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Abstract  

Neuroprosthetic devices are either stimulation or recording electrodes that are used to restore 

functionality of the human body after neural injury or disease. The long-term utility of these 

devices is limited by their viability and stability within the central nervous system due to foreign 

body response from glial cells, namely microglia and astrocytes. During this response, these glial 

cells form scar tissue (glial scar) around the implant (to isolate the device and electrically insulate 

from the neurons). These cells also secrete chemicals to inhibit the outgrowth of neuron processes, 

which affects the electrode function. This work focuses on a method for modulating the responses 

from the microglia and astrocyte to reduce scarring around microstimulation electrodes  comprised 

of polyimide-insulated platinum (Pt) / iridium (Ir) metal alloy.  The surface of the electrodes are 

functionalized with a specific peptide – with the sequence KHIFSDDSSE – to modulate the glial 

scar. This peptide is similar to the homophilic binding site of neural cell adhesion molecules 

(NCAM). In this work, it was shown that this peptide reduced the proliferation of microglia and 

astrocytes (when added in solution to pure astrocyte cultures). The responses of microglia and 

astrocytes to both  peptide-coated and uncoated electrodes were tested in 3D gels. From these tests, 

fewer microglia were found in the region surrounding peptide-coated electrodes than uncoated 

electrodes. The modulation of microglial response is indicative of modulation of the acute 

response. Astrocytes preferentially attached to the peptide-coated electrode, and the number of 

attached astrocytes remained the same up to 2 weeks post implantation compared to the uncoated 

electrode. The modulation of astrocyte response is indicative of modulation of the initial stages of 

the chronic response. These results suggest that this peptide could be used to modulate scar tissue 

formation by glial cells. 
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1.1 Overview: 

Neuroprosthetic devices are used to restore functionality of the human body after neural injury or 

disease. These devices can be interfaced with the central nervous system (CNS) or peripheral 

nervous system (PNS) to stimulate neurons or record neural signals. The long-term utility of 

neuroprosthetic devices is limited by the viability and stability of the devices within the body. 

When a foreign body (such as a neuroprosthetic device) is implanted in the CNS, it initiates a 

foreign body response from glial cells in the central nervous system (this involves mainly 

astrocytes and microglia) through chemical signalling. The microglial cells get activated, and they 

start the process of phagocytosis, to try and break down the device. These activated microglial cell 

signal the astrocytes, causing them to activate and form scar tissue around the implanted device 

(to isolate the device). Activated astrocytes also secrete chemicals to inhibit neurite outgrowth in 

the region [1]. The inhibition of neurite outgrowth in the implanted region affects function of 

electrode, as the scar tissue electrically insulates the device from the cells. It is expected that 

modulation of the responses from microglia and astrocytes would enhance the compatibility of the 

device with the nervous system. One feature of the glial scar is increased proliferation of glial cells 

(mainly astrocytes), near the region of neural injury. Reduction in the proliferation of glial cells is 

expected to influence the extent of scar tissue formed around the implant and this is expected to 

increase the viability of wires in the CNS. This work focuses on a method for modulating the 

responses of the microglia and astrocytes to reduce scarring around intraspinal microstimulation 

electrodes made of polyimide-insulated platinum (Pt) / iridium (Ir) metal alloy. These electrodes 

are used to stimulate neuron pools to restore lower-limb movements in patients who have 

experienced injury to their lumbar region in the spinal cord. In my work, the electrodes were 

modified with a specific peptide – with the sequence KHIFSDDSSE – to modulate the glial scar. 

In this work, the peptide reduced proliferation of both glial cells when tested in two-dimensional 

(2D) mixed glial cultures. The number of microglia near the peptide-coated wire electrode was 

reduced compared to the uncoated wire when tested in a three-dimensional (3D) gel containing 

mixed glial cell. These microglia cells that were found near the electrode site had a circular 

morphology similar to the activated state of the microglia. In the same 3D gel, increased number 

of astrocytes attached to peptide–coated wires even at day 1 post implantation, as compared to 

uncoated wires. The number of astrocytes (as determined using immunostaining for GFAP 

antibody) attached to the peptide-coated wires and the number of microglia near the peptide-coated 
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wires remained the same even two weeks post implantation of the peptide-coated wire. These 

effects could be due to the reduced proliferation of glial cells near the electrode, similar to the 2D 

cultures. Based on these results, I expect that this peptide could be used to modulate scar tissue 

formation by glial cells. 

