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Abstract: Developed over approximately half a century, neural probe technology is now a mature

technology in terms of its fabrication technology and serves as a practical alternative to the traditional

microwires for extracellular recording. Through extensive exploration of fabrication methods,

structural shapes, materials, and stimulation functionalities, neural probes are now denser, more

functional and reliable. Thus, applications of neural probes are not limited to extracellular recording,

brain-machine interface, and deep brain stimulation, but also include a wide range of new applications

such as brain mapping, restoration of neuronal functions, and investigation of brain disorders.

However, the biggest limitation of the current neural probe technology is chronic reliability; neural

probes that record with high fidelity in acute settings often fail to function reliably in chronic settings.

While chronic viability is imperative for both clinical uses and animal experiments, achieving one is

a major technological challenge due to the chronic foreign body response to the implant. Thus, this

review aims to outline the factors that potentially affect chronic recording in chronological order of

implantation, summarize the methods proposed to minimize each factor, and provide a performance

comparison of the neural probes developed for chronic applications.

Keywords: biocompatibility; biocompatible coating; chronic implant; foreign body response; neural

probe; neural recording

1. Introduction

Recording of extracellular potentials and neuromodulation through various stimulation modalities

(i.e., electrical, chemical, and optical) have a wide range of applications spanning from fundamental

neuroscience research to neuroengineering for therapeutics (Figure 1). For instance, a close look at the

spontaneous and stimulus-event-related signals at specific regions of the brain offers insights into the

effects of brain diseases [1] and the pharmacokinetics of a drug under development [2]. Furthermore,

one of the key agendas in neuroscience, which is to obtain complete functional connectome of our brain,

can be addressed by observing these signals at multiple regions and correlating them to structural

connectivity and behavior output [3,4]. Another important application of the recording of extracellular

potentials is a brain-machine interface (BMI) developed for paralyzed patients [5–8]. The first clinical

report on successful cortical control of a prosthetic arm serves as an important hallmark in the

neuroprosthetics field [6]. In this study, a 3D array of 1-mm-long 96 silicon microelectrodes (i.e.,

3D neural probe) was implanted in a quadriplegic to restore arm mobility. Raw neuronal signals

from cortex regions that were recorded through the implanted neural probes were translated into

a movement of prosthetic limbs. The patient was able to use computers by moving cursors and move

a robotic arm to grasp an object. The implanted neural probe remained in the subject over a year
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until US Food and Drug Administration (FDA) requested removal of the probe. Another interesting

application is BMI-induced plasticity which induces long-term modification of synaptic connections

through recurrent stimulation [9].
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Figure 1. Graphical overview of applications of the neural probe technology. 1. Parkinson’s Diseases;

2. Neuroprosthetics; 3. Brain Pacemaker; 4. Investigation of Brain Diseases; 5. Cognitive Experiments;

6. Brain Mapping.

As the first sensing component that directly interfaces with the tissue, neural probes are important

components in the neural recording system. A neural probe is an array of long microneedles

(i.e., shanks) integrated with microelectrodes for extracellular recording at multiple brain regions

and various functionalities for stimulation [10–13]. Since the first report on the micromachined

multielectrode for extracellular recording [14], the neural probe technology has advanced on all

fronts over the past half a century: density [15–17], functionalities [11,13], interface circuits and

systems [18,19], and biocompatibility [20–23] (Figure 2). With a rapid development in microfabrication

techniques, not only has the number of shanks increased from single shank to 2D [12] and 3D [24,25],

but also the number of microelectrodes in a single silicon shank has dramatically increased from

single to two hundred [17]. In addition to the conventional electrical stimulation, more functional

features, such as microfluidic channels for drug delivery [2,10,26] and optical sources for light

stimulation [13,27–30], have been integrated. Interface integrated circuits (ICs) have also advanced in

terms of the number of channels, power consumption, weight, and wireless transmission [19].

Lastly, a considerable amount of work has been dedicated to optimizing the electrode-tissue

interface to minimize the foreign body reaction. With rapid advancement of soft lithography and

interdisciplinary research between engineering, material science and neuroscience, the materials such

as biocompatible coatings [31–33], bioactive coatings [20–23,31,33–40], and flexible substrate materials

(e.g., polyimide [41–44], parylene-C [30,45–51], SU-8 [52], polycarbonate [27], silk [35], and fibers [27],

carbon nanotube (CNT) [53], and polyvinyl acetate [54]), have been explored. (Note that the term

‘biocompatible’ is used to imply a characteristic of a material that exhibits good biocompatibility in the

central nervous system (CNS) [55].) In addition, to aid precise insertion of the flexible neural probes,

several materials such as fast degrading polymer [56], Matrigel [57], and silk [35], were used to provide

the mechanical support. Through this extensive exploration of fabrication methods, structural shapes,

materials, and stimulation functionalities, neural probes are now denser, more functional and reliable.

For more in-depth reviews on the history and development of the neural probe technology, the reader

is referred to the following reviews [58–61].
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Figure 2. Optical photographs of the state-of-the-art neural probes: (a) high density (top: 3D array

from Normann et al. [24]; bottom: 200-electrode shank from Scholvin et al. [17]); (b) functionalities

(top: micro-LED for optogenetics from Wu et al. [13]; bottom: mixer-integrated microfluidic channel

for drug delivery from Shin et al. [11]); (c) integrated circuits (top: a 64-channel integrated circuit (IC)

with wireless transmission from Sodagra et al. [19]; bottom: a 52-channel IC from Lopez et al. [18]),

and (d-e) biocompatibility ((d): syringe-injectable flexible 3D probe from Liu et al. [62]; (e): dissolvable

silk-coated probe from Wu et al. [35]). Standard neural probes consist of single or multiple shanks and

microelectrode arrays integrated at the end of the shanks for neural recording; The syringe-injectable

probe shown in (d) is a new type of neural probe which provides 3D access to the brain with minimal

damage. All figures reprinted with permission.

However, despite this advancement, achieving chronic reliability of neural probes is still a major

challenge due to the chronic foreign body response. Neural probes that record with high fidelity

in acute settings often fail to function reliably or suffer from low signal amplitudes in chronic

settings. The current studies on neural probes report chronic reliability in the order of weeks and few

months [34,35,42,48,63–66]. Unfortunately, many neuroscience applications, such as brain mapping,

investigation of brain diseases, and BMI, rely heavily on behavior studies, which require long-term

reliability and viability of the recording system. For instance, neuroprosthetics application requires

a reliable reading of the brain signals over a time period in the order of years to be clinically viable [67].

However, enhancing chronic reliability is challenging because the electrode-tissue interface is governed

by complex biological processes around the implant and requires a multidisciplinary understanding of

biology, material science, and engineering.

Thus, to resolve this important yet challenging problem of chronic recording, both research groups

in the neuroscience and engineering disciplines have dedicated their efforts to understand, evade, and
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improve the chronic response of the electrode-tissue interface over the past decade, [20,31,33,58,64,68,69].

In addition, recently, there have been excellent in-depth reviews on various strategies developed to

enhance chronic reliability [70–74]. However, a performance comparison of the state-of-the-art neural

probes for in vivo chronic recordings has not been reported. Thus, in this review, we aim to provide

the reader with snapshots of the current trends in performance. After outlining the possible factors

that affect quality and duration of chronic recordings, potential solutions proposed by different groups

are summarized and their efficacy in enhancing the chronic reliability are discussed in depth (Table 1).

Table 1. Summary of potential causes of damages, nature of the incurred damage, and solutions to

minimize the damage in chronological order of implantation *.

Stage Before Implantation During Implantation Post-Implant (<1 Week) Post-Implant (>1 Week)

In vivo
procedure

Acute
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–

 



 





























 

 





















. A scale bar of 100 μm.
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Schematic
view
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Potential
causes of
damage

• Drilling of skull

• Impact of insertion

• Mechanical
vibration
during implantation

• Micromotion

• Micromotion

• Macromotion

• Strain from
cable attachment

• Corrosion

Induced
effects

• Undesired
excision of
brain tissue

• Contamination of
electrode surface
due to bleeding

• Cell death

• Hemorrhage
and edema

• Blood-brain barrier
(BBB) disruption

• On-set
of inflammation

• Acute
inflammatory response

• BBB disruption

• Unstable
electrode-tissue interface

• Chronic foreign
body response

• BBB disruption

• Encapsulation
(kill zone)

–



 




























 


 

 





















. A scale bar of 100 μm.
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. A scale bar of 100 μm.

Results

• No detection

• Low
signal-to-noise
ratio (SNR)

• Larger dead zone
• Unstable impedance

and recording

• Low SNR

• No detection

Proposed
solutions

• Mastery
of surgery

• Optimization of
probe dimension

• Optimization of
insertion speed

• Pneumatic insertion

• Biocompatible coating

• Anti-inflammatory coating

• BBB modulation

• Flexible substrate

• Drug coating

• BBB modulation

• Rejuvenation

• Wireless transmission

* Reproduced with permission from Szarowski et al. [75]. A scale bar of 100 µm.

