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ABSTRACT 

Microfluidic Actuation of Carbon Nanotube Fibers for Neural 

Recordings 

by 

Daniel G. Vercosa 

Advanced technologies for neural recording enabled breakthrough 

discoveries of the connectivity and functionality of the brain. Despite the tremendous 

potential, intracortical devices for high-resolution neural recordings at the cellular 

level still rely on rigid metal or silicon components, which poorly match the 

mechanical properties of soft brain tissue and can therefore cause extensive tissue 

damage.  

Flexible electrodes and ultra-small microwires with approximately the same 

diameter as individual cells have been shown to significantly reduce neural injury 

during chronic implantation and increase the quality and longevity of recordings. The 

need of stiffening agents to overcome the buckling force upon implantation, however, 

dramatically reduces the benefits from small the footprint and flexibility. 

Furthermore, these electrodes must remain fixed once implanted and there are 

currently no methods to reposition the electrode to interrogate neural circuits in 

different cortical layers or deeper structures.  

Here we present a novel technology to precisely implant and actuate high-

performance flexible carbon nanotube fiber (CNTf) microelectrodes without a 

stiffening support. Instead, our technology uses fluid flow within a microfluidic device 

to drive electrodes into tissue. The hydraulic design of the microfluidic device and the 

on-chip valves enable precise control of the fiber position with minimal injection of 

fluid into the tissue. 

Microfluidic actuation is used to implant CNTf microprobes in the small 

cnidarian Hydra and interrogate its neural circuits in vivo during spontaneous 



 
 

behavior. Successful isolation of cortical unit activity in rodent brain slices and 

recordings of light evoked responses in deep brain structures demonstrates the 

possibility of dynamic and multimodal interrogation of distinct regions in the central 

nervous system (CNS).  
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Chapter 1 

Review of Relevant Literature 

Decoding the brain is one of the greatest challenges of our time, with 

implications ranging from basic science to development of treatments for 

neurological disorders. One of the most fascinating areas in neuroscience, brain 

machine interface, has shown outstanding progress in recent years, which was made 

possible through advancements in electrode technologies. However, the transition 

from laboratory settings to widespread clinical use by patients has not been 

accomplished due in part to electrode failure few months after implantation. 

In this chapter, we will review the state of the art methods for in vivo 

electrophysiology, focusing on intracortical microelectrodes. Next, we will discuss 

the most common failure modes that prevent stable neural recording over long 

periods of time. Finally, we will present a new class of electrodes made of compliant 

materials as a viable option to enhance recording stability and discuss current 

challenges related to insertion of these flexible electrodes.  
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1.1. Methods for in vivo Electrophysiology 

Broadly, electrophysiology studies the ion dynamics in tissues. This can be 

done in vitro with single cells and relatively small neural networks, ex vivo in brain 

slices or in vivo with small organisms or mammalian central nervous system (CNS), 

for example. Depending on the scale of the biological system, different techniques 

are used in order to maximize the signal to noise ratio (SNR) with minimally 

invasive procedures. This is accomplished by choosing the optimal electrode and 

protocol to gently interface with the system of interest. 

In this section, we will review current technologies used to interrogate 

electrical activity in vivo. First, we will briefly describe action potentials and patch 

clamp as a method for intracellular electrophysiology. Next, we will present 

electrodes utilized on extracellular recordings, with an emphasis on intracortical 

microelectrodes and its inability to provide stable readings over long periods of 

time. 

1.1.1. Action Potentials and Intracellular Recordings 

Ion concentration is carefully controlled by Eukaryotic cells. Some ions, such 

as calcium (Ca2+), control several cellular processes, from gene regulation to muscle 

contraction [1]. These cells maintain a negative electrical potential across the 

cellular membrane, dictated mainly by the difference in concentration of sodium 

(Na+) and potassium (K+) inside and outside the cell. This potential is a key factor for 

triggering proliferation and differentiation and, in fact, it has been shown that cells 
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not capable of properly regulating the transmembrane potential can become 

tumorigenic [2].  

Excitable cells, such as neurons and cardiomyocytes, utilize the dynamics of 

the transmembrane voltage in a unique way. Similarly to non-excitable cells, 

neurons also maintain a negative resting membrane potential that will shift upon 

stimulation, which can come from a physical (or chemical) stimulus presented by 

the environment, another neuron (through a synaptic connection) or an electrode. If 

enough stimulation is provided, a unique event, named action potential will happen. 

Action potential, also commonly referred to as spikes, is characterized by a 

fast (~ 1 ms), all or none, rise and fall of the membrane potential regulated by 

voltage gated ion channels (Figure 1.1A). Briefly, when stimulation is presented, an 

initial depolarization of the membrane potential happens driven by an influx of Na+ 

in the cell through sodium specific voltage gated channels. When spiking threshold 

is reached, action potential is triggered and more sodium channels open leading to a 

steep voltage raise. Next, voltage gated potassium channels starts to opens while 

sodium channels close, and an outward flow of K+ repolarizes the cell to its resting 

state. 

Action potentials have distinct effects depending on the excitable cell. In 

heart cells (cardiomyocytes), for example, contraction is triggered by action 

potentials. Communication between cardiomyocytes will generate action potentials 

in adjacent cells, resulting on a synchronous beating at the tissue level [3].  
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Figure 1.1 – Intracellular Recordings. (A) Schematics on ion channels 

dynamics during an action potential. (B) Patch clamp being used on an in vitro 

neuronal culture. (B) Basic schematics of patch clamp circuitry. Cell cytoplasm 

is in contact with the electrolyte solution filling the pippete. which is 

connected to external amplifier by a Ag/AgCl electrode. Ground electrode is 

usually placed in the cell bath.   
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Neurons, on the other hand, utilize action potentials to communicate with 

each other, with information encoded in the frequency rather than amplitude of an 

action potential train [4]. The neural network wiring is also fundamental in 

decoding what the signal represents. As an example, if a thermoreceptor with heat-

sensitive ion channels spikes at a high frequency, the central nervous system will 

decode the information as the region surrounding the receptor being exposed to an 

elevated temperature [5]. 

For over 30 years, patch clamp has been the state of the art technique to 

record and control the membrane potential of cells [6]. Cellular interrogation is 

commonly done in vitro on isolated cells and small networks or ex-vivo in brain 

slices. Utilizing micropipettes, with openings smaller than 1 µm in diameter, 

mounted on micromanipulators and filled with an electrolyte solution, individual 

cells can be target and their membrane ruptured, allowing for direct ionic contact 

between the cytoplasm and electrolyte solution (Figure 1.1B and C). This intimate 

electrical contact, allows patch clamp to directly monitor the dynamics of the 

intracellular potential or ionic currents through the membrane. Also, outstanding 

SNR can be accomplished by this technique and variations of this method even allow 

single ion channels recordings [6]. 

The high fidelity recordings provided by patch clamp on individual cells, 

combined with single ion channel resolution, make this technique ideal for 

pharmacological studies. In fact, most of the knowledge produced on the past two 

decades about the properties of ion channels and their response to specific 
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chemicals was accomplished using patch clamp [6]. Drugs to cure diseases related to 

malfunctioning of ion channels, such as heart diseases and diabetes, have also been 

developed with direct contribution of this technique [7].  

Major drawbacks, however, prevent patch clamp from being widely used for 

in vivo recordings. First, this technique is relatively invasive on a cellular level. 

Diffusion of the electrolyte solution to the cytoplasm usually results on cell death 

within less than one hours [8], thus making experiments that require stable 

recordings over long periods of time not possible. At the same time, patch clamp is a 

tedious method that requires an experimentalist to precisely position the pipette on 

the neuron, a task increasingly difficult to perform in vivo. Recent efforts to 

automate cell interrogation have been demonstrated in vivo, but the bulkiness of 

micromanipulators limits the maximum number of simultaneous recordings to 4 

cells [9], [10]. 