 

1.2 Neuroprosthetic devices 

All of the functions of the human body are regulated through specific electrical signals from the 

central nervous system (CNS). The CNS is comprised of the brain and spinal cord. The electrical 

signals are transferred from the spinal cord to the target organs through the peripheral nervous 

system (PNS). The CNS and PNS can be affected by disorders such as vascular disorders (e.g. 

stroke or transient ischemic attacks), structural disorders (e.g. brain or spinal cord injuries or 

auditory nerve dysfunction), infections (e.g. meningitis or encephalitis), functional disorders (e.g. 

epilepsy or neuralgia) and degenerative disorders (e.g. Parkinson’s disease or Alzheimer’s 

disease). These neurological disorders can result in a severe loss of function. The recovery of lost 

function of body parts is challenging; one approach utilizes stimulation of the affected region in 

the CNS or PNS. In recent years, this has been achieved through the use of neuroprosthetic devices 

such as deep brain stimulators (to treat motor symptoms of Parkinson’s disease) [2]; cochlear 

implants (to stimulate auditory nerve to treat sensorineural deafness) [3]; brain-machine interface 

systems (for controlling robotic limbs) [4] intraspinal microstimulation electrodes (to stimulate the 

injured lumbar region of the spinal cord to restore lower-limb movements in patients) [5].  

 In spinal cord injury affecting the lumbar region of the spinal cord, patients can lose both sensation 

and motion control after injury. These losses are due to the disruption of communication between 

the brain and peripheral nerves as the central communication system of the CNS (i.e. the spinal 

cord) is injured. Mushahwar et al. suggested that the motor neurons and networks of interneurons 

(which enable communication between sensory and motor pathways for reflexes) below the level 

of the lesion (i.e. injury) remains intact [5]. Therefore, stimulation of these surviving neurons 

below the lesion site may restore some function following the injury. They have demonstrated (in 

a cat model) that the surviving neurons could be stimulated to restore function using ultrafine 

intraspinal microstimulation electrodes [5]. These electrodes were implanted into the lumbar 
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region of the spinal cord [5]. The functional electrical stimulators were under simple finite state 

control, which were implemented using external sensors. Since these external sensors were bulky 

and uncomfortable to use, microelectrode arrays instead were used to record signals from sensory 

nerves to aid with the continuous feedback control [6]. Microelectronic devices were implanted in 

the dorsal root ganglion (in the same cat model) to read the electrical signal from the neurons [6]. 

 

1.3 Biocompatibility of the neuroprosthetic devices 

Virtually any neuroprosthetic device implanted into the brain, spinal cord or PNS faces problems 

in terms of long-term viability and stability [7].  In the CNS, both of these problems are due to the 

responses of the glial cells, which limit the biocompatibility of the device. Biocompatibility in the 

case of long-term implanted devices is defined as the ability of the implanted device “not to elicite 

any undesirable local or systemic effects in that host” [8]. If the device can modulate the response 

from CNS, it is considered to be more biocompatible with the CNS.   

The responses of the CNS to chronically implanted electrodes has two parts: the initial acute 

response and chronic response [9], [10]. The initial acute response is the result of mechanical 

trauma to the tissue that occurs when an implant is inserted. The chronic response results in 

scarring caused by a specific type of CNS cells called glial cells around the implanted electrodes. 

There are three types of glial cells in CNS, namely microglia, astrocytes, and oligodendrocytes. 

The microglia and astrocytes are the glial cells that react to a neural injury, whereas the 

oligodendrocytes aide in myelin formation [9]. The microglia constitutes 5-10% of the glial cells 

[7], whereas astrocytes constitute 30-65% of the glial cells [11]. 