2. Potential Causes of Damage

To ensure the long-term fidelity of the neural probes, it is important to examine the major modes

of failure. While the foreign body reaction around the implant is considered to be the most influential

factor that sets the upper limit on the period of chronic recording, there are other modes of failure

that adversely affect the quality of acute extracellular recordings [68,69]. Thus, these failure modes are

discussed in a chronological order of implantation of a neural probe (Table 1). From the moment of

surgery, the brain is constantly exposed to external disturbances: physical damage through drilling,
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initial impact from penetration, physical damage and pressure build-up during the implantation,

acute inflammatory response, chronic foreign body reaction, and other macromotions due to cable

attachments. (Note systematic failures such as broken probe, cables, and packages are excluded).

The fidelity of acute and long-term recordings often depends on the quality of the implantation

surgery [76,77]. After fixing the animal head in a stereotaxic frame and removing the scalp, craniotomy

is performed using a drill at multiple locations to create openings for the probe, ground screws, and

stabilizing screws. Since the thickness of a mouse skull is only around 300 µm, craniotomy performed

by an inexperienced operator could damage the outermost layer of the brain and result in excision

and bleeding. If the target recording area is near the surface, craniotomy must be performed with

great caution. Furthermore, bleeding at the target and ground sites adversely affect the recording

quality (i.e., low signal-to-noise ratio (SNR)) due to the fouling at the surface of microelectrodes and

ground screws. In addition, the neural probe is often lowered using a microdrive that produces a linear

motion by confining an angular motion of a knob [78]. Although minor, the friction caused from this

translation results in undesired sideway movements of the neural probe which produces a dead zone

larger than the actual probe size.

As the neural probe is inserted into the brain, the brain suffers from the first set of mechanical

trauma that results in disruption of blood vessels, dural dimpling, and an increase in pressure around

the implant [79]. While a study on the initial response of the brain to the implant showed that

hemorrhages and edema comprised only 6% of the total area of the probe [80], the extension of the

acute injury plays a significant role in the consequent long-term responses. The two main roles of

the acute inflammatory response are to protect and restore; cytokines and neurotoxic free radicals

are released in an attempt to degrade the foreign body while nearby macrophages are recruited

towards the implant to remove the excess fluid and cellular debris [81]. Thus, during this acute

inflammatory response, many studies show large fluctuations in the impedance measurement and

neural recordings [48,64,66].

The acute inflammatory response is a transient process that diminishes over the first 6 to 8 days

post-implantation [27,75,79]. For chronically implanted neural probes, activated microglia and reactive

astrocytes were observed after two and four weeks post-implantation while no immunoreactivity

was observed in the stab wound control experiment [79,82]. When the macrophages fail to degrade

the implant, they attempt to isolate the implant by forming a dense encapsulation layer (i.e., glial

scar) and also fuse into multi-nucleated “giant” cells. The glial sheath that forms as early as 6-week

post-implantation becomes denser over two to four weeks and extends 50–100 µm around the insertion

site. Thus, the chronic response is characterized by the presence of an elevated expression of filament

proteins such as glial fibrillary acidic protein (GFAP) and vimentin, activated microglia, foreign body

giant cells, and glial scar [82,83]. Furthermore, the encapsulation not only increases the impedance of

the electrode-tissue interface, but also inhibits axon growth and lowers the neuronal density around the

implant [83]. In addition, in chronic settings, the implant site is continuously exposed to new injuries

induced by micromotion of the brain and macromotion due to cable attachment on the headset. Due to

this complexity, evading the chronic response to achieve chronic reliability has been a challenging

task. For more in-depth studies on the effects of brain tissue response to neural implants, the reader is

referred to the following articles and reviews on biochemical pathways to the implant [70,79,84].

3. Common Assessment Methods of Chronic Reliability

Prior to discussing the potential solutions to achieve reliable long-term extracellular recordings,

common methods used in the literature to access biocompatibility and chronic recording capability

are described. Biological assays, electrochemical impedance spectroscopy (EIS), and signal-to-noise

ratio (SNR) measurement are three common methodologies to assess chronic reliability and viability of

the implanted neural probes. While biological assays and EIS aim to examine the immune response

around the implanted neural probe and assess biocompatibility, SNR offers a direct measure of chronic

reliability. The employed methods, however, vary between the disciplines of the research groups,
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often limited by the available experimental toolkits. Thus, it is necessary to understand these methods

in depth and discuss the implication of the measured results. As the interdisciplinary research has

become the common ground between neuroscience and engineering, the community should expect

a more comprehensive assessment of chronic viability of neural probes including biological assays as

well as EIS and SNR [27,85].

3.1. Biological Assays

The foreign body response is one of the key factors influencing the long-term recording of neural

signals [79]. Thus, a considerable amount of work has been dedicated to observing the tissue responses

to the implanted neural probe over a time course [20,31,80,81,86,87]. Currently, histological staining,

assisted with immunohistochemistry (IHC) on the excised brain tissue, is the most common method

to observe the foreign body response to the implanted neural probe (Table 2). After tissue perfusion,

fixation, and section, thin brain slices are mounted on glass slides and are stained with multiple dyes

to observe cell morphology, population, types, and location. Dyes such as Cresyl violet (or Nissl stain)

that attach to nucleic acids are used to enhance the contrast to visualize and locate neurons. IHC, on

the hand, provides specificity to certain cell types through the primary antibody-antigen reaction,

which is then visualized through labeling using the secondary antibodies conjugated to enzymes or

fluorophores. Thus, immunohistochemical staining is additionally performed to observe the foreign

body reaction such as GFAP and anti-vimentin.

Table 2. Examples of common stains and antibodies used to observe brain slices *.

Specificity Name of Stain/Antibody Purpose

Histology
(Not cell-type-specific)

Hemotoxylin and Eosin (H & E) Neurons (axons)

Cresyl violet
(Nissl staining)

Neurons (somata)

Luxol Fast Blue
Myelin (fatty acid sheath
surrounding axons)

Immunohistochemistry
(Cell-type-specific)

Anti-NeuN a, Anti-MAP-2 b Neurons

Anti-GFAP c Astrocytes

Anti-CD68 d, Anti-ED1 e,
Anti-Iba1 f, Anti-OX42 g Microglia/macrophages

Anti-Neurofilament 200 Neurofilaments

Anti-Vimentin
Vimentin (both present in
astrocytes and epithelial
cells of meningeal fibroblasts)

Anti-fibronectin

Extracellular matrix (ECM)
protein (up-regulated in
central nervous system
(CNS) scar tissue)

Anti-IgG h BBB bleach

* Not an exhaustive list; a NeuN: Neuronal Nuclear Antigen; b MAP-2: Microtubule-Associated Protein 2;
c GFAP: Glial Fibrillary Acidic Protein; d CD68: Cluster of Differentiation 68 ; e ED1: Anti-CD68 Antibody; f Iba1:

Ionized Calcium-binding Adapter Molecule 1; g OX42: Anti-CD11b/c Antibody; h IgG: Immunoglobulin G.

Within the histological studies, many variations exist in the study protocols. For example,

the literature reports IHC results on the explanted neural probes [79]; on a different type of

neural probes [69,88]; on different implantation duration [80,82]; and on different animals [27,80,89].

Furthermore, in addition to in vitro histological staining, biological assays such as in vivo microdialysis

sampling [90] and in vitro cell culture on the neural probe [91] have been employed to examine the

biocompatibility. Even within the same study, the tissue response was observed to be asymmetric
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around the implant and not uniform within the same layer of the brain [92]. However, in vivo

and in vitro biological assays are the most direct method to examine the complex biochemical

pathways that govern the tissue responses to the implants. Thus, previous studies demonstrated

the evidence of mechanical trauma of insertion, short-term inflammation response, cell migration,

and increase in reactive astrocytes and activated microglia around the implant, all through biological

assays [80,84,88,92,93]. However, it is important to note that there is not yet a clear quantitative

relationship between the degree of tissue response to the recording quality. While the proximity of

the neurons near the microelectrodes and minimization of glial encapsulation were considered to be

critical in achieving a good recording quality [79,82], recent studies reported contrary results: poor

recordings despite the proximate neuronal cell population and reliable recordings despite heavy glial

encapsulation [92].

3.2. Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) measures the electrical impedance of the

electrode-tissue interface at multiple frequencies. Because of its non-invasive nature, as opposed

to that of biological assays, once the neural probes are implanted, changes in the electrode-tissue

interface can be monitored over a long period of time using the same animal. In addition, EIS does

not require expensive neural recording equipment or access to a biology laboratory. Thus, EIS has

been a popular method, especially among the engineering groups, to indirectly evaluate the chronic

performance of the newly developed neural probes.

EIS of an implanted neural probe is often performed in three-electrode cell configuration; the

brain serves as the electrolyte, an implanted stainless steel or titanium bone screw as the reference

electrode, and the microelectrode on the neural probe as the working electrode. An alternating current

(AC) sinusoidal signal with a small amplitude in the order of mV is applied at various frequencies.

The frequency range is typically 10 Hz–100 kHz, two orders of magnitude smaller and larger than

1 kHz, respectively. The impedance of the microelectrode at 1 kHz is considered biologically significant

and often used as a performance metric because the width of the individual neural spike signals is

approximately 1 ms [94].