1.1.2. Technology for Extracellular Recordings in vivo 

Unlike patch clamp, where access to cell interior allows for intracellular 

voltage recordings, in vivo electrophysiology is usually done extracellularly. 

Extracellular voltage is produced in a specific location by the superimposition of the 

electrical activity from different sources, such as neuron bodies (soma) or neurites 

(axons and dendrites). Therefore, the relative distance between the electrode and 

the electrical sources strongly influences the waveform and amplitude of the 

recorded signal (Figure 1.2A) [11]. The amplitude of the signals recorded 
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extracellularly are much lower compared to intracellular recordings and are usually 

on the µV range (Figure 1.2B). 

 

Figure 1.2 – Extracellular Recordings. (A) Computer simulation of the spatial 

dependence of extracellular voltage recordings around a spiking neuron 

(black). The colored traces represent the voltage recorded by an electrode 

located in the given position during an action potential. The traces were 

normalized and the color code indicates amplitude. (B) Action potentials 

recorded by electrodes implanted in the brain. Panel A was extracted from 

[11] and panel B from [12]. 

Extracellular recordings in vivo can be accomplished by different techniques, 

employing electrodes with variable degree of precision and invasiveness. Precision, 

in this case, refers to the electrode ability to pinpoint the spatial location of the 

activity source. The location of the electrodes, ranging from outside the head to 

implanted in the brain (Figure 1.3A), determines both invasiveness and precision. 
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Examples of less invasive electrophysiology techniques for monitoring brain 

activity in vivo are Electroencephalography (EEG) and Electrocorticography (ECoG), 

which employ planar electrodes fixed in the scalp (EEG) or in direct contact with the 

brain surface (ECoG). Both provide high temporal resolution, in the millisecond 

scale, and robustness to subject motion, being the gold standard techniques for 

epilepsy studies [10]. Being external to the brain, EEG is a cheaper and less invasive 

option compared to ECoG, which requires surgery to implant the electrodes. On the 

other hand, the closer contact with the brain provides ECoG with a better SNR and 

higher spatial resolution, although still in the millimeter range which is far from 

other techniques [11]. Additionally to the poor spatial resolution, ECoG and EEG are 

not suitable to interrogate deep brain structures and even deeper layers in the 

cortex can be challenging to record [11]. 

Intracortical microelectrodes (IME) are an alternative to ECoG and EEG when 

high spatial and time resolution are needed. IMEs are implanted in the brain and 

this intimate configuration, with the electrode very close to neurons, allows for 

single cell monitoring through extracellular voltage recordings, usually referred as 

single units [13]. Brain surgery combined with a foreign body insertion greatly 

increases the invasiveness of this method compared to ECoG and EEG for both acute 

and chronic studies. 

  Historically, IMEs were first developed decades ago, with microwires 

shanks made of stainless steel being the pioneers on single cell recordings in vivo 

[15]. Similar electrodes are still in use today, but the modern versions (Figure 1.3B) 
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are made of other materials which choice depends on the application. Progress on 

silicon microfabrication techniques allowed for the developments of the next 

generations of IME. First, the Michigan-style electrodes (Figure 1.3C), with multiple 

recordings sites along its length, introduced the ability to simultaneously 

interrogate different regions at precise depths [16]. Next, the Utah Electrode Array 

(Figure 1.3D), composed of one hundred 1.5 mm long microprobes, increased even 

further the number of neurons that could be independently recorded [17].  

 

Figure 1.3 – Electrodes for extracellular interrogation in vivo. (A) Schematics 

of non-invasive and implantable electrodes for electrophysiology in vivo. (B) 

Modern microwire electrode with recording sites made of Pt. (C) Michigan-
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style electrode. (D) Modern Utah array electrode. Panel A was extracted from 

[14]. 

Utah arrays or modern variants, referred nowadays as microelectrode arrays 

(MEA), are the most commonly used IMEs on in vivo studies, with applications 

varying from decoding speech in the auditory cortex [18] to uncovering 

unprecedented correlations between single cell firing patterns and epilepsy [19]. 

Interestingly, these arrays are the only high density implantable electrode to have 

been granted with FDA approval [14]. 

The most prominent application of IME is the fast developing area of brain 

machine interface (BMI). This area relies heavily on electrodes to record neural 

activity, usually from the cortex, triggered by voluntary behavior. Signals can then 

be decoded and used control prosthetic limbs, for example [14]. Individuals with a 

severe motion impairment condition due to spinal cord damage or 

neurodegenerative disorders are expected to greatly benefit from BMI technologies. 

Although EEG and ECoG have been used to actuate mechanical hands through 

BMI to perform simple tasks such as grasping objects, their limited spatial 

resolution prevents the control of more sophisticated prosthetics with multiple 

degrees of freedom [20]. Observations that even neighboring neurons present 

dramatic differences in spiking patterns during the execution of a given task [12], 

reinforce the need of multi-channel high resolution electrodes to allow precise 

decoding of neuronal network activity. 



 
11 

The major common drawback of all IME described above is recording 

stability over long periods of time [14].  Immediately after electrode implantation, 

only 40 to 60% of the channels record activity and the performance of the functional 

ones deteriorates over time [21]. Seven years is the longest lifetime reported in the 

literature for a implanted electrode in a non-human primate subject [22] and 5.4 

years in a human subject [23]. On average, unfortunately, the life time of MEAs 

electrodes is much lower, with most channels falling to record single units within a 

year [21].  

Even when IMEs surpass their average lifetime, the number of single units 

recorded drops exponentially over time [21]. This exponential decay was obtained 

from the electrode array that remained functional for 5.4 years in a human subject. 

In this very special case, 24 single units could still be recorded at day 2000, which 

was enough to control a simple prosthetic arm with two degrees of freedom: reach 

and grasp. However, the number of units required increases with task complexity, 

ranging from 60 to 120 on 4 dimensional tasks to over 200 on 9 dimensional ones 

[21].  

Although outstanding accomplishments on BMI such as the restoration of 

upper limb movement of a quadriplegic patients [13] have been made possible by 

IMEs, signal degradation after electrode implantation has a major impact preventing 

the transition of BMI from laboratory settings to widespread clinical use [14]. 
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1.1.3. Conclusions on Methods for in vivo Electrophysiology 

Patch clamp provides high fidelity intracellular voltage recordings with 

outstanding SNR. However, this technique is not practical for in vivo studies mainly 

due to scalability and cell disruption within hours. Current techniques to perform 

electrophysiology in vivo rely on electrodes that record extracellular voltage, which 

has lower amplitude compared to intracellular recordings. However, by inserting 

IMEs in the brain, it is possible to monitor single cell activity. Although IMEs directly 

contributed to outstanding progress in areas such as BMI, widespread use of these 

technologies are not possible due to electrode instability, which results on an 

exponential decay of single units recorded over time.      

1.2. Failure Modes on Implantable Electrodes 

Understanding the mechanisms behind electrode failure is critical to guide 

the development of more robust probes. Research done during the past decade has 

provided valuable insights on the electrode-brain interaction, concluding that 

multiple potential causes can be attributed to electrode failure. These can be 

grouped into two major categories: physicochemical failure and neuro-

inflammatory response induced failure [14].  

On this section, we will discuss the most common causes inducing electrode 

instability, with emphasis on the neuro-inflammatory response, which is 

increasingly pointed as a major factor for electrode failure. 
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1.2.1. Physicochemical Failure 

Despite the very soft nature of the brain, electrodes have been reported to 

break during insertion. A meticulous studies on several types of electrodes, 

including the ones described in this thesis, reported that 39% of them suffered some 

sort of mechanical damage during implantation. This could be observed on the 

probes itself or on supporting structures [24], [25]. Additionally, the stiffness 

mismatch between rigid probes and the soft brain facilitates relative motion 

between them [26]. This can greatly affect stability since electrode drifting would 

prevent consistent recording from the same region. Moving from rigid to more 

compliant electrodes may reduce or even eliminate these issues.  