The mechanism of the initial acute response ensures rebuilding of tissue that is severed from the 

insertion of electrodes and activation of cells in the foreign body response. The blood vessels 

damaged during insertion release erythrocytes, which activate platelets and clotting factors. This 

activation results in macrophage recruitment and the initiation of tissue rebuilding. The response 

from the CNS includes the activation and proliferation of the microglia, which are the first cells to 

respond to the neural injury. The activated microglia start eating the cellular debris and excess 

fluid present in the lesion site [12]. The activated microglia attempt to phagocytose the foreign 

body, ideally causing degradation of the material.   
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The activation of microglia initiates the chronic response of the CNS. They further activate 

astrocytes around the implant site [13]. The morphology of the glial cells changes owing to 

activation. The activated microglia changes from ramified (in the resting state) to amoeboid form 

(in the activated state) as shown in Figure 1.1. The activated astrocytes show increased glial 

fibrillary acid protein (GFAP) filaments and hypertrophy of cells (i.e. increase in cell volume) as 

shown in Figure 1.1 [13]. Both cell types undergo active proliferation. The activated astrocytes 

encapsulate electrodes by forming a compact sheath around the electrodes [9], [10]. This 

encapsulation layer is referred to as glial scar (Figure 1.1). Polikov et al. have suggested that the 

glial scar may play a role in isolating necrotic neural tissue from the rest of the body, and may also 

prevent infiltration of lymphocytes [9]. Thus, the scar tissue helps in maintaining a blood-brain 

barrier (BBB). The blood-brain barrier is a highly selective permeability barrier to separate the 

blood vessel (i.e. capillaries going to brain) and the extracellular fluid of the brain. Thus, this 

barrier acts as a protective layer against passage of foreign substances into the brain. They also 

mentioned that the scar tissue prevents the diffusion of nearby neurons into the implant site, thus 

increasing the impedance to measure the neural signal [9]. The glial components might also create 

a new pathway that shunts current from the stimulating electrodes and away from the intended 

neuronal targets [14]. 

 

Figure 1.1: Schematic of glial scar formation. Microglia cells (Red) first become activated and morphology 
changes from ramified to amoeboid. Astrocytes (Green) react at a later point in time and forms scar tissue [10]. 
Reprinted with permission from dx.doi.org/10.1021/bm500318d | Biomacromolecules 2014, 15, 2157−2165}. 
Copyright 2014 American Chemical Society.  
 

Turner et al. have shown the time course of astrogliosis with passive silicon electrode into the rat 

cerebral cortex [15]. First, they implanted the electrodes and then explanted them at 2, 4, 6 and 12-
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week time points. For the electrode that was explanted after the 2nd week, immunostaining for 

GFAP showed a region around the implant that contained reactive astrocytes. This region extended 

from 500 to 600 µm around the implant. The layers of cells that were adjacent to the implant 

showed a dense and organized structure as compared to the regions far away (beyond 600 µm from 

the implant surface). During 2nd and 4th week, the reactive astrocytes extended their processes 

towards the insertion site (active proliferation of glial cells). During 6th and 12th week, the 

processes became stronger and more compact. They also suggested that the formation of the glial 

sheath (scarring) around the implant was complete in 6 weeks post implantation and it remained 

intact till the implant remains in situ [15]. This time course of glial scar formation was confirmed 

by Szarowski et al. [10]. 

Griffith et al. also identified reactive glia cells as far as 1 cm away from the chronically implanted 

platinum electrode tracks in Rhesus macaque motor cortices [14]. The astrocytes within 1 cm 

distance from the electrodes exhibited hypertrophy while those from areas beyond 1 cm showed 

normal growth. The reactions of the astrocytes were significant even during 3rd-year post 

implantation while the reactions of the microglial (which increased after three months) were not 

significant during 3rd-year post implantation. Thus, they concluded that the microglial reactions 

were more transient than the astrocytic reactions. Reactive astrocytes were found to secrete 

chondroitin-6-sulfate proteoglycans (CSPGs) and cytotactin / tenascin that inhibit the growth of 

neuron in injured brain and spinal cord models [1]. These reactive astrocytes secretions might not 

allow the growth of neurite in the regions severed by the implant and also in the regions around 

the implant [14]. In contrast, non-activated astrocyte monolayers were observed to help in the 

growth of neurons in the culture. The neural processes extended along the tracks provided by these 

astrocytes regardless of the materials beneath the astrocytes [16], [17]. Thus, the approaches that 

are aimed at electrode integration and long-term viability must consider improving neuronal 

survival and the reducing effects of gliosis [14]. 

