led investigators to search for less invasive
neural interface approaches [66,67]. In parallel, new discoveries about the autonomic nervous system
have led to the validation that modulating activity of peripheral nerves that feed into the brain can
cause systemic physiological changes [24,25]. While early proof-of-concept studies utilized brain
neural interfaces or modified brain neural interface technologies, interfacing with peripheral nerves
requires dramatic differences in structure and design criteria compared to brain neural interfaces that
are more suited to recording signals from neuronal cell bodies rather than axons.

Advancements in genetic engineering, biophysics, and a better understanding of functional
connectivity and anatomy has opened up novel modalities for interfacing with the nervous system.
In addition, as basic science understanding of the nervous system increases, it becomes possible
to identify new targets for interfacing with the body and different aspects of physiology. Each new
nervous system target requires a custom design in order to optimally interface with the nerve or neuron.
This is especially true when interfacing the same peripheral physiological target across different animal
models or different ages of the same model. Furthermore, it may be necessary, depending on the
target, to consider “personalized device designs” similar to personalized medicine which accounts for
person-to-person variability in clinical applications.

3. Challenges on the Horizon

Despite these numerous success stories, many challenges, and as a result, great opportunities
remain unexplored [36,58,68]. There remains large variability in performance even between identical
devices [69] due to both biological [58,67,70-72] and material integrity variance [73-75], even within
the same subject [71,72]. Nevertheless, the field of neural engineering has reached a tipping point
due to pioneers in neuroscience, technology development, and neurosurgery. Although many of
the foundational components are primed for commercial growth of neural interfaces, there are
still constraints in neural technology translation due to the unpredictability of discovery science.
In addition, it remains highly risky to build a business plan around basic science breakthroughs.
Therefore, big pharmaceutical companies have only recently started to gain confidence in foundational
neural engineering science in order to invest in neurotechnology development. It is important to
recognize that the considerable work necessary to advance the frontiers of neural interface science and
lay the foundation for neural engineering had to come from tax-payers, government organizations
(e.g., United States Department of Veterans Affairs (VA), Department of Defense (DoD), National
Institute of Health (NIH), National Science Foundation (NSF)), and donors, rather than businesses.
This foundational academic research is an educational and cultural process that is necessary but difficult
to evaluate in terms of technology development due to the long time-scales between basic science
discovery and developing technology applications [76]. However, because of the long time-scales, it is
crucial to advocate for investing today, especially in order to avoid losing the tremendous academic,
government, and industry momentum that has built up in the neural engineering field.

4. Need for the Science of Neural Engineering

Neural engineering is at crucial point, in which, unlike other established engineering industries,
the basic scientific knowledge foundational for neural engineering is disproportionately incomplete.
This limited understanding of the human brain shrouds undiscovered opportunities for advancement
in neurotechnology. Biology is perhaps the most complex regulatory system known, and within
biology, the nervous system is perhaps the most sophisticated control system that exists. As such, it is
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not possible to overpower biology with rudimentary physics and engineering. Instead, development of
microscale neural interfaces requires a more challenging titration of increasing information bandwidth
while minimizing injury and inflammation of the host tissue. Therefore, it is critical to continue
advancing both technology development and neurobiology in parallel.

Currently, the advancement of neuroscience is limited by the current capabilities of
neurotechnology tools. Similarly, the development of devices is limited by the inadequate
understanding of which designs and parameter trade-offs need to be optimized in order to
maximize the extraction of meaningful neural signals [36]. Due to the long-time scales between
basic science research and development of technology applications, the neural engineering field
has long experienced deep criticisms on the shortage of clinical applications and aiding patients.
Today, greater emphasis in neural engineering is placed on clinical impact over basic science
research. However, in order to dramatically advance neural engineering, it is necessary to advance
the science of neural engineering. In other words, it is necessary to continue to invest in the
development of technology and studies that are designed to expand scientific knowledge rather
than for therapeutic applications [22,46,58,74,77-96], even when the market segment is currently too
small to support commercialization.

For example, the standard Blackrock arrays have 400 um shank pitch [97]. This is not because
400 pum is the optimal pitch to maximize signal detection or the optimal pitch to record from
neighboring cortical columns. Studies in the hippocampus CA1 of rats showed that acutely the
maximum recording radius of an extracellular electrode was 80-160 um [98]. The 400 um pitch was
chosen because it was the width of the band-saw available at the time [37]. To this day, despite
technological advancements that enable greater ranges of pitches, the physiologically optimal pitch
for electrodes remains unknown. A major challenge for elucidating this optimal pitch is that it is
necessary to evaluate a battery of different pitches individually. One might expect that a single design
with a small pitch could easily allow oversampling to identify the optimal pitch for minimizing
overlap. This would in theory identify the minimum pitch for enabling the densest recording
configuration. However, the act of implanting the denser array leads to greater tissue strain, tissue
response, and neurodegeneration, which ultimately alters the pattern of functional neurons around
the implant [36,94].