Degradative reactions on insulating coatings and recording sites are also a 

common problem due to the highly oxidative cellular environment [14] to which the 

electrodes are exposed. Traditional insulation coatings made of SiO2 and Si3N4 do 

not last long, with reported degradation rate of 1 µm/year [27]. It did not take long 

for researchers to realize that polymeric coatings with better water barrier 

properties such as Polyimide and Parylene C would increase electrode stability [28]. 

On the other hand, recording sites are also susceptible to corrosion. Tungsten 

probes, for example, oxide at a rate of 100 µm/year. This not only affects the 

recoding capability of the electrode but also increases cell death, since these 

reactions can produce toxic compounds [29]. The obvious solution to this issue is 

electrodes made of chemically stable materials. In fact, probes made of Pt and Ti 

have shown to perform better in vivo [14], [30]. Despite all the effort to engineer 
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chemical stable electrodes, the technical challenge of recording stability has not 

been accomplished. 

1.2.2. Neuro-Inflammatory Response Induced Failure 

There are increasing number of evidences pointing to the brain inflammatory 

response as the main cause of electrode failure [14], [21]. Electrode insertion causes 

both acute and chronic damage in the brain tissue and reducing both is necessary to 

accomplish stable recordings. 

Probe insertion will always cause neuronal death. This issue can be mitigated 

by electrodes with small diameter but in principle cannot be completely avoided. 

Neuronal death around the insertion site can happen as a result of direct mechanical 

damage done by the electrode during insertion or as a side effect of neuro-

inflammatory response around the electrode. Immediate neuronal death may 

explain why it is common that some probes on an implanted array do not ever 

record peaks. On the side, neuronal death caused by inflammatory responses has an 

effect on recording stability, since proximity to firing neurons and integrity of neural 

networks are necessary for quality recordings [8]. 

Since the brain is highly vascularized, electrode insertion will also cause 

breakage of blood vessels which will breach the blood brain barrier (BBB). The BBB 

is mainly constituted of densely packed endothelial cells that forms a highly 

selective barrier between the blood and cellular environment in the brain. Its main 
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function is to prevent leakage of blood borne proteins and cells and further isolate 

the brain from infectious agents, while allowing vital small molecules such as O2 and 

 

Figure 1.4 – Neuro-inflammatory response. (left) Immunostaining of different 

cells in the CNS. White dashed line indicates the electrode position and high 

density of microglia and astrocytes are observed around this region. On the 

other hand, low density of neurons is seen next to electrode as a result of 

acute and choric damage (right). Illustration of neuro-inflammatory response 

with microglia adsorbed on the electrode surface surronded by scar forming 

astrocytes. Extracted from [14].  

CO2 to travel through it [31]. Once the BBB is breached, exogenous agents will leak 

and cause the activation of microglial cells and astrocytes in the brain tissue, 

triggering the inflammatory response.  
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Microglial cells act as first responders during brain infection, being 

responsible for removing foreign agents, cellular debris and misfolded protein 

during the acute inflammatory phase. When exogenous agents infiltrate the brain 

tissue, activate microglial cells will release a cocktail of cytokines to contain the 

infection [32]. However, some of these proteins, such as TFN-α, have 

neurodegenerative effects [33] and, as a result, neuronal death increases.  

At the same time as microglia attempts to mitigate the presence of exogenous 

agents leaked through damaged blood vessels, astrocytes are activated to isolate the 

damaged area by forming a scar tissue surrounding the electrode.  Astrocytes are 

important supporting cells in the brain, with extensions connecting, among others, 

neurons and the endothelial cells in the BBB, providing them nutrients and 

regulating neurotransmitter concentration [31]. When activated, astrocytes 

upregulate the expression of glial fibrillary acidic protein (GFAP) which alters their 

mechanical properties, allowing them to form a dense layer around the foreign 

electrode [34]. This dense insulating layer reduces the electrical contact between 

recording sites and surrounding neurons and can greatly impact the electrode 

ability to capture single units [35].  Figure 1.4 shows the neuro-inflammatory 

response due to the presence of an implanted electrode. 

To investigate the correlation between neuro-inflammatory response and 

electrode failure, researchers altered the level of inflammation on animal models 

implanted with IMEs and observed the effects on recording performance. On 

animals administrated with minocycline, an antibiotic that has a known anti-
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inflammatory effect by regulating microglial cells away from a neurodegenerative 

phenotype [36], more single units were recorded and even an increase on SNR ratio 

was observed [37]. Another experiment tested the effect of inflammatory response 

exacerbation. Bacterial lipopolysaccharide (LPS) has an opposite effect to 

minocycline, inducing microglia towards a neurodegenerative phenotype, which 

causes an increase on inflammatory response [38]. In this case, electrode 

performance dropped in mice administrated with LPS with fewer single units 

recorded and lower SNR [39]. 

At the same time, recent experiments have shown that the presence of the 

implanted electrode itself drastically affects microglial activation. When the 

electrode is removed from the brain tissue immediately after insertion, activated 

microglia density in the stabbed area is practically zero after 4 weeks [40]. On 

chronically implanted electrodes, however, activated microglia can be seen 

surrounding the electrode at least 12 weeks after implantation, indicating that 

inflammation will likely persist while electrode is in contact with the brain tissue 

[41]. On the other hand, neuron density is higher in areas with stab-like damage 

compared to chronic damaged areas [40], reinforcing that chronic inflammation can 

directly influence recording stability by reducing the number of viable neurons in 

the vicinity of the electrode. 

The fact that the mere presence of the electrode can leave the brain in a 

chronical inflammatory state is a key evidence that biocompatibility plays an 

important role behind signal degradation. Chronic inflammation can be explained by 
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the inability of the body to repair the damaged BBB, which also prevents the 

dissolution of the glia scar [21].  This is supported by experiments showing that at 

least 16 weeks after electrode implantation, BBB is not fully healed [42]. Mechanical 

mismatch between electrode and brain tissue seems to be the reason for the 

continuous damage in the BBB [21]. 

 

Figure 1.5 – Effect of tethering on neuro-inflammatory response. (A) 

Schematics of the experimental setup. (B) Immunostaining of astrocytes (red) 

and neurons (green) for tethered (top row) and untethered (bottom row) 

electrodes 12 weeks after implantation. (C) Histogram of the dark area (no 

neurons) surrounding tethered (te) and untethered (un) electrodes with 

different diameters (50 and 100 µm). Figure exctrated from [45]. 
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In a freely behaving subject, head rotation and physiological processes 

necessary to maintain body homeostasis, such as heart beating and breathing, can 

cause relative motion between the brain and the skull [43]. Implanted electrodes 

can also potentially move, causing damage the surrounding tissue. In fact, it has 

been reported that heart beating and breathing can displace electrodes 1 to 3 µm 

and 2 to 25 µm, respectively, from its original position [44]. To determine if such 

motions can in fact increase neuro-inflammatory response, the effect of tethering 

was analyzed. In mice, it is a common practice to tether the electrode to the skull 

using dental cement or bone screws, coupling their motion. If relative movements 

between brain and skull (and consequently the electrode) exacerbates the injury, it 

should be expected a larger inflammatory response from tethered electrodes 

relative to untethered. In fact, this has been observed by J. Thelin et. al., which 

reported a higher density of astrocytes and lower density of neurons surrounding 

tethered electrodes (Figure 1.5) [45].  

1.2.3. Conclusions on Failure Modes on Implantable Electrodes 

Multiple factors contribute for the short lifetime observed on electrodes 

implanted in the brain, such as mechanical damage on the probe, degradative 

reactions on recordings sites and neuro-inflammatory response.  