 

1.4 Strategies to improve biocompatibility 
 The strategies to improve the biocompatibility of chronically implanted electrodes are discussed 

in this section.  These strategies focus on minimizing the damage to the neural and vascular cells 

during insertion, reducing glial proliferation around the implant (if implanted in the CNS), and 

improving the neural growth around the implant for better recording or stimulation. Apart from 
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the reduction of glial scarring, there should be a reduction in the inflammatory response to the 

implanted electrodes. The engineering strategies to achieve biocompatibility must systemically 

result in progressively better implantable devices for chronic neural interfaces, i.e. the device 

should have consistent and measurable performance improvements with successive versions [18]. 

The following strategies have been adopted to improve the biocompatibility of device implanted 

in the CNS: 

1. Change the properties of the electrodes (including dimensions, material, and stiffness) to 

minimize the foreign body response from microglia and astrocytes. 

2. Delivery of drugs to modulate foreign body response from microglia and astrocytes. 

3. Functionalize the surface of the electrode to modulate cell behavior. 

 

1.4.1. Electrode design 

The impact of some electrode design properties on the foreign body response from microglia and 

astrocytes has been studied. Electrode parameters that can be varied include size, shape, and 

material. For arrays of electrodes (in which electrodes joined by a base), the number of electrodes 

can also be varied. Finally, whether or not the electrodes are connected to each other or another 

object has been examined (i.e. whether the electrodes are tethered or untethered)[19]. 

Various studies have been involved in changing size and shape of the electrode. They studied the 

initial glial response, initial wound healing response and the chronic glial response to these changes 

[10], [14], [20]. In the study conducted by Szarowski et al., electrode tips of different shape and 

cross-sectional area were implanted in the cortex of the adult male Wistar and Sprague–Dawley 

rat brain. The electrode tips had different shapes such as an ellipse, square and trapezoid with 

cross-sectional areas of 2500, 10,000 and 16900 µm2 respectively [10]. They found that the initial 

glial and wound healing responses decreased as the cross-sectional area of the silicon electrode 

decreased. The electrodes with trapezoidal tips had a larger surface area, sharp corners, and more 

irregularities than smaller electrodes with ellipsoidal tips. They suggested that this could have also 

contributed to the difference in the initial wound response.They concluded from these results that 

the decrease in initial glial and wound healing responses was due to the various geometries of the 

tips and cross-sectional area of these tips [10]. A study by Kozai et al. have also confirmed that 

the difference in size influences the initial acute response from the glial cells [20]. They tested and 
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found that the initial glial response decreased in the case of ultra-small implantable composite with 

the cross-sectional area- 58.1 µm2. The ultra-small electrodes were made of a carbon fiber core, a 

poly(p-xylylene) based thin-film coating. Both electrode types were inserted in the motor cortex 

of adult male Sprague-Dawley rats [20] to test the foreign body response from microglia and 

astrocytes. Apart from the initial wound healing response, Szarowski et al. concluded that 

sustained or chronic glial response was independent of various geometries and sizes of the 

electrodes [10].  However, Kozai et al. [20] showed that reducing the cross-sectional area of the 

electrodes further from 2500 µm2 (suggested in the work by Szarowski et al. [10]) to the size of  

ultra-thin electrodes (of diameter ~8.5 µm and cross- sectional area of 58.1 µm2) reduced the 

chronic reactive tissue response [20]. Seymour et al. have also studied the influence of shape and 

size on the chronic reactive tissue response [21]. They placed parylene-based electrodes of two 

sizes (thicker and thinner electrodes of size 48 µm by 68 µm and 5 µm by 100µm respectively) in 

the cerebral cortex of the adult male Sprague–Dawley rat brains [21]. They found that the thinner 

electrode caused a smaller  chronic reactive tissue response [21].  Griffith et al. studied the extent 

of sustained glial response to the six platinum wires (of 50 µm in diameter each and varying length) 

connected using cannon wafer connectors [14]. They implanted these electrodes in Rhesus 

macaque motor cortices [14]. They suggested that apart from electrode design, a comprehensive 

approach encompassing both electrode design and pharmacological management of gliosis was 

required to decrease the chronic glial response. All the above studies showed  that the electrode 

designs such as electrode shape and size played an essential role influencing the initial wound 

healing response. In contrast, the chronic response remained relatively unaffected, and was 

reduced only when the electrode size was ultra-small (cross-sectional area roughly in hundreds of 

µm2 ~ <500 µm2) [10], [14], [20], [21]. However, it is not possible to reduce dimensions of the 

electrode beyond a certain value. If the electrode is made too small, problems such as buckling 

(during insertion) and internal stresses can arise due to the  very small dimensions, and these can 

affect the performance of the device in a long term. Also, in the case of stimulation, electrodes that 

are too small in cross-sectional area may not be able to carry the required current.  