The level of tissue response is also not limited to pitch, but also depends on the footprint of the
probe, shape of tine, and surface chemistry of the interface, making it difficult to translate findings
from one design to another [96,99]. Furthermore, there is an additional layer of complexity that
is added due to the fact that the tissue response is dynamic and as a result, the optimal pitch is
expected to also be dynamic over time [100,101]. The basic science discovery of identifying the optimal
pitch has long-range impact on technology development. However, brain injury, neurodegeneration,
neural regeneration, limited translatability across device designs, and immediate clinical impact and
innovation is deemed to be too limited for current peer-review processes and commercial research.

Similarly, a major focus of research surrounding implantable neural interfaces are on neurons,
implantable devices, and scar tissue around implants. However, rapidly growing evidence
point to vasculature and glia as important regulators of neuronal health, network activity,
and brain health [66,67,102-105]. Unfortunately, basic science studies aimed at understanding how
glia and vascular dysfunction contribute to neural interface failure remain as long-range investments
for improving neural interfaces and do not have immediate commercial value. These are only a few
examples of many important topics that are critical to the overall advancement of the field, such as
packaging (hermetic sealing) and glial-vascular interface technologies (as opposed to neural interface
technologies) [36,68].

5. Need for Scientific and Engineering Convergence

Neural interface engineering requires a confluence of basic science, applied science,
and engineering. For example, each anatomical target in the brain has distinct structures and circuit
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organization. Different brain regions are also composed of different structures of vascular network
and different glial cell types as well as different ratios of neurons to glial cells. Even within neuronal
cell-types, different regions of the nervous system are composed of uniquely diverse combination of
excitatory and inhibitory neurons. This means that answering specific basic neuroscience questions
can require technology designed for a specific target brain region and optimized to answer the specific
question at hand. In other words, long-standing unanswered scientific questions could be better
addressed by custom designs instead of a one-size-fits-all design. Unfortunately, from a financial
point of view, a design that can only be applied to one specific experimental paradigm has limited
commercial value due to a small and restricted market segment. Therefore, it is necessary to support
academic infrastructures to accommodate technology development specifically designed to answer
basic science questions.

The first steps to achieving this goal is that the engineers need to understand the anatomy,
physiology, unintended consequences or “side-effects” of their designs, and the scientific
principle behind the question their technology intended to answer. Similarly, scientists need to
understand the limitations of materials, microfabrication techniques, failure modalities “in the field”,
and design-driven technology development. Scientists need to guide technology development
to optimally answer scientific questions without adding confounding variables to their study.
Because functional microscale neural interfaces require fine titration of design parameters that are
interdependent on each other [36], it is necessary for scientists to understand how achieving one
optimal parameter can break functionality of other interdependent parameters. Therefore, engineering
scientists and scientific engineers are both necessary in advancing the frontiers of the nervous system
and integrating the newly found discoveries into technologies that interface directly or indirectly
with the nervous system. For clinical applications, additional specialists are necessary including
clinicians, patients, and caregivers or other “end-users” that interact with individuals who receive
the neurotechnology.

The development of neurotechnologies requires a convergence of multiple disciplinary
backgrounds including electrical engineering, electrochemistry, mechanical engineering, computer
science, physics, biochemistry, biomechanics, material science, optics, biomaterials, packaging,
ergonomics, molecular and cellular neurobiology, clinical science, and health care services.
This requires both a wide breadth of expertise as well as enough cross-training depth to be able
to integrate multiple engineering and scientific fields as well as end-user needs. While it is necessary
to draw on multiple disciplines in the form of teams, the delays of the feedback loop between
team members are limited by the speed in which team-members can communicate with each other.
A commonly sought strategy to shorten that loop is to house multiple expertise in a single mind.
However, this requires considerable cross-training time and effort on behalf of the individual. Given the
growing scientific knowledge and accelerated advancement of engineering, it is becoming increasingly
demanding for an individual to be fully proficient in all relevant scientific, engineering, and clinical
expertise. Therefore, it is crucial for neural engineers to form teams of engineers, scientists, clinicians,
and end-users as well as develop efficient communication techniques to reach the next level of
technology development. While an increasing number of labs and programs strive to achieve this
integration of science and engineering, this requires substantial contribution from individuals to learn,
incorporate, and pass on training.

In turn, this means that the critical challenge for neural interface education and training is in
converging neurobiology and neural engineering. Biology and engineering are often taught divergently
with minimal overlap instead of being taught in an integrated and convergent manner. The nervous
system is one of the most sophisticated computational systems, whose neural network activity is tightly
regulated by the neural vascular unit and glia. Therefore, it stands to reason, as engineers, that by
understanding the mechansims of how neurons, glia, and the neurovascular units regulate the neural
network, it will be possible to identify new targets and means for interfacing with the nervous system
in order to treat and repair diseases and injuries. However, in order to achieve this, it is necessary
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to bring together a diverse set of expertise, perspectives, and problem solving approaches, but have
the capability to rapidly communicate with a common set of neuroscience and neural engineering
“language”.