Studies showed that an increase in the impedance is observed over time as a glial scar forms and

insulates the implant [81,83]. Specifically, the recent study showed an increase in the impedance over

the first 3 weeks of the implant due to biofouling [95]. However, several works reported that the change

in the impedance does not closely correlate with the actual quality of extracellular recording [58,83].

For example, an electrode that continuously exhibited low impedance failed to record choric neural

signals. Several studies showed that slow regression of neurons away from the implant is the main

cause for the failure rather than the increase in impedance [83,87,95]. Here, it is important to note

that a high recording quality implies either a low mean noise level or a high mean spike amplitude

(or both). Thus, to gain further insight into the relationship between the impedance and the recording

quality, noise level and spike signal amplitude data should be analyzed separately. A recent study

that examined a large data set of spike signals within the same rat showed a weak but strong inverse

relationship between the impedance and the SNR and a positive relationship between the impedance

and the noise level [96]. In addition, another study showed that scaring did not affect the mean spike

amplitude unless it displaced neurons away from the site-tissue interface [95]. In conclusion, a low

impedance at the interface is preferred to achieve a low noise level, but is not a sufficient condition

for signal detection [70,96]. Moreover, although the EIS measurement may indicate the formation of

a glial scar around the implant, it does not necessarily indicate chronic viability of the neural probe

and must be accompanied with other assessment methods.

3.3. Signal-to-Noise Ratio (SNR)

Actual recording of the neural spike signals using the implanted neural probe is the most direct

method to assess the chronic recording capability. Thus, a common statistical metric, SNR, is often used
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to evaluate the fidelity of the chronic recording over time. A bandpass-filtered extracellular recording

consists of background noise signals and distinct individual neuronal spikes. Since the ratio between

these two sets of signals can be defined arbitrarily, the definition of SNR reported in the literature

differs between groups. Therefore, it is difficult to use the absolute values of the SNR to compare the

performance of different neural probes. Some works defined SNR as the statistical metric based on

Gaussian distribution while others defined it as the ratio between the maximum signal amplitude to

either twice or three times the average noise levels [64,66,69]. Recently, a new definition of SNR for

a single neuron was also reported, which is based on the biophysical properties of neurons rather than

a standard Gaussian distribution [97].

SNR of the recorded signals may decrease over time due to the chronic foreign body response

such as insulation from the glial scar, migration of neurons away from the electrode, and lack of

biocompatibility such as electrode fouling [79]. Therefore, the SNR measurements over the duration

of the implantation not only indicate chronic reliability of the neural probe but also provide insights

into the state of the electrode-tissue interface. In addition, since SNR is a measure of only single-unit

recording characteristics, a recent work provided a new metric that accounted for both the multi-unit

and local field potential (LFP) recording characteristics to evaluate the electrode performance [98].

This group also demonstrated that the electrode performance was depth (i.e., brain region) dependent

urging for a more comprehensive analysis to evaluate the electrode performance [92].

4. Strategies to Achieve Chronic Reliability

The literature reports a large amount of work on biocompatibility and chronic reliability of many

neural probes developed over decades. However, the reported chronic reliability is based on different

assessment methods and different in vivo protocols (e.g., types of animals, the numbers of animals,

durations of implantations, definitions of failures, and reasons for terminations). Thus, identification

of trends between studies through comprehensive data analysis is challenging. However, a close

examination of individual study that reports on factors that influence chronic reliability would provide

us with insights into an ideal neural probe system for chronic applications. Recently, there have been

excellent in-depth reviews on the strategies employed to enhance chronic reliability [70–74]. However,

a tabulated performance comparison of the state-of-the-art neural probes for in vivo chronic recordings

has not been reported. Thus, in this section, we describe various methods proposed in the literature to

optimize neural probes for chronic applications in the order presented in Table 1 and aim to provide

the reader with snapshots of the current trends. Since the major factor that hinders chronic recording is

the foreign body response, strategies to minimize the tissue response to the implanted neural probe are

most popular. Thus, these strategies are discussed in more detail compared to non-biological strategies.

4.1. Implantation Procedure

As the damage incurred during the insertion affects the area of kill zone around the implant, it

is important to optimize the implantation procedure and to cause the minimal damage during the

insertion. Since every study uses different neural probes, different animals, and different insertion

methods, there is no consensus on the optimal insertion procedure. While some studies reported that

fast insertion in the order of m/s is preferred because of less stiction to the neighboring tissues and less

dural dimpling [80,99,100], some studies claimed that slow insertion in the order of µm/s was the key

factor that led to successful recording [89]. The preferred insertion method among several options such

as hand, microdrives, and pneumatic drive [101] also varied between groups. For example, insertion

using a pneumatic drive was proposed to overcome the sideway movements of the probe which is

often generated when inserted using a microdrive especially at a high insertion speed [101]. In addition,

an integrated micromachined system composed of a microdrive and a polysilicon microelectrode

array was reported for chronic recording applications; the integrated microdrive enabled fine vertical

movements (in a step of 9 µm) of the implanted probe with a goal to penetrate through the glial sheath

over the period of chronic recording [102]. Lastly, neurovascular mapping obtained from two-photon
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microscopy and endoscopy has been employed to provide a guide during the probe insertion; vascular

structures were avoided using this mapping to minimize the initial BBB injury [70].

Flexible materials have been widely explored as the substrate material to reduce the damage

incurred due to micromotion of the brain. One of the challenges associated with the flexible neural

probes is the precise insertion of the probe without buckling or bending. Thus, stiff materials such as

fast degrading polymer [56], Matrigel [57], and silk [35] that readily dissolve in the brain by proteolytic

enzymes have been used to provide the mechanical support. Moreover, these supporting materials

allowed for the implementation of various shapes such as the fish-bone shape [103], fork shape [35],

and sheath shape [57]. By reducing the distance between the microelectrodes and the neurons, these

non-standard shapes allowed for signal recording with a high SNR. Another interesting method that

provides temporary mechanical support is rapid freezing of the flexible parts using liquid nitrogen [85].

4.2. Design of Neural Probes

While it is difficult to control and intervene with the chronic foreign body reaction, the design

and fabrication of neural probes can be readily controlled. Thus, many studies have compared

various design parameters such as materials [31,104], texture [44], size [69], tip geometry [89,105],

and shape [85]. However, the effects of probe design on the long-term viability of neural probes

differed between the reported studies. For example, a comprehensive study on the immune response

to silicon implants of different sizes, surface textures, and tip geometries showed that these design

factors affected the extent of acute inflammatory response but not the chronic responses such as scar

formation [75]. Another study that compared different types of commercially available silicon neural

probes supported this finding [58]. However, a similar study on silicon neural probes showed that

a smaller probe and a cylindrically-shaped neural probe resulted in reduced glial scarring and neuronal

loss [20,69,106].

Furthermore, comparative studies on the effects of design parameters are often limited to

passive probes without electrodes [31,104,105] and only a small number of works included the SNR

measurement data [69]. Thus, a direct relationship between the design parameters and the chronic

recording quality (e.g., SNR) is difficult to identify. For example, a study showed that the mechanical

mismatch between the neural probe and the brain tissue played an important role in the formation of

the glial scar but the effect of this glial scar on chronic recording quality was not shown [104,107].

4.3. Biocompatibility

The most critical factor that limits the long-term chronic recording is the complex biological process

that occurs around the implant: acute inflammatory response and chronic foreign body response.

The extent of this biological process depends on the material of the surface of the neural probes, such

as the materials of the insulation layer and electrodes. Thus, various surface modification strategies

have been proposed to directly intervene with the immune response: biocompatible materials and

coatings [64,83,108], bioactive coatings [83,109–112], and controlled drug release [37,40,113] (Figure 3);

some of these works conducted chronic recording experiments utilizing their modification strategies

and they are tabulated (Table 3).

The first attempt was to explore different materials for the insulation layer and the electrode.

However, no significant improvement in terms of chronic reliability has been observed for different

biocompatible metals such as iridium, stainless steel, tungsten, and platinum [61,114] and for the

non-biological coating for the insulation layer [115]. Subsequently, researchers have deposited

biocompatible materials such as poly(3,4-ethylenedioxythiophen) (PEDOT) on the electrodes [64,83].

The PEDOT coating resulted in a 17% increase in the number of units recorded in vivo [64] while

the PEDOT coating with the synthetic peptides (DCDPGYIGSR) resulted in a decrease in impedance

by 100 times [83]. The synthetic peptides were used to enhance cell adhesion. Recently, another

biocompatible layer, based on a hydrogel, was evaluated and its immune response was compared to

that of an uncoated polydimethylsiloxane (PDMS) neural probe. For the probe that was coated with
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a polyethylene glycol (PEG)—polyurethane (PU) hydrogel, an increase in the neural density and a

decrease in the number of astrocytes were observed at the insertion site [108]; successful modulation

of the immune response was achieved through the use of biocompatible materials. For more in-depth

studies on the effects of brain tissue response to neural implants, the reader is referred to the following

comprehensive reviews [71–74,79].