Connections between one electrode and other electrodes, a tethering site and/or the electronics can 

also contribute to the foreign body response from the microglia and astrocytes. Ersen et al. have 

conducted a study on the influence of floating electrodes to the chronic response of the CNS, and 
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they have concluded that these electrodes elicited a smaller less chronic tissue response compared 

to connected electrodes [19]. They used passive (without any stimulating current) parylene C 

coated silicon floating electrodes implanted in both cervical spinal cords and motor cortices [19]. 

Further work is required to test this effect both in active electrodes and for longer implantation 

times. Thelin et al. have studied the combined effect of size of the electrodes and tethering between 

them on the long term tissue reaction [22]. They implanted the electrodes into the cerebral cortex 

of the adult female Sprague-Dawley rats [22]. They used two types of implants; smaller untethered 

implants (50 µm in diameter) and larger tethered implants (200 µm in diameter). They have found 

that the untethered electrodes with small diameter caused the smallest tissue reactions as opposed 

to the tethered electrodes with larger diameter [22]. 

The use of various materials to improve biocompatibility has also been reported previously. The 

materials include silicon [10], various metals such as brass, gold, platinum, iridium, palladium and 

tantalum [23], and nanocrystalline diamond films (NCD) [24], [25].  The most commonly used 

materials of the above listing are the metals, due to their high surface charge density and corrosion 

resistance. Ignatius et al. have shown that various metal electrodes did not have any significant 

differences in the attachment of neurons on these electrodes when tested in primary central nervous 

system neuron cultures [23]. Metals are typically selected based on the electrical properties such 

as surface charge density.   

Other alternative approaches involve coating NCD onto the electrode. NCD films have both good 

electrical properties and bio-inertness, which make them good candidates for improving 

biocompatibility [25]. NCD films with a high surface roughness (320±17 nm) have been  coated 

onto titanium metal. This high roughness was significant in reducing adhesion of fibroblasts (the 

cells that caused initial foreign body response from vascular system due to severed blood vessels). 

The films were tested in primary human fibroblasts cultures(CRL2429) [26]. The NCD films were 

also doped with boron using microwave chemical vapor deposition for much higher 

electrochemical performance [24]. The major drawback of these film coatings is the challenge in 

depositing these coatings onto surfaces that are not flat. NCD coatings are relatively expensive 

when compared to materials such as silicon and metals.  

With the limitations in controlling the dimensions and material of the electrode, alternate 

approaches are looked at to increase biocompatibility of implants. These include delivering drugs 
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to the lesion site, or modifying the surface of the implant with chemical coatings. Researchers are 

therefore exploring molecular and cell biological approaches to modulate foreign body response 

from microglia and astrocytes and integrate the neuroprosthetic devices. 

 

1.4.2. Drug delivery systems 
Microchannels or wells, or nanofibers can used to deliver drugs to the site surrounding an implant. 

Drugs can be stored in wells or microchannels created on an electrode; a few examples of this type 

of system are given below. For delivery of bioactive molecules (like peptides, or proteins), wells 

have been etched in polyimide electrode array [27]. The bioactive molecules have been either 

simply adhered or covalently attached to the polyimide surface [27]. Similar to biomolecules, 

whole cells can also be introduced through these wells.  

Purcell et al. have developed parylene devices (or probes) with wells to deliver cells. These wells 

contained an alginate hydrogel seeded with E14 murine cortical neural stem cells [28]. They tested 

them in vivo in male Sprague-Dawley rat brain [28]. These probes were seeded with neural stem 

cells to integrate the device with the surrounding brain tissue. The device was integrated with tissue 

due to secretions of neuroprotective and neurotrophic factors (i.e. factors that help in the growth 

of neurons) by the neural stem cells [28]. The limitation of etching wells is that it requires 

increasing the dimensions of the neural electrodes, and only small quantities of biomolecules can 

be introduced (as determined by the volume of the reservoir).  