Failure due to neuro-inflammatory response followed by BBB breaching 

during insertion happens due to side effects related to the effort of the brain to 

mitigate the injury. As a result of this effort, we observe an increase on neuronal 

death in the vicinity of the probes and scar tissue encapsulation of electrodes, which 
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electrically isolate them from the cellular environment.  The main reason behind 

such aggressive side effects is the inability of the body to repair the BBB, leaving the 

tissue in a chronical inflammatory state.  

1.3.  Flexible Electrodes 

One approach to mitigate acute and chronic damage caused by IMEs is 

switching from rigid to flexible electrodes. By reducing the stiffness mismatch 

between probes and the brain, less inflammatory response should be expected, 

which would result in more stable recordings.  

On this section, we explore the evidences suggesting that flexible electrodes 

are more biocompatible than its rigid counterparts and induce less damage to the 

brain tissue. We also present the challenges behind using flexible electrodes and 

current methods to overcome them.  

1.3.1. Biocompatibility of Flexible Electrodes 

Mechanical mismatch can greatly contribute to prevent BBB recovery in the 

presence of an implanted electrode. Classic probes made of metals, silicon or glass 

are approximately 9 orders of magnitude stiffer than the brain [21]. This large 

difference exacerbates the damage provoked by the relative motion between probe 

and tissue, being the main cause of chronic damage.  

Computational analysis using finite-element models have shown a 

correlation between electrode stiffness and induced strain in the tissue-probe 
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interface [46]. Strain is a parameter that measures the deformation of a body under 

stress.  In this case, stress is created when relative motion happens between probe 

and tissue, resulting on deformation (or strain) in the soft brain. Results from 

computational models show a decrease of two orders of magnitude in strain when 

the probe material changes from silicon, which has a Young modulus of 200 GPa, to 

a hypothetical ‘soft’ material with Young modulus on the same order of magnitude 

of PDMS: 6 MPa.  

Experimental works have also showed improved biocompatibility of flexible 

electrodes. As an example, J. P. Harris et. al. compared the glial scar formation 

around a traditional single shark electrode and a polymer nanocomposite that 

becomes compliant (12 MPa) after insertion. A less vigorous inflammatory response 

was observed around the compliant material, supporting that lower mechanical 

mismatch improves biocompatibility [47]. However, it is important to point that the 

brain tissue has Young modulus on the order of 1kPa [48] and compliant probes on 

the MPa range still have a considerable 103 stiffness mismatch. It is not clear yet if 

reducing from 9 to 3 orders of magnitude is enough to provide stable recordings 

over long periods of time. 

1.3.2. Carbon Nanotube Fibers 

Flexible and conductive carbon nanotube fibers (CNTf) have appeared as 

potential candidates for intracortical recordings. These microfibers, with diameter 

ranging from 42 to 12 µm, are composed of aligned carbon nanotubes (CNT) 

fabricated by a wet-spinning. This technique allows for high packing density and 
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axial CNT alignment, which are behind the outstanding properties of this novel 

material, such as high electrical and thermal conductivity combined with high 

tensile strength (Figure 1.6A) [49].  

 

Figure 1.6 – CNTf microelectrodes. (A) Comparison between physical 

properties of alined CNTf (inset) and other electric conducting materials. (B) 

Comparison between CNTf Impedance and common comercially available 

electrodes. (C) Single units recorded in vivo by CNTf microelectrodes and 
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commercially available NiCr probes. (D) Neuro-inflammatory response 6 

weeks after implantation of CNTf and PtIr commercially available tetrodes. (E) 

Neuronal count surrounding CNTf and PtIr microelectrodes. Panel A was 

extracted from [49] and Panels B to E were extracted from [50]. 

 

More recently, flexible microelectrodes made of CNTfs have shown to lower 

neuro-inflammatory response while recording and stimulating electrical activity in 

vivo over several weeks [50]. On these experiments, the recoding performance of 

low impedance CNTf microelectrodes were compared with commercially available 

probes (Figure 1.6B), showing that single units recorded by CNTf have similar SNR 

as NiCr electrodes (Figure 1.6C). Next, biocompatibility was tested by analyzing the 

histology surrounding the electrodes. As presented in Figure 1.6D, scar formation 

and microglia activation 6 weeks after surgery were more prominent around the 

rigid PtIr electrode than the flexible CNTf [50]. 

1.3.3. Methods for Flexible Electrode Implantation 

Several works have shown that the compliant nature of flexible electrodes 

provides better integration with brain tissue reducing neuro-inflammatory 

response. However, flexibility impose a new challenge not faced by rigid electrodes: 

buckling during insertion. Researchers have recently developed methods to 

overcome this technical issue, but the strategies adopted seem to exacerbate acute 

and chronic damage which defeats the purpose of using flexible electrodes. 
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A common strategy to prevent buckling is to use temporary stiffening agents 

during insertion. For example, it is possible to coat flexible electrodes with 

biodegradable polymers such as PEG or silk fibroin, increasing their stiffness and 

allowing for buckling free insertion. The coating is degraded in a few weeks, leaving 

the flexible electrode implanted [51]. Another alternative is attaching the flexible 

probe to a retractable shuttle that can be removed after implantation. This was 

successfully demonstrated by F. Vitale et. al. using a polyimide shuttle attached to a 

CNTf microelectrode [50].  

The main issue with these strategies is the increased footprint provided by 

the stiffening agents, which is undesirable since acute and chronic damage directly 

correlates to probe size [45]. As an example, Figure 1.6E shows an increase on 

neuronal death surrounding the flexible CNTf when compared to rigid PtIr probes. 

This was attributed to the 100 µm in diameter polyimide shuttle [50] used to deliver 

the CNTf.  Additionally, recent works have indicated that biodegradable materials 

such as PEG may not be as inert as previously thought [52]. Therefore, in order to 

take advantage of the improved biocompatibility of compliant materials for 

intracortical microelectrodes, new insertion techniques need to be developed. 

1.3.4. Conclusion on Flexible Electrodes 

Flexible electrodes have shown better biocompatibility when compared to its 

rigid counterparts by reducing neuro-inflammatory response. On the other hand, 

compliant materials are more susceptible to buckling. To overcome this issue, 

current efforts focus on using temporary stiffening agents to facilitate insertion.  
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However, a direct result of these strategies is the increase of electrode footprint, 

which exacerbates acute and chronic damage, reducing the effectiveness of flexible 

electrodes in mitigating neuro-inflammatory response. The development of new 

techniques able to insert flexible electrodes in the brain without altering their 

mechanical properties is a necessary step for the widespread use of these novels 

probes. 
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Chapter 2 

Microfluidic Device for Flexible 

Electrode Interrogation 

Implantable microelectrodes have played a crucial role in advancing several 

areas in neuroscience, such as BMI. However, the mechanical mismatch between 

classical rigid IMEs and the brain greatly contributes for chronic neuro-

inflammatory response, resulting in an exponential decay of single units recorded 

over time. Electrodes made of compliant materials, such as CNTf, have shown to 

mitigate the neuro-inflammatory response and can potentially lead to more stable 

recordings over time. However, flexible electrodes are more susceptible to buckling, 

making insertion challenging. To overcome this issue, current implantation 

strategies exacerbate acute and chronic damage in the brain, which downgrade the 

utility of flexible electrodes. 

In this chapter, we present a novel microfluidic platform to insert and 

microactuate flexible CNTf electrodes without using stiffening agents, allowing for 

interrogation of neural activity with minimal damage. First, we discuss the device 

layout that enables CNTf insertion with minimal fluid output. We then show 
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successful insertion and precise actuation of flexible carbon nanotube fibers (CNTf) 

in brain phantom. Finally, we demonstrate that neural recordings are possible using 

Hydra as a model for in vivo electrophysiology in small organism and brain slices for 

potential CNS interrogation. 