—

–

  

(a) (b) 

–
–

Figure 3. (a) Graphical representations of common surface modification strategies, reprinted with

permission from Marin et al. [81]. An optimal surface should consist of an insulation layer that

facilitates the adsorption of proteins, adhesion of fibroblast, and adhesion of neurons and glial cells

without macrophage reaction and a microelectrode surface that attracts neurons without adhesion

of fibroblasts or macrophage reaction; (b) Graphical representation of selective coatings of different

bioactive materials on a neural probe, reprinted with permission from Abidian et al. [116]. Drug-loaded

biodegradable nanofibers are encapsulated by a biocompatible alginate hydrogel as the insulation layer

and poly(3,4-ethylenedioxythiophen) (PEDOT) is electrochemically polymerized on the microelectrode.

Another strategy to interfere with the immune response was to coat the electrode with bioactive

materials. Since the high density and proximity of the neuron around the implant are crucial in unit

recording, bioactive coatings that promote neuronal growth (e.g., nerve growth factor (NGF) [110])

and promote cell adhesion (e.g., laminin [109] and peptides [83]) were investigated. Furthermore,

as neural processes tend to grow on astrocytes [79], bioactive coatings that attract astrocytes such as

immobilized peptides (KHIFSDDSSE) [117], collagen, fibronectin, and laminin [114] were selectively

coated to increase the neural density around the implant. Conversely, bioactive materials on the

electrodes should prevent adhesion of glial cells. Bioactive materials such as dextran can be used for

this purpose [115].

A more aggressive strategy to intervene with the immune response is to release anti-inflammatory

compounds such as dexamethasone [37,118,119] and neurotropic medium [113]. The study on the

dexamethasone-coated neural probe showed a 60% decrease in immunoreactivity during the first

week while the number of astrocytes decreased by 50% for both the first and fourth week [119].

In addition, when observed after 46 days post-implantation, the increase in the impedance due to the

encapsulation (glial scar) was smaller for the probe that released dexamethasone in a bio-degradable

transporting material [37]. A new type of anti-inflammatory nanogel (polydimethylsiloxane modified

N,O-carboxylic chitosan (PMSC) incorporated with oligo-proanthocyanidin (OPC)) was recently

introduced [40]. A decrease in immunoreactivity by 40%–80% and an increase in the neuronal density

by 100%–1100% were achieved. The study also showed an alleviated edema, reduced tissue trauma,

reduced impedance, as well as an increase in signal stability. Another recent study incorporated

bacterial enzyme chondroitinase ABC (chABC), which promotes recovery after spinal cord injury, into

a biocompatible silk film to ameliorate axonal growth inhibition around the implant [33].
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Table 3. Summary of surface modification strategies.

Surface
Modification

Author (Year) Materials Animal Experiments

Biocompatible
Coating

Cui [111] (2003)
PEDOT a/
DCDPGYIGSR

Guinea pig
• Decrease in impedance

• Increase in SNR

Ludwig [64] (2006) PEDOT Rat

• Decrease in impedance

• 17% increase in number
of recorded units

Rao [108] (2012)
PEG b-PU c

hydrogel
Rat

• Increase in neuronal
density

• Decrease in glial density

Bioactive
Coating

He [109] (2006) Laminin Rat

• Reduction in glial
density in 2 weeks

• No change in neuronal
density

Kim [110] (2007)
PPy d/PSS e/NGF f

PEDOT/PBS g/NGF
in vitro

• 22% increase in
neuronal density

Kolarcik [112]
(2012)

L1 in vitro Rat
• Decrease in the size of

kill zone

Drug Release

Kato [113] (2006) NGF (in microsphere) Rat
• Extension of neuritis

observed

Zhong [119] (2007)
DEX h (in
nitrocellulose coating)

Rat

• 60% decrease in
immunoreactivity

• 50% decrease in
glial density

Mercanzini [37]
(2010)

DEX (in nanoparticles) Rat • Decrease in impedance

Tien [33] (2013) chABC i (in silk film) in vitro • Reduced glial scar

Potter [120] (2014)
Curcumin
(in poly(vinyl alcohol))

Rats

• Increase in neuronal
survival in 4 weeks

• Lost benefit of drug
in 12 weeks

Huang [40] (2015)
PMSC j-OPC k

(in nanogels)
Rat

• Decrease in impedance

• Increase in SNR

• 40%–80% reduction in
immunoreactivity

• 100%–1100% increase
in neuronal density

a PEDOT: poly(3,4-ethylenedioxythiophen); b PEG: polyethyleneglycol; c PU: polyurethane; d PPy: polypyrrole;
e PSS: poly(styrenesulfonate); f NGF: nerve growth factor; g PBS: phosphate-buffered saline; h DEX:
dexamethasone; i chABC: chondroitinase ABC; j PMSC: polydimethylsiloxane (PDMS) modified N,O-carboxylic

chitosan; k OPC: oligo-proanthocyanidin.

4.4. Flexible Substrate

Once the neural probe is implanted in our brain, the insertion site is constantly damaged due to

micromotion of the brain. Micromotion of the brain is caused by changes in blood pressure induced

by cardiac pulsation and breathing. A recent study showed that the density difference between the

tissue and the neural probe played an important role in determining the extent of glial scarring [104].

A significantly low number of astrocytes and microglia were observed around the hollow neural

probes. In addition, another group developed a finite element model to analyze the electrode-tissue

microenvironment and simulate the effect of micromotion on the interfacial strains. Elevated strains

were observed at both the edges of the neural probe and the tip. Since the Young’s modulus of the brain

is only in the order of kPa, these studies suggest uses of soft materials for neural probes in order to

minimize the mechanical impedance mismatch [59]. Another recent study demonstrated a significant

reduction in the long-term chronic neuroinflammatory response by using a mechanically-compliant

implant [121]. The first soft material that was explored was polyimide [41–44,63,86,99,122] which

was initially used as a coating material in the early stage of deveopment. With the advent of soft

lithography, polyimide is now often used as the main substrate material. The work on all-polyimide
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neural probes demonstrated less immunoreactivity around the implant. However, no long-term

chronic recording data was provided to conclude any direct relationship between the use of polyimide

to chronic reliability [63]. In fact, over the past decade, neural probes based on a vast number of soft

materials such as parylene-C [30,34,45–51,123], polycarbonate [27], SU-8 [2], and benzocyclobutene

(BCB) [124] have been reported. However, only a few of these works demonstrated the long-term

neural recording (Table 4).

Due to the variability in the protocols such as type and number of animals, reasons for termination,

and dimensions of the probe, no solid conclusion can be drawn on the effect of soft materials on the

quality of chronic recording. However, merely comparing the demonstrated duration of the chronic

recording, no distinctive advantages of soft materials have been demonstrated yet in the literature;

one of the longest chronic recordings reported in the literature (–137 weeks) was achieved by the rigid

silicon neural probe (Table 4). Considering that the difference between the Young’s modulus of silicon and

the brain tissue (~170 GPa vs. ~3kPa), it is surprising that no flexible chronic neural probe has demonstrated

a longer chronic recording capability. This is another reminder that SNR data is the most direct and

reliable measure of the long-term chronic reliability as opposed to IHC and impedance data. A study

showed that an upper limit for the rigid silicon neural probe for chronic recording was approximately

8–10 months post-implantation as the probes were expelled from the tissue [125]. However, there is

not yet an experimental data that shows the upper limit of a flexible neural probe system.

Table 4. Summary of neural probes with chronic recording data.

Author
(Year)

Neural Probe Animal Recording

Sub.,
Elec.

w (µm),
t (µm)

Type No.
Implant
Location

Weeks
Assessment

Methods
Reason for

Termination

Maynard [100]
(2000)

Si, n/a n/a Cat 8 Visual cortex 35 IHC, SNR F

Vetter [66]
(2004)

Si, Ir 55, 15 Rat 10
Auditory &

motor cortex
16 IHC, SNR S

Suner [126]
(2005)

Si, Pt 40, 2.6 Monkey 3 Motor cortex 137 EIS, SNR P

Ludwig [64]
(2006)

Si,
PEDOT

90, 15 Rat 8 Motor cortex 6 EIS, SNR S

Kozai [127]
(2016)

Si,
PEDOT/

CNT
55, n/a Mouse 5 Visual cortex 22 EIS, SNR S

Jackson [102]
(2010)

PolySi,
PolySi

50, 4 Rat 12 Cortex 20 SNR A

Kim [48]
(2013)

Parylene,
Pt

350, 50 Rat 13 Motor cortex 4
IHC, EIS,

SNR
S

Wu [34]
(2015)

Parylene,
Au

25, 65 Rat 1 Motor cortex 5 SNR S

Lee [57]
(2015)

Parylene
(Matrigel),

Pt

50–300,
11

Rat 2 Motor cortex 14
IHC, EIS,

SNR
n/a

Cheung [63]
(2007)

PI, Pt 75, 15 Rat 1
Cortex &

Hippocampus
8 IHC, SNR F

Myllymaa [128]
(2009)

PI, Au 16, 5 Rat 5 Thalamus 7 EIS, SNR n/a

Huang [40]
(2015)

PI, PLGA 220, 50 Rat 10
Thalamic

VPM/VPL
4

IHC, EIS,
SNR

n/a

Canales [27]
(2014)

PC, CPE 200, 200 Mouse 1 Cortex 8
IHC, EIS,

SNR
n/a

Kozai [65]
(2012)

PEG,
PEDOT

8, 8 Rat 7 Motor cortex 5 IHC, SNR S

Sub.: substrate material; Elec.: electrode material; w: width; t: thickness; PEDOT: poly(3,4-ethylene
dioxythiophene); CNT: carbon nanotube; PI: polyimide; PC: polycarbonate; PLGA: poly(lactic-co-glycolic acid);
CPE: conductive polyethylene; PEG: poly(ethylene glycol); IHC: immunohistochemistry; EIS: electrochemical
impedance spectroscopy; A: Animal died; S: Stopped without any failure; F: No signal detected;
P: Packaging issue.
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4.5. Wireless Technology and Packaging

In order to perform a chronic recording, the neural probe must be packaged and secured to the

head of the animal using an adhesive or dental cement [77]. This tether on the skull exerts a tangential

force not only at the tip of the neural probe but also at the surface of the brain to the tip of the neural

probes [107]. Thus, a flexible interconnect and printed circuit board (PCB) have been proposed [63,129].