3D- probe structures made of silicon with microfluidic channels were fabricated using surface 

micromachining and deep reactive ion etching (DRIE). These channels enabled in the delivery of 

transferrin (a glycoprotein that helps to target drugs) and dextran (a polysaccharide molecule that 

also act as drug carriers) [29]. The group that developed these 3D probes studied the drug release 

mechanism in vitro using agarose brain phantoms and in vivo in the premotor cortex of adult male 

rat brain. They found that diffusion-mediated delivery of drugs was an effective intervention 

strategy for reducing the reactive tissue response process [29]. 

A drug-loaded nanofiber was developed by Abidian et al. [30]. They developed silicon-based 

microelectrode coated with degradable electrospun nanofibers loaded with dexamethasone (DEX), 

a synthetic corticosteroid was used as an anti-inflammatory drug [31] [30]. DEX-loaded PLGA 

nanofibers were prepared by electrospinning, and they were coated with an alginate hydrogel using 
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dipping method. Finally, the hydrogels were coated with the conducting polymer poly (3, 4-

ethylenedioxythiophene) (PEDOT) using electrochemical polymerization around the electrospun 

nanofibers within the hydrogel scaffold. The final devices had excellent electrical characteristics 

in terms of impedance and charge storage capacity, and the DEX was shown to release slowly 

from the devices over weeks. In vivo testing was not performed.  

In terms of reducing the foreign body response from microglia and astrocytes to neural interfaces, 

delivery of anti-inflammatory drugs or chemical factors encourage the growth of neurons near the 

implant. Whether drug-loaded electrodes can affect the long-term biocompatibility of neural 

devices is not yet understood.  

 

1.4.3. Surface functionalization of electrodes 

Surface functionalization of electrodes for neural interfaces has been done with various chemicals, 

including bioactive molecules, hydrogels, and polymers. Coatings are selected based on the 

function that they can perform at the site of implantation. Some of the various functions performed 

by these coating are: reduce inflammation, promote adhesion of neural cells, encourage adhesion 

and reduce glial scarring. Adhesion of neural cells improves recording of neural signals or the 

stimulation of neurons. 

Multiple functions may be combined to improve the biocompatibility of a device. A combination 

of chemicals can be applied to target different functions. When a new coating is developed, it is 

essential to characterize the chemical state of the modified surface and to test the efficacy of the 

coating (in vitro and/or in vivo). Characterization of the coating ensures that the coating was 

successful. Some different types of coatings intended to improve the biocompatibility of implant 

surface interfacing with the CNS are described below.  

 
1.4.3.1. Nanoporous gold coatings 

Nanoporous (np) gold coatings were produced by an alloy corrosion process [32]. In one study, np 

gold with 87. 11 ± 4.55 pores was produced, and primary rat cells were cultured on the surface. 

This coating was shown to reduce gliosis (i.e. the change in non-reactive glial cells to the reactive 

state when the CNS was damaged). The topography of the surface of the nanoporous gold allowed 
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increased attachment of neurons while reducing the attachment of astrocytes. The authors of the 

study suggested that a similar coating could be used on the surface of recording electrodes to 

encourage the selective attachment of neurons, enabling the recording of signals from these cells.   

 

1.4.3.2. Hydrogel coatings 

Hydrogels are a three-dimensional hydrophilic polymeric network which absorb a high percentage 

of water. Hydrogels have been coated on the neural electrodes to modulate the immunoreactivity 

of cells in the CNS or PNS. Polyethylene glycol (PEG)-containing polyurethane (PU) hydrogel 

coatings for polydimethylsiloxane (PDMS)-based neural electrodes were developed by Rao et al. 

[33]. These coatings were found to have higher conductivity and better electrochemical 

performance than bare electrodes. The PEG-containing PU coating reduced astrocyte 

immunoreactivity in both Rat pheochromocytoma (PC12) cells (in vitro) and cortex of rat (in vivo). 