2.1. Device Layout and Fabrication 

Current strategies to overcome buckling during brain insertion seems to 

increase damage that results on neuronal death [50], reducing the advantages of 

using flexible electrodes. To overcome this issue, we present a novel technique able 

to insert flexible CNTfs without the need of stiffening agents. The idea is loosely 

inspired by recent works on syringe injectable electronics. Using a 32 gauge needle 

(235 µm in outer diameter), J. Liu et. al. were able to insert macroporous 3D-mesh 

electrodes in mice brains and record single unit action potentials [53]. The use of 

relatively large needles and unavoidable injection of fluid in the tissue are 

drawbacks of this technique which we intend to avoid by using a microfluidics. 

To engineer a device able to insert flexible CNTf in tissue, preventing 

buckling and minimizing fluid ejection, we took full advantage of microfluidic 

techniques, which includes fast prototyping due to cheap, fast and well established 

device fabrication protocols. Combining basic fluid dynamics with Comsol 

simulations, we were able to design a layout that accomplished both goals.  
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Microfluidics is a well stablished multidisciplinary field that allows for 

accurate fluid control down to the pL scale [54]. On microchannels, fluid flows on 

laminar regime, which can be easily modelled by the Poiseuille equation [55]: 

∆𝑷 = 𝑹𝑭𝑸 

 

Equation 2.1 – Poiseuille Equation 

Where ∆𝑃 is pressure difference, 𝑅𝐹 is fluidic resistance and Q is flow rate. This 

equation is analogous to Ohm’s law on electrodynamics and shows that flow rate, 

analogous to electrical current, through a path can be minimized if resistance 

increases. The Poiseuille equation can be used to estimate the fluidic resistance on 

channels with rectangular cross-section. In this case we have [55]: 

𝑅𝐹 =  
𝑎𝜇𝐿 

𝑤ℎ3
  

Equation 2.2 – Fluidic resitance on channels with retangular cross-section 

Where a is a dimensionless parameter dependent on the w/h ratio, µ is the fluid 

viscosity, L channel length, w channel width and h channel height. 

Equation 2.1 and Equation 2.2 show that fluid diversion away from the fiber 

exit channel can be accomplished by side channels with small length and large 

width. The layout designed to maximize fluid diversion is presented in Figure 2.1A. 

Comsol simulations (Figure 2.1B) shows that 98.5% of the dextran solution is 
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deflected to the vent ports. It is important to point that these calculations are 

somewhat conservative, since during insertion the fiber fills most of the volume in 

the exit channel, increasing the fluidic impedance through this path. Details on the 

Comsol simulations can be seen on section 3.4. 

 

Figure 2.1- Device Layout. (A) Length and width of the relevant path in the 

device. Channel height was 45 µm. (B) Zoom-in view of the diversion region 

(dashed square in A) with Comsol simulation showing that 98.5% of the fluid 

is deflected away from the fiber exit channel. Colors indicate the normalized 

flow velocity. 

Our device is fabricated mainly of PDMS, which has been the workhorse 

material on microfluidics for the past decade. Properties such us flexibility, optical 
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transparency and biocompatibility make PDMS and ideal choice. Additionally, we 

were able to use established replica molding techniques to obtain a double layer 

PDMS device with on-chip push down valves, which are necessary for fiber 

microactuation [56]. Details on the fabrication protocol can be seen on section 3.5. 

CNTfs with diameter ranging from 12 to 25 µm are manually loaded in the main 

flow channel prior to device sealing on glass (Figure 2.2).  

 

Figure 2.2 – CNTf Loading. Double layer PDMS with CNTf flow channels (blue) 

and control valves (green). CNTf is manually loaded on the main channel 

followed by plasma bond sealing on glass. Fiber is pushed out of the device 

through the fiber exit channel by drag forces from a viscous dextran solution. 

Inset: False-colored SEM image of a 12 µm CNTf loaded in the device.  
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2.2. Insertion Tests in Brain Phantom 

Brain phantoms provide a cheap in vitro system to test novel techniques that 

will ultimately interface with the brain. Since we are interested in brain insertion, 

we utilized an agar gel (0.6% w/w in DI water) as brain phantom, which matches 

the mechanical properties of the brain at this concentration [50].  

In order to push fibers out of the device and insert them in the brain 

phantom, we used 40% high-molecular weight dextran solution with viscosity of 6 

Pa·s (6000 times more viscous than water). This viscous fluid provides enough drag 

force on the fiber to overcome the adhesion forces between the CNTf and the PDMS 

walls. 

 

Figure 2.3 – Brain phantom insertion. (A) CNTf with 12 µm in diameter 

inserted 4.7 mm deep in agar (red) using the our microfluidic device. Flow 

channels (blue) and control valves (green) can also be seen. (B) Manual 

attempt to insert the fiber results in buckling.   
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Buckling is prevented by two mechanism. First, the CNTf is pushed into the 

brain phantom by drag forces distributed uniformly along the fiber axis. This keeps 

the fiber under tension, reducing the effective buckling force. At the same time, the 

fiber exit channel greatly confines the lateral motion, which directly prevents 

buckling. Figure 2.3A shows a 12 µm CNTf successfully inserted in brain phantom, 

demonstrating the effectiveness of these methods to prevent buckling. Using the 

device, we were able to inject CNTfs up to 4.7 mm deep in agar, which is more than 

two times the depth of layer VI of rat's brain [57]. Any attempt of manual 

implantation results in the buckling of the CNTf upon contact with the brain 

phantom surface (Figure 2.3B).  

2.3. CNTf Microactuation 

One of the main advantages of microfluidic devices made of PDMS is the 

possibility of integrating on-chip valves to better control the flow.  On our platform, 

we used push-down valves able to stop CNTfs when activated. Fast actuation of 

these valves provides fiber position resolution on the micrometer range. 

Push-down valves are located on top of the fiber flow channel, separated only 

by a thin flexible PDMS membrane. When pressure is applied to the valve channels, 

expansion causes the membrane to deflect and block the flow on the fiber channel 

underneath it (Figure 2.4A and B). These valves can be connected to computer 

controlled solenoid valves, allowing for fast actuation. 
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To demonstrate the utility of push-down valves to control fiber position, we 

once again utilized agar as brain phantom. First, we inserted a 25 µm in diameter 

CNTf about 1.5 mm deep in agar, stopping it by closing the valve. Next, using a 

Matlab script, valve states followed a 1 Hz waveform, with 100 ms on open (Figure 

2.4D). Manual pressure was constantly applied to the syringe with dextran solution 

connected to the input port. Under these conditions, we were able to generate a 

step-like motion on the fiber with 20.89 µm precision in average (Figure 2.4C and 

D).  

The precise actuation of flexible microelectrodes is particularly desirable for 

in vivo cortical implants, where the position of the microelectrode can be 

dynamically adjusted to reach the cortical layer of interest and optimize the 

proximity to neural bodies to improve recording quality. Additionally, on Section 

2.5, we demonstrate the utility of this technique by positioning the fiber’s edge 

precisely on a small deep brain area known as thalamic reticular nucleus (TRN).  
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Figure 2.4 – CNTf microactuation. (A) Schematics of a cross-section view of 

pushdown valves. (B) Top view microscope image of open and close valve 

states. (C) CNTf microactuated in agar. Dashed lines indicates the fiber edge 

position. (D) CNTf position and valve state over time. A1 to A4 labels refer to 

images in panel C.  
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2.4. Electrophysiology in Hydra 

To explore the potential of this novel microactuation technique for mapping 

neural circuits in vivo with flexible microelectrodes, we performed 

electrophysiology studies in Hydra (H. littoralis). This small cnidarian is commonly 

studied due to morphallactic regeneration of head and foot, which are able to 

regrow even if its body is sliced in half [58]. Hydras have a very simple tubular 

anatomy (Figure 2.5A) with two epithelial layers (ectoderm and endoderm) 

separated by a basement membrane (mesoglea) [58]. Despite its simplicity, this 

small organism is able to perform complex behaviors such as body contraction, 

which activity is modulated by a known train of compound action potentials (Figure 

2.5B), usually referred to as contraction bursts (CB), triggered on the ectoderm [59]. 