Another strategy was to use a Teflon sheet between the implant and the dura and Gore-Tex® between

the dura and cranium to prevent adhesion between the dura and the arrays. Plugging and unplugging

of cables from the external head stage is another source of strain exerted between the neural probe and

the surrounding tissue [67]. In addition, wire connection is undesirable for clinical applications [130].

Thus, wireless transmission systems for the neural probes are continuously being developed to achieve

a larger number of channel interface, higher bit rates, and low power consumption [7,19,131].

4.6. Other Novel Methods

Recently, a research group has proposed a new paradigm to the neural probe technology: ultra-thin

ultra-flexible 3D mesh electrodes [62,85]. These newly proposed 3D mesh electrodes address two main

pressing issues in the current neural probe field: highly-dense 3D mapping of the brain and chronic

recording reliability (Figure 4). By cleverly pre-straining the device and using soft lithography,

microelectrodes were fabricated and integrated on thin flexible arms that extended out to penetrate

through the glial scar once implanted. These legs were also integrated on a 3D mesh cylindrical

structure which would enable probing of a larger area of the brain. The IHC results showed a similar

neural density as well as glia density at the outer probe edge to that observed on the control sample.

   
(a) (b) (c) 

Figure 4. 3D macroporous brain probes reprinted with permission from Xie et al. Schematics of

(a) insertion scheme and (b) 3D spherical structure with flexible arms that are designed to protrude

through the glial scar and form a close contact to the neurons; and (c) immunohistochemistry (IHC) of

the insertion site demonstrating an extremely low immune response with a high neuronal density [85].

5. Conclusions

The neural probe technology has advanced over approximately half a century. The biological

processes that are involved in the electrode-tissue interface have been extensively examined and

investigated to improve chronic reliability of the interface. Although the exact effects of various design

factors on the long-term recording capability are still unknown, several desired features have been

identified based on a large amount of studies: small dimensions, flexibility, and biocompatibility.

However, the current status of the chronic performance is still in the order of weeks while many clinical

applications such as neuroprosthetics require a long-term reliability in the order of years or decades.

Although the maximum required period for animal studies is different from the clinical studies, at least

12 weeks of chronic recording data should be provided to fully account for the chronic immune

response. With continuous innovations in the field and the strong scientific drive to understand the
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brain, the neural probe technology will advance in the near future to meet the stringent requirements

of many interesting chronic applications.

Acknowledgments: This work was supported by the National Research Foundation of Korea (NRF) grant
funded by the Korea government (MSIP) (2016R1C1B2009798) and by the Brain Research Program through
the National Research Foundation of Korea (NRF) funded by the Ministry of Science, ICT & Future Planning
(2016M3C7A1904343).

Author Contributions: Geon Kook conducted the literature review and prepared the figures. Sung Woo Lee
conducted the literature review and collected the references. Hee Chul Lee and Il-Joo Cho organized the
manuscript structure and provided appropriate guidance. Geon Kook and Hyunjoo Jenny Lee prepared and
wrote the manuscript.

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

References

1. Calabresi, P.; Centonze, D.; Bernardi, G. Electrophysiology of dopamine in normal and denervated

striatal neurons. Trends Neurosci. 2000, 23, S57–S63. [CrossRef]

2. Altuna, A.; Bellistri, E.; Cid, E.; Aivar, P.; Gal, B.; Berganzo, J.; Gabriel, G.; Guimerà, A.; Villa, R.; Fernández, L.J.

SU-8 based microprobes for simultaneous neural depth recording and drug delivery in the brain. Lab Chip

2013, 13, 1422–1430. [CrossRef] [PubMed]

3. Alivisatos, A.P.; Chun, M.; Church, G.M.; Greenspan, R.J.; Roukes, M.L.; Yuste, R. The brain activity map

project and the challenge of functional connectomics. Neuron 2012, 74, 970–974. [CrossRef] [PubMed]

4. Scanziani, M.; Häusser, M. Electrophysiology in the age of light. Nature 2009, 461, 930–939. [CrossRef]

[PubMed]

5. Hochberg, L.R.; Bacher, D.; Jarosiewicz, B.; Masse, N.Y.; Simeral, J.D.; Vogel, J.; Haddadin, S.; Liu, J.; Cash, S.S.;

van der Smagt, P. Reach and grasp by people with tetraplegia using a neurally controlled robotic arm. Nature

2012, 485, 372–375. [CrossRef] [PubMed]

6. Hochberg, L.R.; Serruya, M.D.; Friehs, G.M.; Mukand, J.A.; Saleh, M.; Caplan, A.H.; Branner, A.; Chen, D.;

Penn, R.D.; Donoghue, J.P. Neuronal ensemble control of prosthetic devices by a human with tetraplegia.

Nature 2006, 442, 164–171. [CrossRef] [PubMed]

7. Rajangam, S.; Tseng, P.-H.; Yin, A.; Lehew, G.; Schwarz, D.; Lebedev, M.A.; Nicolelis, M.A.L. Wireless cortical

brain-machine interface for whole-body navigation in primates. Sci. Rep. 2016, 6, 22170. [CrossRef] [PubMed]

8. Velliste, M.; Perel, S.; Spalding, M.C.; Whitford, A.S.; Schwartz, A.B. Cortical control of a prosthetic arm for

self-feeding. Nature 2008, 453, 1098–1101. [CrossRef] [PubMed]

9. Kipke, D.R.; Shain, W.; Buzsáki, G.; Fetz, E.; Henderson, J.M.; Hetke, J.F.; Schalk, G. Advanced neurotechnologies

for chronic neural interfaces: New horizons and clinical opportunities. J. Neurosci. 2008, 28, 11830–11838.

[CrossRef] [PubMed]

10. Lee, H.J.; Son, Y.; Kim, J.; Lee, C.J.; Yoon, E.-S.; Cho, I.-J. A multichannel neural probe with embedded

microfluidic channels for simultaneous in vivo neural recording and drug delivery. Lab Chip 2015, 15,

1590–1597. [CrossRef] [PubMed]

11. Shin, H.; Lee, H.J.; Chae, U.; Kim, H.; Kim, J.; Choi, N.; Woo, J.; Cho, Y.; Lee, C.J.; Yoon, E.-S. Neural probes

with multi-drug delivery capability. Lab Chip 2015, 15, 3730–3737. [CrossRef] [PubMed]

12. Son, Y.; Lee, H.J.; Kim, J.; Shin, H.; Choi, N.; Lee, C.J.; Yoon, E.-S.; Yoon, E.; Wise, K.D.; Kim, T.G. In vivo

optical modulation of neural signals using monolithically integrated two-dimensional neural probe arrays.

Sci. Rep. 2015, 5, 15466. [CrossRef] [PubMed]

13. Wu, F.; Stark, E.; Ku, P.-C.; Wise, K.D.; Buzsáki, G.; Yoon, E. Monolithically integrated µleds on silicon neural

probes for high-resolution optogenetic studies in behaving animals. Neuron 2015, 88, 1136–1148. [CrossRef]

[PubMed]

14. Wise, K.D.; Angell, J.B.; Starr, A. An integrated-circuit approach to extracellular microelectrodes. IEEE Trans.

Biomed. Eng. 1970, BME-17, 238–247. [CrossRef]

15. Van Dijck, G.; Seidl, K.; Paul, O.; Ruther, P.; Van Hulle, M.M.; Maex, R. Enhancing the yield of high-density

electrode arrays through automated electrode selection. Int. J. Neural Syst. 2012, 22, 1–19. [CrossRef] [PubMed]