Coating stability is essential if the hydrogels are to have a long-term effect on the foreign body 

response from microglia and astrocytes; in the aforementioned study, the stability of the coating 

was not analyzed [33]. Polypyrrole (PPy) conducting polymer was coated on gold electrodes 

through an alginate hydrogel matrix by Kim et al. [34]. These electrodes were tested for the 

electrochemical properties by implanting on guinea pig’s brain. Though the biocompatibility of 

these electrodes was not studied in the work by Kim et al., the alginate hydrogels are themselves 

biocompatible [34]. Alginate gel by itself has been shown to help in reducing the connective tissue 

scar formation in a  completely transected rat Spinal Cord Injury (SCI) model [35], [36]. Hydrogels 

could potentially be used to modify the foreign body response from microglia and astrocytes.  

 

1.4.3.3. Peptides and proteins 

Peptides are short chains of amino acids linked together by amide bonds.  Peptides sequences can 

be naturally occurring (i.e. derived from proteins in the body), or can be artificially constructed. 

Both kinds of peptide sequences can be used to modify surfaces to improve their biocompatibility. 

A few examples of peptide sequences that occur naturally are the RGD sequence of the 

extracellular matrix or ECM (and associated with cell adhesion), the YIGSR and IKVAV peptide 

sequences of laminin protein, the α-MSH peptide secreted by astrocytes [37], and the 

KHIFSDDSSE sequence [38] of the neural cell adhesion molecules (NCAM).  An example of a 

synthetically constructed peptide is one in which the GAGAGS peptide sequence of silk was 
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alternated with the cell-binding sequence RGD [39]. Peptides are produced using the solid phase 

peptide synthesis method, and can be covalently attached to the surface of a substrate [40]–[43]. 

In the peptide attachment process, peptide sequences can be covalently attached to either silane-

functionalized surfaces [41]–[43], or dextran-functionalized surface [40]. In some cases, whole 

proteins have been attached covalently to substrates [23], [44], [45]. 

Peptides are good candidates for improving the biocompatibility of neural interfaces as they can 

affect how cells recognize surfaces. The peptide sequences of the ECM (i.e. RGD) and laminin 

(i.e. YIGSR, IKVAV) attract and adhere neural cells, as has been shown in vitro testing using 

neuronal-like PC12 cells [40]. The attachment of neurons on the electrode surface could help in 

achieving better recordings of the neuronal signals (for recording electrode), or improve the 

precision in stimulation of the neurons (for stimulation electrodes). The tridecapeptide α-MSH acts 

as an anti-inflammatory biomolecule by reducing inflammation. It has been shown that this peptide 

reduces the number of reactive microglia in vivo (implanted into the motor cortex of the rat brain) 

when compared to uncoated silicon electrodes [37].  

Peptides have been attached directly to electrodes for reducing the inflammatory response and the 

number of reactive microglia near the electrodes. In one study, the α-MSH peptide was attached 

to silicon surfaces to measure the effect of this peptide on activated microglia (in vitro). 

Lipopolysaccharide was used to increase the activation and proliferation of microglial cells in 

cultures from neonatal Sprague–Dawley rat cerebral hemispheres [37]. Peptide-functionalized 

silicon surfaces were placed in these cultures. The effect of the peptide was assessed by the 

measurement of nitric oxide (NO) and a pro-inflammatory cytokine tumor necrosis factor alpha 

(TNF- alpha). The peptide–coated substrate showed a decrease in the quantity of both NO and 

TNF- alpha when compared to uncoated sample, indicating a reduction in the level of microglia 

activation [37]. Peptide-coated electrodes were also placed in vivo in rat brains. Immunostaining 

of the tissues was carried out to identify reactive microglia; the peptide-coated samples showed 

reduced numbers of reactive microglia [37].   Peptides and adhesive proteins have been integrated 

with polymers on the surfaces of electrodes for enhancing neural cell attachment, and a few 

examples are given below. Both anionically modified laminin peptides (DEDEDYFQRYLI and 

DCDPGYIGSR) and the whole laminin protein were used to dope PEDOT electrodeposited on 

platinum (Pt) electrodes. Both of the laminin peptides exhibited good neural cell attachment and 

outgrowth when tested in PC12 cells. However, higher amounts of attachment and outgrowth were 
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achieved using whole native laminin proteins [44].  Ignatius et al.  co-adsorbed laminin and poly-

D-lysine on various metals and glass to improve cell attachment, spreading and growth [23]. A 

synthetic peptide DCDPGYIGSR was co-deposited with the conducting polymer polypyrrole on 

an electrode surface by electrochemical polymerization; the electrodes were then implanted in 

guinea pig brains [46]. Initially, the electrode had good neuronal attachment, and during 2nd week 