The possibility of correlating behavior with electrical activity makes Hydra an ideal 

model organism to test our device. 

To obtain electrical recordings from Hydra, CNTf with 22 µm in diameter 

were insulated along the axis with a conformal bilayer of 50 nm Al2O3 and 25 nm of 

HfO2 using a standard atomic layer deposition (ALD) process. Both edges of the 

CNTf were exposed by a simple razor blade cut prior to device loading. As 

demonstrated by leakage current tests, this ALD coating provides excellent 

dielectric insulation with average leakage current of 50 nA. More information on 

CNTf insulation and current leak tests can be seen on Section 3.1 and 3.2. 
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Figure 2.5 – Hydra. (A) Schematics of hydra anatomy. (B) Electrophysiology 

recordings from suction pippets showing peaks correlated with contraction 

(CB) and elongation (squares).  Panel A was extracted from [60] and Panel B 

from [59]. 

We also introduced few modifications to the original layout to enable 

electrical connection of the CNTf to the recording system. In our experimental setup 

(Figure 2.6A), the working Ag/AgCl electrode is plugged into the microfluidic device 

and connected to the CNTf through the conductive dextran solution (40% Dextran 

w/w in PBS) filling the channels, while the reference Ag/AgCl electrode is placed in 

the Hydra media bath. The impedance on this setup was approximately 1.2 MΩ in 

average.  

Throughout the experiments, we held Hydras approximately 3 mm 

downstream from the CNTf exit channel by applying moderate negative pressure to 

trap channels located in a separate PDMS block (Figure 2.6B). This pressure is 

enough to prevent translation, but Hydras could still contract, elongate and nod. This 

geometry provides a stable baseline during body motion and we did not record any 
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physiological activity even during whole body contraction (Figure 2.6C) when the 

CNTf was retracted in the device.  

 

Figure 2.6 – Microfluidic device for Hydra interrogation. (A) Schematics of the 

experimental setup. The reference electrode was placed in the bath while 

working electrode was plugged in the device making electrical contact with 

CNTf through the conductive dextran solution. Hydras were secured ~ 3mm 

away from CNTf exit channel throughout the entire experiment. (B) Optical 

microscope image of a Hydra trapped in the device by gentle negative 

pressure applied to the trap channels. (C) No peaks were observed when CNTf 

was away from Hydras even during body contraction. 

 By controlling the fluid flow and on chip valve actuation system, we were 

able to bring the CNTf in contact with Hydras (n=3) and record compound action 

potentials. First, we microactuated the fiber and placed it approximately 50 μm 

proximal, but still external to the animal body (Figure 2.7A). In this configuration, 

we detected small-amplitude potentials (~120 μV) synchronous to body contraction 
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(Figure 2.7B). No activity was observed during body elongation and nodding. Next, 

we inserted the CNTf (Figure 2.7C) in the Hydra and recorded compound potentials 

with different amplitudes. The largest amplitude activity (4.5 – 6 mV) correlated 

with body contraction while low-amplitude spikes (50 – 150 µV) were detected 

even in absence of contraction (Figure 2.7D).  These low-amplitude potentials are 

likely due to other body motions such as elongation, which appear as small 

amplitude signals in suction pipette recordings [59]. 

 

Figure 2.7 - In vivo electrophysiology in Hydra. (A) and (B) CNTf located next to 

Hydra recorded small amplitude peaks (red) during body contraction only. (C) 

and (D) CNTf inserted in Hydra recorded high amplitude peaks (red) during 

body contraction and small amplitude peaks (blue) in the absence of 

contraction. (E) and (F) CNTf was retracted and placed again outside, but next, 

to Hydra. Peaks recorded were similar to (B) and only observed during 

contraction. (G) and (H) CNTf was re-inserted in the animal and similarly to 

(C) peaks in the presence (red) and absence (blue) of contraction were 

recorded. 

To illustrate the control of CNTf position and its potential for dynamic neural 

recordings, we repeated the actuation sequence by retracting the fiber and re-
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inserting it in the Hydra and observed recordings consistent with the first insertion 

protocol. We again recorded small amplitude peaks correlated only with contraction 

when CNTf was external to the Hydra (Figure 2.7E and F) and, after fiber re-

insertion, a combination of high-amplitude signals correlated with contractions 

together with the low-amplitude activity (Figure 2.7G and H) independent from 

contraction. We noted, however, a change on the waveform of the contraction peaks. 

This variation in the waveform morphology can be explained by the difference in 

CNTf position relative to the first insertion [61]. 

2.5. Neuronal Interrogation in Brain Slices 

To demonstrate the applicability of our technology to record neural activity 

in mammalian CNS, we used brain slices extracted from wild type and transgenic 

mice. Brain slices are ex vivo preparations mainly used on pharmacological studies 

and neural connectivity research [62]. Slices with thickness of few hundred microns 

and preserved neural circuitry can be accomplished by current techniques, allowing 

for simultaneous imaging and electrical probing on very specific regions. Being able 

to image the CNTf while electrical interrogating relative intact neural networks, 

make brain slices a valuable system for testing the functionality of our platform. 

To successfully interrogate brain slices, a few adjustments were necessary. 

First, to reduce the impedance on the device, we increased the ion concentration on 

the dextran solution (40% w/w dextran in 20x PBS). Also, fiber insulation was 

improved by replacing the brittle ALD coating with approximately 3 µm of a flexible 
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polymer (Parylene-C) deposited by chemical vapor deposition (CVD). Finally, to 

reduce acute tissue damage, we sharpen the tip of CNTfs (Figure 2.8A) by etching it 

with focused ion beam (FIB). With these modifications, the impedance of the device 

was approximately 200 kΩ in average. 

 

Figure 2.8 – Experimental setup for brain slice interrogation. (A) CNTf edge 

after razor blade cut (top) and after FIB etching (bottom). (B) Schematics of 

the cross-section view of experimental setup for brain slice interrogation. 

Using the experimental setup shown in Figure 2.8B, we successfully inserted 

CNTf in the cortical layers (~1 mm deep, Figure 2.9A and B) of thalamocortical 

sections of mice (13-21 days old). Remarkably, we were even able to insert these 

flexible electrodes further in the brain slice and access deep areas such as the TRN, 

at a distance of ~4.5 mm from the cortical surface (Figure 2.9A and E).  
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In brain slices, the cortical region is a very active area with frequent 

spontaneous activity [63]. This property combined with its superficial location, 

makes it an ideal first target for CNTf interrogation. In Figure 2.9C we show 

spontaneous high-frequency spiking activity recorded by a CNTf inserted on cortical 

layer IV. Automated spike detection and clustering algorithm were able to isolated 

single unit activity with amplitude ranging from 50 µV to 500 µV. More details on 

the spike detection algorithm can be seen on Section 3.12. 

A major advantage offered by our technology is the ability to dynamically 

interrogate deep brain structures using flexible CNTf microelectrodes. To 

demonstrate the feasibility of this approach, we combined precise positioning of the 

fiber by fast actuation of on-chip valves with region-specific optogenetics activation. 