16. Du, J.; Blanche, T.J.; Harrison, R.R.; Lester, H.A.; Masmanidis, S.C. Multiplexed, high density electrophysiology

with nanofabricated neural probes. PLOS ONE 2011, 6, e26204. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/S1471-1931(00)00017-3
http://dx.doi.org/10.1039/c3lc41364k
http://www.ncbi.nlm.nih.gov/pubmed/23407672
http://dx.doi.org/10.1016/j.neuron.2012.06.006
http://www.ncbi.nlm.nih.gov/pubmed/22726828
http://dx.doi.org/10.1038/nature08540
http://www.ncbi.nlm.nih.gov/pubmed/19829373
http://dx.doi.org/10.1038/nature11076
http://www.ncbi.nlm.nih.gov/pubmed/22596161
http://dx.doi.org/10.1038/nature04970
http://www.ncbi.nlm.nih.gov/pubmed/16838014
http://dx.doi.org/10.1038/srep22170
http://www.ncbi.nlm.nih.gov/pubmed/26938468
http://dx.doi.org/10.1038/nature06996
http://www.ncbi.nlm.nih.gov/pubmed/18509337
http://dx.doi.org/10.1523/JNEUROSCI.3879-08.2008
http://www.ncbi.nlm.nih.gov/pubmed/19005048
http://dx.doi.org/10.1039/C4LC01321B
http://www.ncbi.nlm.nih.gov/pubmed/25651943
http://dx.doi.org/10.1039/C5LC00582E
http://www.ncbi.nlm.nih.gov/pubmed/26235309
http://dx.doi.org/10.1038/srep15466
http://www.ncbi.nlm.nih.gov/pubmed/26494437
http://dx.doi.org/10.1016/j.neuron.2015.10.032
http://www.ncbi.nlm.nih.gov/pubmed/26627311
http://dx.doi.org/10.1109/TBME.1970.4502738
http://dx.doi.org/10.1142/S0129065712003055
http://www.ncbi.nlm.nih.gov/pubmed/22262521
http://dx.doi.org/10.1371/journal.pone.0026204
http://www.ncbi.nlm.nih.gov/pubmed/22022568


Micromachines 2016, 7, 179 15 of 20

17. Scholvin, J.; Kinney, J.P.; Bernstein, J.G.; Moore-Kochlacs, C.; Kopell, N.; Fonstad, C.G.; Boyden, E.S.

Close-packed silicon microelectrodes for scalable spatially oversampled neural recording. IEEE Trans.

Biomed. Eng. 2016, 63, 120–130. [CrossRef] [PubMed]

18. Lopez, C.M.; Andrei, A.; Mitra, S.; Welkenhuysen, M.; Eberle, W.; Bartic, C.; Puers, R.; Yazicioglu, R.F.;

Gielen, G.G.E. An implantable 455-active-electrode 52-channel cmos neural probe. IEEE J. Solid-State Circuits

2014, 49, 248–261. [CrossRef]

19. Sodagar, A.M.; Perlin, G.E.; Yao, Y.; Najafi, K.; Wise, K.D. An implantable 64-channel wireless microsystem

for single-unit neural recording. IEEE J. Solid-State Circuits 2009, 44, 2591–2604. [CrossRef]

20. Seymour, J.P.; Kipke, D.R. Neural probe design for reduced tissue encapsulation in CNS. Biomaterials 2007,

28, 3594–3607. [CrossRef] [PubMed]

21. Lewitus, D.Y.; Smith, K.L.; Landers, J.; Neimark, A.V.; Kohn, J. Bioactive agarose carbon-nanotube composites

are capable of manipulating brain–implant interface. J. Appl. Polym. Sci. 2014, 131, 40297. [CrossRef] [PubMed]

22. Taub, A.H.; Hogri, R.; Magal, A.; Mintz, M.; Shacham-Diamand, Y. Bioactive anti-inflammatory coating for

chronic neural electrodes. J. Biomed. Mater. Res. Part A 2012, 100, 1854–1858. [CrossRef] [PubMed]

23. Kozai, T.D.Y.; Gugel, Z.; Li, X.; Gilgunn, P.J.; Khilwani, R.; Ozdoganlar, O.B.; Fedder, G.K.; Weber, D.J.;

Cui, X.T. Chronic tissue response to carboxymethyl cellulose based dissolvable insertion needle for

ultra-small neural probes. Biomaterials 2014, 35, 9255–9268. [CrossRef] [PubMed]

24. Normann, R.A.; Maynard, E.M.; Rousche, P.J.; Warren, D.J. A neural interface for a cortical vision prosthesis.

Vis. Res. 1999, 39, 2577–2587. [CrossRef]

25. Takeuchi, S.; Suzuki, T.; Mabuchi, K.; Fujita, H. 3D flexible multichannel neural probe array. J. Micromech.

Microeng. 2003, 14, 104. [CrossRef]

26. Chen, J.; Wise, K.D.; Hetke, J.F.; Bledsoe, S.C. A multichannel neural probe for selective chemical delivery at

the cellular level. IEEE Trans. Biomed. Eng. 1997, 44, 760–769. [CrossRef] [PubMed]

27. Canales, A.; Jia, X.; Froriep, U.P.; Koppes, R.A.; Tringides, C.M.; Selvidge, J.; Lu, C.; Hou, C.; Wei, L.; Fink, Y.

Multifunctional fibers for simultaneous optical, electrical and chemical interrogation of neural circuits

in vivo. Nat. Biotechnol. 2015, 33, 277–284. [CrossRef] [PubMed]

28. Kim, T.-I.; McCall, J.G.; Jung, Y.H.; Huang, X.; Siuda, E.R.; Li, Y.; Song, J.; Song, Y.M.; Pao, H.A.; Kim, R.-H.

Injectable, cellular-scale optoelectronics with applications for wireless optogenetics. Science 2013, 340,

211–216. [CrossRef] [PubMed]

29. Segev, E.; Fowler, T.; Faraon, A.; Roukes, M.L. Visible array waveguide gratings for applications of optical

neural probes. In Proceedings of the 2015 SPIE BiOS, San Francisco, CA, USA, 7–12 February 2015;

International Society for Optics and Photonics: Bellingham, WA, USA, 2015.

30. Chamanzar, M.; Denman, D.J.; Blanche, T.J.; Maharbiz, M.M. Ultracompact optoflex neural probes for

high-resolution electrophysiology and optogenetic stimulation. In Proceedings of the 28th IEEE International

Conference on Micro Electro Mechanical Systems (MEMS), Estoril, Portugal, 18–22 January 2015; pp. 682–685.

31. Grand, L.; Wittner, L.; Herwik, S.; Göthelid, E.; Ruther, P.; Oscarsson, S.; Neves, H.; Dombovári, B.; Csercsa, R.;

Karmos, G. Short and long term biocompatibility of neuroprobes silicon probes. J. Neurosci. Methods 2010,

189, 216–229. [CrossRef] [PubMed]

32. Rahimi, O.; Juliano, S.L. Transplants of NGF-secreting fibroblasts restore stimulus-evoked activity in barrel

cortex of basal-forebrain-lesioned rats. J. Neurophysiol. 2001, 86, 2081–2096. [PubMed]

33. Tien, L.W.; Wu, F.; Tang-Schomer, M.D.; Yoon, E.; Omenetto, F.G.; Kaplan, D.L. Silk as a multifunctional

biomaterial substrate for reduced glial scarring around brain-penetrating electrodes. Adv. Funct. Mater. 2013,

23, 3185–3193. [CrossRef]

34. Wu, F.; Tien, L.; Chen, F.; Kaplan, D.; Berke, J.; Yoon, E. A multi-shank silk-backed parylene neural

probe for reliable chronic recording. In Proceedings of the 2013 Transducers & Eurosensors XXVII:

The 17th International Conference on Solid-State Sensors, Actuators and Microsystems (TRANSDUCERS &

EUROSENSORS XXVII), Barcelona, Spain, 16–20 June 2013; pp. 888–891.

35. Wu, F.; Tien, L.W.; Chen, F.; Berke, J.D.; Kaplan, D.L.; Yoon, E. Silk-backed structural optimization of

high-density flexible intracortical neural probes. J. Microelectromech. Syst. 2015, 24, 62–69. [CrossRef]

36. Winslow, B.D.; Christensen, M.B.; Yang, W.-K.; Solzbacher, F.; Tresco, P.A. A comparison of the tissue response

to chronically implanted parylene-C-coated and uncoated planar silicon microelectrode arrays in rat cortex.

Biomaterials 2010, 31, 9163–9172. [CrossRef] [PubMed]

http://dx.doi.org/10.1109/TBME.2015.2406113
http://www.ncbi.nlm.nih.gov/pubmed/26699649
http://dx.doi.org/10.1109/JSSC.2013.2284347
http://dx.doi.org/10.1109/JSSC.2009.2023159
http://dx.doi.org/10.1016/j.biomaterials.2007.03.024
http://www.ncbi.nlm.nih.gov/pubmed/17517431
http://dx.doi.org/10.1002/app.40297
http://www.ncbi.nlm.nih.gov/pubmed/25382868
http://dx.doi.org/10.1002/jbm.a.34152
http://www.ncbi.nlm.nih.gov/pubmed/22488754
http://dx.doi.org/10.1016/j.biomaterials.2014.07.039
http://www.ncbi.nlm.nih.gov/pubmed/25128375
http://dx.doi.org/10.1016/S0042-6989(99)00040-1
http://dx.doi.org/10.1088/0960-1317/14/1/014
http://dx.doi.org/10.1109/10.605435
http://www.ncbi.nlm.nih.gov/pubmed/9254989
http://dx.doi.org/10.1038/nbt.3093
http://www.ncbi.nlm.nih.gov/pubmed/25599177
http://dx.doi.org/10.1126/science.1232437
http://www.ncbi.nlm.nih.gov/pubmed/23580530
http://dx.doi.org/10.1016/j.jneumeth.2010.04.009
http://www.ncbi.nlm.nih.gov/pubmed/20399227
http://www.ncbi.nlm.nih.gov/pubmed/11600663
http://dx.doi.org/10.1002/adfm.201203716
http://dx.doi.org/10.1109/JMEMS.2014.2375326
http://dx.doi.org/10.1016/j.biomaterials.2010.05.050
http://www.ncbi.nlm.nih.gov/pubmed/20561678


Micromachines 2016, 7, 179 16 of 20

37. Mercanzini, A.; Reddy, S.T.; Velluto, D.; Colin, P.; Maillard, A.; Bensadoun, J.-C.; Hubbell, J.A.;

Renaud, P. Controlled release nanoparticle-embedded coatings reduce the tissue reaction to neuroprostheses.