6. Need for Diversity

While the ultimate goal of the BRAIN Initiative (NSF, NIH, etc.) and commercial Bioelectronic
Medicine (Galvani Bioelectronics (GSK and Verily), NeuraLink, Kernel, etc.) is to understand
brain function and treat neurological and physiological disease via the nervous system, the critical
hurdle is placed on unreliable neuroelectronic interfaces over relevant time scales and the limited
understanding in the neural interfacing field [36,67,68,97,106-109]. Just as a diversity of expertise
is necessary to develop the next-generation microscale neural interfaces, it is necessary to have
a diversity of perspectives and problem-solving approaches. The consequence of lack of diversity
translates into limited diversity of opinion and perspectives, the blind spread of popular dogma,
and the quenching of minority views. For example, a prevailing hypothesis in the field is that
flexible devices will out preform traditional stiff implants. While plenty of evidence suggests that
tissue injury is reduced around softer biomaterials, 50 years of polymer microelectrode research
and limited success support the unpopular view that flexible polymer implants suffer from higher
electrical impedance, higher resistivity, lower material strengths, higher shunt capacitance, larger
device sizes, and new delamination issues that result in poorer performance compared to traditional
devices [36,58]. This demonstrates issues in diversity as emphasized by NSF, “Diversity—of thought,
perspective, and experience—is essential to achieving excellence in 21st century science and engineering research
and education” [110]. Multi-disciplinary training in science and engineering are necessary, as well
as diversity in perspective to understand the underlying problem and diversity in the approach of
solving the problem. It is crucial to recognize that diversity in perspective and approach often stem
from diversity in cultural and socio-economic backgrounds.

This diversity in approach to understanding the underlying problem and approach to
problem-solving are deeply entangled with cultural and social backgrounds [111]. One study showed
that gender diversity is correlated to 41% higher productivity compared to all-female or all-male
teams [112]. Another study found that companies were 15% more likely to gain financial returns
for companies in the top quartile of gender diversity and 35% more likely for companies in the
top quartile for racial/ethnic diversity [113]. These studies add to a growing body of research
that demonstrates gender, cultural, and ethnic diversity improves productivity, medical research,
and clinical outcomes [114-170]. While similar studies in neural interface engineering have not been
carried out, evidence in other fields suggest a potential for growth in the field by addressing gender
and ethnic diversity. In a multi-disciplinary field such as microscale neural interface engineering, it is
important for teams to have a diverse multi-disciplinary portfolio of ideas, skills, interests, technical
background, and cultural and social backgrounds [111].

Therefore, it is crucial to protect and nurture researchers and prospective-researchers of
underrepresented minorities who have been the victims of biases. In a seminal study by Rosenthal
and Fode [171], half of wild-type littermates were randomly labeled “smart rats” and researchers were
asked to compare the performance of these “smart rats” he “discovered” against the other half of the
litter. What he showed was that the “smart rats” significantly out-performed their littermate clones in
maze-tasks. He further described the Experimenter Expectancy Effect in which the experimenter’s
bias leads to unconscious behavioral cues that in turn influence the behavioral outcome of the subject.
While the potential of these clones should be statistically identical, the “normal rat” group did not
reach their potential due to the interactions with the experimenter. Therefore, in promoting diversity,
it is crucial to recognize the metrics, which are measures of past performance, do not represent future
potential, in individuals who grew up in environments of bias including women, non-binary gender
minorities, and ethnic minorities [172]. This further extends to the fact that “equal opportunity” cannot
equate “equal distribution” until such time that all implicit biases are eliminated [172]. Similarly,
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multiple studies have demonstrated that affirmative action admittees with lower incoming scores have
a higher predisposition to success [173-175]. Therefore, it is necessary to provide for underrepresented
minorities to counter the history of bias, facilitate reaching their full potential, and contribute to the
diverse perspectives and problem-solving approaches necessary to address the multifaceted challenges
surrounding neural interfaces.

7. Conclusions

Microscale neural interfaces have demonstrated great potential in basic neuroscience research and
clinical neuroprosthetics. While these early results have generated enormous enthusiasm, limitations,
and challenges in reliability and large performance variability remain. In other words, there is much
more to be explored and discovered at the frontiers of microscale neural interfaces. Pioneers that are
advancing these frontiers will be better positioned with cross-training in microfabrication/biomaterials
engineering and neurobiology /neuroscience, as well as assembling teams with a diverse set of technical
expertise as well as culture backgrounds. This is because fundamental basic science research is
an academic and cultural process, and as greater cultural diversity is intermingled into this process,
richer and deeper discoveries will be generated.
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