Light activation can be accomplished by expressing channelrhodopsin-2 

(chR2) in neurons, which is an excitatory light sensitive ion channel. When blue light 

(480 nm in wavelength) is presented, this ion channels opens exciting the cell and 

triggering action potentials. Neurons in the TRN are the target of strong cholinergic 

synaptic inputs from basal forebrain fibers and those neurons expressing nicotinic 

receptors are excited by these inputs [64]. Using ex vivo slice preparations from 

transgenic mice expressing chR2 on these cholinergic fibers, we are able to produce 

light-evoked cholinergic stimulation of TRN neurons only (Figure 2.9D).  
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Figure 2.9 – Neural recordings in brain slices. (A) Schematics of 

thalamocortical section of a mice brain portraying the two regions 

interrogated: Cortex and TRN. (B) CNTf insertion in the Cortex. (C) Cortical 

activity recorded by CNTf in layer 4 (top). Automatic detection algorithm show 

the presence of a few single unit action potentials, which are time aligned and 

averaged (bottom). (D) Schematics of the neural circuitry in the TRN. ChR2 

expressing fibers from the basal forebrain (green) form cholinergic synapses 

with neurons in the TRN. (E) and (F)  Light stimulation on TRN. When fiber 

was positioned immediately before TRN (E, top) no light evoked activity was 

recorded (F, top) after 5 ms single light pulse (blue line). Once in TRN (E, 

middle), CNTf recorded light evoked responses (gray area) approximately 30 

ms (dashed line) after stimulation. When the fiber crossed the TRN with 

recording site in the thalamus (E, bottom), no light evoked activity was 

observed (F, bottom), showing that signals are acquired only from regions 

close to the CNTf recording site. 
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When we positioned the CNTf close (Figure 2.9E, top), but not in the TRN, we 

did not detect any response to a single 5 ms light stimulating pulse (Figure 2.9F, 

top). By actuating the valves at 100 ms intervals, we gently pushed the CNTf and 

placed it in the TRN (Figure 2.9E, middle). In this region, we observed an excitatory 

response approximately 25 ms after a single 5 ms light pulse (Figure 2.9F, middle). 

This delay is due to the time needed for neurons in the TRN to depolarize and reach 

the action potential threshold. Next, we actuated the CNTf deeper in the brain and 

positioned it in the thalamus across the TRN (Figure 2.9E, bottom). In this 

configuration, light stimulation in the TRN resulted in no activity recorded by the 

electrode (Figure 2.9F, bottom), indicating that the evoked potentials were only 

acquired from the CNTf tip.  

To further confirm that the observed light-evoked response in the TRN is the 

result of TRN neuron excitation by acetylcholine activation of nicotinic receptors, 

we washed 3 µM of the nicotinic receptor blocker dihydro-β-erythroidine 

hydrobromide (DHβE) in the bath. After approximately 5 min, we no longer 

observed light-evoked responses. 

2.6. Conclusion and Future Directions  

We presented a novel platform to insert and precisely actuate flexible CNTf 

in tissue, allowing for electrical interrogation with minimal damage. Our 

Microfluidic device is able to overcome the buckling forces while diverting 98.5% of 
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the fluid away from the insertion point. Using brain phantoms, we showed 

successful insertion and actuation of CNTf with ~21 µm precision.  

Combining simultaneous electrical and video recordings, we were able to 

successfully interrogate Hydras and link their electrical activity with behavior in 

accordance with the literature, showing the potential of our platform to interrogate 

neural networks in small organisms. Additionally, we used brain slices extracted 

from transgenic mice to show the potential use of this technology for neural 

recordings in mammalian CNS. We recorded single units from spontaneous activity 

in the cortex and light evoked activity only when CNTf edge was position in the TRN, 

showing that the recording site is on the fiber tip only. 

To fully demonstrate that our device can in fact contribute to lower the 

neuro-inflammatory response by avoiding the use of stiffening agents, in vivo 

studies in mice will be necessary. In the near future, we expect to use our platform 

to insert CNTfs in the cortex and deep brain structures of rodent’s brain, in order to 

analyze the correlation between acute and chronic damage with longterm recording 

stability.  
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Chapter 3 

Methods 

3.1. Fabrication of CNTf microelectrodes 

CNT fibers were provided by Dr. Matteo Pasquali’s laboratory and fabricated 

from raw Meijo EC1.5-P CNTs (Meijo Nano Carbon Co., Ltd.) using a wet-spinning 

process. Briefly, raw CNTs were dispersed on a solution of chlorosulfonic acid and 

extruded through a spinneret into an acetone coagulant bath. The growing CNT fiber 

was collected onto a winding drum, set to a linear speed higher than the extrusion 

speed, keeping the fiber under tension. This process creates fibers with highly 

aligned CNTs and outstanding electrical, thermal and mechanical properties [49].   

Recordings from Hydra were obtained using CNTfs coated with a dielectric 

double layer of Al2O3 and HfO2 by ALD. To obtain a conformal coating, CNTfs with 23 

μm in diameter were suspended between two glass slides separated by a few 



 
46 

 

millimeters to prevent most of the fiber length from being in contact with a 

substrate. First, the fibers are exposed to an oxygen plasma cleaning process for 1 to 

5 min to clean residues and facilitate dielectric nucleation. Next, a standard ALD 

deposition (Cambridge Ultratech Savvanah S200) is performed. Al2O3 layer (50 nm) 

was grown using the precursors trimethylaluminum (TMA) and water and HfO2 

layer (25 nm) used tetrakis[dimethylamido]hafnium (TDMAH) and water. The 

process chamber was at 150 oC and 1 Torr with N2 flowing at 20 sccm as carrier gas.   

Recordings from brain slices were obtained using CNTfs coated with 1.19 µm 

to 3.26 µm of Parylene-C. a Standard CVD protocol (Specialty Coating Systems) was 

used for Parylene-C coating. Precursor material (1 to 2g) was evaporated at 90 oC 

and monomerized at 690 oC. The chamber is kept at room temperature and 20 to 25 

mTorr. A donut shaped acrylic holder was specially designed to load the fiber in the 

coating chamber allowing most of their length to be suspended. SEM inspection 

indicates conformal and crack free coating.  

3.2. Coating Leakage Current Tests  

Integrity of insulation coatings was assessed by measuring DC leakage 

currents between insulated CNTf and a large carbon wire counter electrode in saline 

solution at room temperature [65]. A Gamry Reference 600 potentiostat (Gamry 

Instruments) was used to apply DC voltage bias of 1 V and the leakage current 

between the insulated CNT fibers and the counter electrode was measured by 
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passing the working electrode over them with a motorized arm. The average leak 

current on both ALD and Parylene-C was 50nA.  

3.3. FIB Patterning CNTf 

To facilitate insertion and reduce damage in brain slices, Parylene-C coated 

CNTf with 23 µm in diameter were sharpened using standard FIB (FEI Helios 

NanoLab 660 DualBeam) protocols. A 30kV gallium beam (65nA) was focus on the 

surface of the fiber and a 60 angle cut with respect to the fiber’s axis was performed.  

3.4. Flow Simulations 

Flow simulations were done using Comsol (Comsol Inc.). Stationary Navier-

Stokes equation was solved in laminar flow regime using a finite element method 

applied to a 3D model of the device layout. Boundaries conditions consisted on 

setting the inlet port to a constant pressure of 10 atm and outlet ports to 1 atm. 

3.5. Device Fabrication 

Double layer PDMS microfluidic devices were fabricated following standard 

soft-lithography techniques (Figure 3.1). Si wafers (University Wafer) were spin 

coated with SU-8 2050 (Microchem), followed by a photolithography process which 

defined valve and flow channels on two separate wafers. Next, a thin layer 

(approximately 70 µm) of flexible (20:1 Elastomer:Cross-linker, w/w ratio) PDMS 
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(RTV615, Fischer Scientific Company LLC)  was spin coated on the wafer patterned 

with the flow channels. At the same time, a thick (approximately 2 mm, 5:1 

Elastomer:Cross-linker, w/w ratio) less flexible PDMS  was poured on the wafer 

patterned with the valve channels. Both wafers were partially cured in an oven at 90 

oC: 15 min for the flow layer and 45 min for the valve layer. Next, the PDMS with the 

valve channels was removed from its original wafer and aligned to the flow layer. A 

final 24 hr bake at 90 oC crosslinked both PDMS layers. 