J. Control. Release 2010, 145, 196–202. [CrossRef] [PubMed]

38. Kozai, T.D.Y.; Jaquins-Gerstl, A.S.; Vazquez, A.L.; Michael, A.C.; Cui, X.T. Dexamethasone retrodialysis

attenuates microglial response to implanted probes in vivo. Biomaterials 2016, 87, 157–169. [CrossRef] [PubMed]

39. Aregueta-Robles, U.A.; Woolley, A.J.; Poole-Warren, L.A.; Lovell, N.H.; Green, R.A. Organic electrode

coatings for next-generation neural interfaces. Front. Neuroeng. 2015, 7, 15. [CrossRef] [PubMed]

40. Huang, W.C.; Lai, H.Y.; Kuo, L.W.; Liao, C.H.; Chang, P.H.; Liu, T.C.; Chen, S.Y.; Chen, Y.Y. Multifunctional

3D patternable drug-embedded nanocarrier-based interfaces to enhance signal recording and reduce neuron

degeneration in neural implantation. Adv. Mater. 2015, 27, 4186–4193. [CrossRef] [PubMed]

41. Metz, S.; Bertsch, A.; Bertrand, D.; Renaud, P. Flexible polyimide probes with microelectrodes and embedded

microfluidic channels for simultaneous drug delivery and multi-channel monitoring of bioelectric activity.

Biosens. Bioelectron. 2004, 19, 1309–1318. [CrossRef] [PubMed]

42. Lai, H.-Y.; Liao, L.-D.; Lin, C.-T.; Hsu, J.-H.; He, X.; Chen, Y.-Y.; Chang, J.-Y.; Chen, H.-F.; Tsang, S.; Shih, Y.-Y.I.

Design, simulation and experimental validation of a novel flexible neural probe for deep brain stimulation

and multichannel recording. J. Neural Eng. 2012, 9, 036001. [CrossRef] [PubMed]

43. Lee, K.; Singh, A.; He, J.; Massia, S.; Kim, B.; Raupp, G. Polyimide based neural implants with

stiffness improvement. Sens. Actuators B Chem. 2004, 102, 67–72. [CrossRef]

44. Rousche, P.J.; Pellinen, D.S.; Pivin, D.P.; Williams, J.C.; Vetter, R.J.; Kipke, D.R. Flexible polyimide-based

intracortical electrode arrays with bioactive capability. IEEE Trans. Biomed. Eng. 2001, 48, 361–371. [CrossRef]

[PubMed]

45. Seymour, J.P.; Langhals, N.B.; Anderson, D.J.; Kipke, D.R. Novel multi-sided, microelectrode arrays for

implantable neural applications. Biomed. Microdevices 2011, 13, 441–451. [CrossRef] [PubMed]

46. Sohal, H.S.; Vassilevski, K.; Jackson, A.; Baker, S.N.; O’Neill, A. Design and microfabrication considerations

for reliable flexible intracortical implants. ArXiv E-Prints, 2015. Available online: http://arxiv.org/abs/1506.

04622 (accessed on 27 September 2016). [CrossRef]

47. Castagnola, V.; Descamps, E.; Lecestre, A.; Dahan, L.; Remaud, J.; Nowak, L.G.; Bergaud, C. Parylene-based

flexible neural probes with PEDOT coated surface for brain stimulation and recording. Biosens. Bioelectron.

2015, 67, 450–457. [CrossRef] [PubMed]

48. Kim, B.J.; Kuo, J.T.W.; Hara, S.A.; Lee, C.D.; Yu, L.; Gutierrez, C.A.; Hoang, T.Q.; Pikov, V.; Meng, E.

3D parylene sheath neural probe for chronic recordings. J. Neural Eng. 2013, 10, 045002. [CrossRef] [PubMed]

49. Du, J.; Roukes, M.L.; Masmanidis, S.C. Dual-side and three-dimensional microelectrode arrays fabricated

from ultra-thin silicon substrates. J. Micromech. Microeng. 2009, 19, 075008. [CrossRef]

50. Ong, X.C.; Forssell, M.; Fedder, G.K. Processing of platinum electrodes for parylene-c based neural probes.

In Proceedings of the 2016 IEEE 29th International Conference on Micro Electro Mechanical Systems (MEMS),

Shanghai, China, 24–28 January 2016; pp. 509–512.

51. Kolarcik, C.L.; Luebben, S.D.; Sapp, S.A.; Hanner, J.; Snyder, N.; Kozai, T.D.Y.; Chang, E.; Nabity, J.A.;

Nabity, S.T.; Lagenaur, C.F. Elastomeric and soft conducting microwires for implantable neural interfaces.

Soft Matter 2015, 11, 4847–4861. [CrossRef] [PubMed]

52. Rubehn, B.; Wolff, S.B.E.; Tovote, P.; Lüthi, A.; Stieglitz, T. A polymer-based neural microimplant for

optogenetic applications: Design and first in vivo study. Lab Chip 2013, 13, 579–588. [CrossRef] [PubMed]

53. Yoon, I.; Hamaguchi, K.; Borzenets, I.V.; Finkelstein, G.; Mooney, R.; Donald, B.R. Intracellular neural

recording with pure carbon nanotube probes. PLOS ONE 2013, 8, e65715. [CrossRef] [PubMed]

54. Hess, A.E.; Capadona, J.R.; Shanmuganathan, K.; Hsu, L.; Rowan, S.J.; Weder, C.; Tyler, D.J.; Zorman, C.A.

Development of a stimuli-responsive polymer nanocomposite toward biologically optimized, mems-based

neural probes. J. Micromech. Microeng. 2011, 21, 054009. [CrossRef]

55. Williams, D.F. There is no such thing as a biocompatible material. Biomaterials 2014, 35, 10009–10014.

[CrossRef] [PubMed]

56. Lo, M.-C.; Wang, S.; Singh, S.; Damodaran, V.B.; Kaplan, H.M.; Kohn, J.; Shreiber, D.I.; Zahn, J.D.

Coating flexible probes with an ultra fast degrading polymer to aid in tissue insertion. Biomed. Microdevices

2015, 17, 1–11. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.jconrel.2010.04.025
http://www.ncbi.nlm.nih.gov/pubmed/20447428
http://dx.doi.org/10.1016/j.biomaterials.2016.02.013
http://www.ncbi.nlm.nih.gov/pubmed/26923363
http://dx.doi.org/10.3389/fneng.2014.00015
http://www.ncbi.nlm.nih.gov/pubmed/24904405
http://dx.doi.org/10.1002/adma.201500136
http://www.ncbi.nlm.nih.gov/pubmed/26074252
http://dx.doi.org/10.1016/j.bios.2003.11.021
http://www.ncbi.nlm.nih.gov/pubmed/15046764
http://dx.doi.org/10.1088/1741-2560/9/3/036001
http://www.ncbi.nlm.nih.gov/pubmed/22488106
http://dx.doi.org/10.1016/j.snb.2003.10.018
http://dx.doi.org/10.1109/10.914800
http://www.ncbi.nlm.nih.gov/pubmed/11327505
http://dx.doi.org/10.1007/s10544-011-9512-z
http://www.ncbi.nlm.nih.gov/pubmed/21301965
http://arxiv.org/abs/1506.04622
http://arxiv.org/abs/1506.04622
http://dx.doi.org/10.3389/fmech.2016.00005
http://dx.doi.org/10.1016/j.bios.2014.09.004
http://www.ncbi.nlm.nih.gov/pubmed/25256782
http://dx.doi.org/10.1088/1741-2560/10/4/045002
http://www.ncbi.nlm.nih.gov/pubmed/23723130
http://dx.doi.org/10.1088/0960-1317/19/7/075008
http://dx.doi.org/10.1039/C5SM00174A
http://www.ncbi.nlm.nih.gov/pubmed/25993261
http://dx.doi.org/10.1039/c2lc40874k
http://www.ncbi.nlm.nih.gov/pubmed/23306183
http://dx.doi.org/10.1371/journal.pone.0065715
http://www.ncbi.nlm.nih.gov/pubmed/23840357
http://dx.doi.org/10.1088/0960-1317/21/5/054009
http://dx.doi.org/10.1016/j.biomaterials.2014.08.035
http://www.ncbi.nlm.nih.gov/pubmed/25263686
http://dx.doi.org/10.1007/s10544-015-9927-z
http://www.ncbi.nlm.nih.gov/pubmed/25681971


Micromachines 2016, 7, 179 17 of 20

57. Lee, C.D.; Hara, S.A.; Yu, L.; Kuo, J.T.W.; Kim, B.J.; Hoang, T.; Pikov, V.; Meng, E. Matrigel coatings for

parylene sheath neural probes. J. Biomed. Mater. Res. Part B Appl. Biomater. 2016, 104, 357–368. [CrossRef]

[PubMed]

58. Ward, M.P.; Rajdev, P.; Ellison, C.; Irazoqui, P.P. Toward a comparison of microelectrodes for acute and

chronic recordings. Brain Res. 2009, 1282, 183–200. [CrossRef] [PubMed]

59. Jeong, J.-W.; Shin, G.; Park, S.I.; Yu, K.J.; Xu, L.; Rogers, J.A. Soft materials in neuroengineering for hard

problems in neuroscience. Neuron 2015, 86, 175–186. [CrossRef] [PubMed]

60. HajjHassan, M.; Chodavarapu, V.; Musallam, S. Neuromems: Neural probe microtechnologies. Sensors 2008,

8, 6704–6726. [CrossRef]

61. Patil, A.C.; Thakor, N.V. Implantable neurotechnologies: A review of micro-and nanoelectrodes for

neural recording. Med. Biol. Eng. Comput. 2016, 54, 23–44. [CrossRef] [PubMed]

62. Liu, J.; Fu, T.-M.; Cheng, Z.; Hong, G.; Zhou, T.; Jin, L.; Duvvuri, M.; Jiang, Z.; Kruskal, P.; Xie, C.

Syringe-injectable electronics. Nat. Nanotechnol. 2015, 10, 629–636. [CrossRef] [PubMed]

63. Cheung, K.C.; Renaud, P.; Tanila, H.; Djupsund, K. Flexible polyimide microelectrode array for in vivo

recordings and current source density analysis. Biosens. Bioelectron. 2007, 22, 1783–1790. [CrossRef] [PubMed]

64. Ludwig, K.A.; Uram, J.D.; Yang, J.; Martin, D.C.; Kipke, D.R. Chronic neural recordings using silicon

microelectrode arrays electrochemically deposited with a poly (3, 4-ethylenedioxythiophene)(PEDOT) film.

J. Neural Eng. 2006, 3, 59. [CrossRef] [PubMed]

65. Kozai, T.D.Y.; Langhals, N.B.; Patel, P.R.; Deng, X.; Zhang, H.; Smith, K.L.; Lahann, J.; Kotov, N.A.; Kipke, D.R.

Ultrasmall implantable composite microelectrodes with bioactive surfaces for chronic neural interfaces.

Nat. Mater. 2012, 11, 1065–1073. [CrossRef] [PubMed]

66. Vetter, R.J.; Williams, J.C.; Hetke, J.F.; Nunamaker, E.A.; Kipke, D.R. Chronic neural recording using

silicon-substrate microelectrode arrays implanted in cerebral cortex. IEEE Trans. Biomed. Eng. 2004,

51, 896–904. [CrossRef] [PubMed]

67. Lebedev, M.A.; Nicolelis, M.A.L. Brain–machine interfaces: Past, present and future. Trends Neurosci. 2006,

29, 536–546. [CrossRef] [PubMed]

68. Prasad, A.; Xue, Q.-S.; Sankar, V.; Nishida, T.; Shaw, G.; Streit, W.J.; Sanchez, J.C. Comprehensive

characterization and failure modes of tungsten microwire arrays in chronic neural implants. J. Neural Eng.

2012, 9, 056015. [CrossRef] [PubMed]

69. Karumbaiah, L.; Saxena, T.; Carlson, D.; Patil, K.; Patkar, R.; Gaupp, E.A.; Betancur, M.; Stanley, G.B.;

Carin, L.; Bellamkonda, R.V. Relationship between intracortical electrode design and chronic recording function.

Biomaterials 2013, 34, 8061–8074. [CrossRef] [PubMed]

70. Kozai, T.D.Y.; Jaquins-Gerstl, A.S.; Vazquez, A.L.; Michael, A.C.; Cui, X.T. Brain tissue responses to neural

implants impact signal sensitivity and intervention strategies. ACS Chem. Neurosci. 2015, 6, 48–67. [CrossRef]

[PubMed]

71. Gunasekera, B.; Saxena, T.; Bellamkonda, R.; Karumbaiah, L. Intracortical recording interfaces: Current

challenges to chronic recording function. ACS Chem. Neurosci. 2015, 6, 68–83. [CrossRef] [PubMed]

72. Prodanov, D.; Delbeke, J. Mechanical and biological interactions of implants with the brain and their impact

on implant design. Front. Neurosci. 2016, 10, 11. [CrossRef] [PubMed]

73. Jorfi, M.; Skousen, J.L.; Weder, C.; Capadona, J.R. Progress towards biocompatible intracortical

microelectrodes for neural interfacing applications. J. Neural Eng. 2014, 12, 011001. [CrossRef] [PubMed]

74. Sommakia, S.; Lee, H.C.; Gaire, J.; Otto, K.J. Materials approaches for modulating neural tissue responses to

implanted microelectrodes through mechanical and biochemical means. Curr. Opin. Solid State Mater. Sci.

2014, 18, 319–328. [CrossRef] [PubMed]

75. Szarowski, D.H.; Andersen, M.D.; Retterer, S.; Spence, A.J.; Isaacson, M.; Craighead, H.G.; Turner, J.N.;

Shain, W. Brain responses to micro-machined silicon devices. Brain Res. 2003, 983, 23–35. [CrossRef]

76. Barker, D.J.; Root, D.H.; Coffey, K.R.; Ma, S.; West, M.O. A procedure for implanting organized arrays of

microwires for single-unit recordings in awake, behaving animals. J. Vis. Exp. 2014, 84, 51004. [CrossRef]

[PubMed]

77. Gage, G.J.; Stoetzner, C.R.; Richner, T.; Brodnick, S.K.; Williams, J.C.; Kipke, D.R. Surgical implantation of

chronic neural electrodes for recording single unit activity and electrocorticographic signals. J. Vis. Exp. 2012,

60, 3565. [CrossRef] [PubMed]

http://dx.doi.org/10.1002/jbm.b.33390
http://www.ncbi.nlm.nih.gov/pubmed/25809504
http://dx.doi.org/10.1016/j.brainres.2009.05.052
http://www.ncbi.nlm.nih.gov/pubmed/19486899
http://dx.doi.org/10.1016/j.neuron.2014.12.035
http://www.ncbi.nlm.nih.gov/pubmed/25856493
http://dx.doi.org/10.3390/s8106704
http://dx.doi.org/10.1007/s11517-015-1430-4
http://www.ncbi.nlm.nih.gov/pubmed/26753777
http://dx.doi.org/10.1038/nnano.2015.115
http://www.ncbi.nlm.nih.gov/pubmed/26053995
http://dx.doi.org/10.1016/j.bios.2006.08.035
http://www.ncbi.nlm.nih.gov/pubmed/17027251
http://dx.doi.org/10.1088/1741-2560/3/1/007
http://www.ncbi.nlm.nih.gov/pubmed/16510943
http://dx.doi.org/10.1038/nmat3468
http://www.ncbi.nlm.nih.gov/pubmed/23142839
http://dx.doi.org/10.1109/TBME.2004.826680
http://www.ncbi.nlm.nih.gov/pubmed/15188856
http://dx.doi.org/10.1016/j.tins.2006.07.004
http://www.ncbi.nlm.nih.gov/pubmed/16859758
http://dx.doi.org/10.1088/1741-2560/9/5/056015
http://www.ncbi.nlm.nih.gov/pubmed/23010756
http://dx.doi.org/10.1016/j.biomaterials.2013.07.016
http://www.ncbi.nlm.nih.gov/pubmed/23891081
http://dx.doi.org/10.1021/cn500256e
http://www.ncbi.nlm.nih.gov/pubmed/25546652
http://dx.doi.org/10.1021/cn5002864
http://www.ncbi.nlm.nih.gov/pubmed/25587704
http://dx.doi.org/10.3389/fnins.2016.00011
http://www.ncbi.nlm.nih.gov/pubmed/26903786
http://dx.doi.org/10.1088/1741-2560/12/1/011001
http://www.ncbi.nlm.nih.gov/pubmed/25460808
http://dx.doi.org/10.1016/j.cossms.2014.07.005
http://www.ncbi.nlm.nih.gov/pubmed/25530703
http://dx.doi.org/10.1016/S0006-8993(03)03023-3
http://dx.doi.org/10.3791/51004
http://www.ncbi.nlm.nih.gov/pubmed/24561332
http://dx.doi.org/10.3791/3565
http://www.ncbi.nlm.nih.gov/pubmed/22395055


Micromachines 2016, 7, 179 18 of 20
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