 

Figure 3.1 – Double Layer PDMS Device Fabrication 
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Finally, coated CNTf with diameters from 12 to 25 µm were manually loaded 

in the PDMS device using carbon-tip tweezers. To seal the microfluidic device with 

the fiber, an oxygen plasma cleaning step on the PDMS and glass was performed, 

allowing for a strong and leak free covalent bond between their exposed surfaces. 

3.6. Brain Phantom Insertion Tests 

Agar gel was used as brain phantom for insertion and actuation tests. The gel 

was prepared by first mixing bacteriological agar (Sigma-Aldrich Corporation) with 

DI water on a 0.6% w/w concentration. The solution was then heated in a 

microwave until boiling was reached and left at room temperature to gelate for at 

least 2 hours. For imaging purpose, a drop of red food colorant was added to the 

solution. 

Microfluidic devices were loaded with CNTf with 12 µm in diameter as 

described in the previous sections. The glass slide was vertically mounted on a 

micromanipulator and gently brought in contact with the agar gel. To insert the 

fiber in agar, manual pressure was applied to the syringe filled with a blue dextran 

solution (40% w/w in DI with blue food colorant) connected to the fiber input port. 

Manual CNTf insertion attempt was done by moving a similar fiber vertically 

towards the agar gel using a self-closing tweezer assembled on a micromanipulator. 

The CNTf was held ~4 mm away from the edge and the micromanipulator was 

manually operated to move the fiber at a speed of 75 µm/s. 
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3.7. Brain Phantom Actuation Test 

Microfluidic devices loaded with CNTf with 23 µm in diameter were 

fabricated as described on previous sections and horizontally attached in a petri 

dish. Valve channels were filled with DI water and connected to a solenoid valve 

controller. A Matlab (Mathworks Inc.) script was used to switch between close and 

open valve states. 

A block of agar gel (0.6 % w/w in DI prepared as described on a previous 

sections) of approximately 1 cm3 was gently placed in contact with the fiber exit 

channel. To drive the fiber, manual pressure was applied to the syringe filled with 

dextran solution (40% w/w in DI) connected to the fiber input port. A video of the 

fiber movement in agar was collected at approximately 8.9 fps using a Hamamatsu 

camera mounted on an inverted Nikon scope. A Matlab script was used to isolate the 

fiber from the background and determine the edge position. 

3.8. Hydra Culture 

Hydras (H. littoralis obtained from Carolina Biological Supply Company) were 

cultivated in plastic vials at room temperature in standard Hydra culture media. The 

animals were fed once every two days with freshly hatched brine shrimps (Artemia 

naupli). Electrophysiology experiments were performed in Hydras food deprived for 

at least 24 hours. 
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3.9. Hydra Electrophysiology 

Glass slides containing both CNTf microfluidic channels and Hydra trap 

channels were fixed to a plastic Petri dish which was filled with Hydra media. Hydras 

(n=3) with length between 1.5 and 2.0 mm were first partially immobilized on the 

Hydra trap. This was accomplished by manually positioning the animal using a glass 

pipette next to the trap channels, followed by application of negative pressure to the 

trap port. Next, the CNTf was actuated towards the Hydra by applying manual 

pressure to a syringe connected to the fiber input port and filled with a conductive 

dextran solution (40% w/w in 1x PBS). Valves were actuated (open and closed) to 

guarantee precise positioning of the fiber inside or next to the animal. 

The working Ag/AgCl electrode was placed in contact with the conductive 

dextran solution in the microfluidic channel while the reference Ag/AgCl electrode 

was placed in the Hydra medium. Data was collected using an AM System model 

1800 amplifier and Digidata 1550 digitizer (Molecular Devices) at 10 kHz sampling 

rate with 0.5 Hz low-cut filter and 20 kHz high-cut filter.  

3.10. Brain Slice Preparation 

Young male and female mice (P13-21) from two strained were used: wild-

type (WT) C57BL/6J and bacterial artificial chromosome (BAC)-transgenic mice 

expressing channelrhodopsin-2 (ChR2) under the control of the choline 
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acetyltransferase (ChAT) promoter (ChAT–ChR2–EYFP) [66]. Thalamocortical slices 

(450 um) were prepared according to previous reports [67]. 

Animals were anesthetized with isoflurane and decapitated following 

protocols in accordance with National Institutes of Health guidelines and approved 

by institutional animal welfare committees. The bones covering the cortical surface 

were carefully peeled away. The brain anterior to the tectum was removed and 

placed in ice-cold sucrose-containing solution consisting of the following (in mM): 

234 sucrose, 2.5 KCl, 1.25 NaH2PO4, 10 MgSO4, 26 NaHCO3, 10 glucose, and 0.5 CaCl2, 

bubbled with 95%O2-5%CO2. Hemispheres were separated using a razor blade. Each 

of them was then lightly blotted on filter paper and glued with cyanoacrylate glue 

onto a plastic ramp fixed on the stage of a vibratome (Leica VT1200S) in a way that 

the plane of cut of the brain is determined by two angles: the ramp tilt angle of 10o 

and the blade rotation angle of 55o. Throughout this and the following procedures 

the exposed brain surface was frequently irrigated with ice-cold sucrose-containing 

solution. Slices were cut in the same solution at slicing speed of 0.2 mm/s and a 

blade vibration amplitude of 0.8 mm. 450 µm slices containing TRN and cortex were 

collected and suspended in sequence in a ACSF-filled chamber containing the 

following (in mM): 126 NaCl, 26 NaHCO3, 2.5 KCl, 1.25 NaH2PO4, 10 glucose, 2 CaCl2, 

and 2 MgCl2, bubbled with 95%O2-5%CO2. The slices were incubated at 34°C for 45 

min and allowed to recover at room temperature for at least 30 min before being 

transferred in the recording chamber to perform the experiment. 
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3.11. Brain Slice Electrophysiology 

CNTf microfluidic devices were sealed at the edge of a 500 µm thick glass 

slide and mounted on a plastic petri dish. Tubes for ACSF perfusion were placed on 

opposing sides of the dish. Freshly dissected 450 µm brain slices were placed on a 

150 µm thick glass slide pre-coated with poly-L-lysine (Sigma Aldrich). The brain 

slice was manually positioned as close as possible to the device with the cortex 

facing the fiber exit channel. 

CNTf was inserted in the brain slice by applying manual pressure to a syringe 

connected to the fiber input port and filled with a highly conductive dextran 

solution (40% w/w in 20x PBS). Valves were actuated using a Matlab (Mathworks 

inc.) script (open and closed) to guarantee precise positioning and actuation of the 

fiber inside the brain slice. 

The working Ag/AgCl electrode was placed in contact with the conductive 

dextran solution in the fiber channel while the reference Ag/AgCl electrode was 

placed in contact with the ACSF bath in the dish. Data was collected by using AM 

System model 1800 amplifier and Digidata 1550 digitizer (Molecular Devices) at 50 

kHz sampling rate with 0.5 Hz low-cut filter and 20 kHz high-cut filter.  
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3.12. Signal Processing of Brain Slice Recordings 

Electrophysiological recordings were analyzed and post-processed off-line 

with a custom Matlab (Mathworks Inc.) script. To isolate individual units, raw data 

stream was first digitally filter between 300 Hz and 6 KHz. Spike detection was 

performed on the bandpass filtered data based on an amplitude threshold 

automatically set as 4.5 times the estimated standard deviation of the noise [68]. 

Principal components of the waveforms were calculated on a 3 ms window isolated 

from the threshold-crossing spikes followed by unsupervised clustering and sorting. 
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