(after implantation) there were fibroblast and ECM proteins on the electrode surface [46]. 83 % of 

the electrodes coated with peptide had better neuronal processes when compared to the uncoated 

electrodes. This peptide did not influence the scarring reaction of the electrode site, and both the 

electrodes (with and without the peptide) had same scarring pattern [46]. In another study, the 

CDPGYIGSR peptide sequence from laminin was attached to PPy coated recording sites. The 

electrodes were placed in the culture of neuroblastoma cells (SH-SY5Y). An enhanced attachment 

of the neuroblastoma cells to peptide-coated recording sites was observed as compared with sites 

that were not coated with peptide [39]. Webb et al. attached the L1 protein (a cell adhesion 

molecule expressed in the developing CNS and PNS) to a substrate [45].They cultured 

hippocampal neurons from a rat on these substrates, as well as on substrates coated with 

fibronectin. Cells cultured on L1-coated substrates showed a higher number of neurite growth 

when compared to those cultured on substrates coated with fibronectin [45]. 

Peptides have also been used to modify surfaces (with and without polymers) to enhance the 

attachment of astrocytes. A few examples are given below. In one study, silk-like polymer 

fibronectin (with GAGAGS peptide sequences of silk alternated with the cell-binding sequence 

RGD) was attached to PPy. Modified and unmodified PPy surfaces were placed in the culture of 

rat glial cells (C6), and preferential attachment of astrocytes to the coated substrates was seen as 

compared to uncoated electrodes [39]. It has been shown  that when the peptide KHIFSDDSSE 

was added (in solution) to pure astrocyte cultures, the proliferation of the astrocytes was reduced 

[47].   In another study, the peptide KHIFSDDSSE was attached to a substrate surface and was 

found to bind specifically astrocytes when tested in vitro in rat cerebral astrocyte cultures [41].  

The surface modified by this peptide exhibited a reduced surface neuron attachment compared to 

IKVAV when tested in vitro in E16 hippocampal neurons [48]. This effect was observed due to 

the signal leading to the intracellular response, and the signal was mediated by homophilic binding 

to the peptide at the glial surface. Based on these results, the peptide KHIFSDDSSE could help 

limit glial scarring due to the reduction in proliferation of astrocytes. Increased attachment of 
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astrocytes to the surface of electrodes could also help to anchor the electrodes in the tissue. Overall, 

peptides such as KHIFSDDSSE can potentially reduce both acute response and chronic response 

of the CNS.  

 

1.5 Experimental outline 

The purpose of this work is to enhance the biocompatibility of the intraspinal microstimulation 

electrodes (50 µm in diameter and made of polyimide-insulated Pt/Ir wires) by reducing the level 

of glial scarring around the electrode. In this work, I describe the development of a method to 

apply stable coatings of the peptide KHIFSDDSSE to polyimide-insulated Pt/Ir wires. The peptide 

KHIFSDDSSE mimics bioactive domain of the neural cell adhesion molecules (NCAM), and 

Sporns et al. have tested the efficacy of this peptide (in solution) in reducing the proliferation of 

astrocytes in 2D pure astrocyte cultures [47]. Since activated astrocytes are a major constituent of 

a glial scar, it is anticipated that a coating of this peptide could reduce the glial scar formed around 

an implant. Furthermore, Kam et al. have shown that peptide KHIFSDDSSE coated on glass 

substrates increased astrocytes adhesion  in vitro in cultures [41]. They suggest that the increased 

astrocytes adhesion could help in the anchorage of neural implants to the neural tissue. Here, it is 

hypothesized that coating the peptide onto the microwires will adhere astrocytes to the wire 

surface, and reduce the proliferation of glial cells around the implant.  

Chapter 2 of this work describes the effects of adding peptide KHIFSDDSSE to 2D mixed glial 

cultures, which represent more realistic heterogeneous environment in the spinal cord than the pure 

astrocyte cultures used by Sporns et al. [47]. It is hypothesized that in these cultures, the 

proliferation of glial cells will be reduced.  

Chapter 3 describes the development of a method to covalently attach the peptide KHIFSDDSSE 

to polyimide-insulated platinum (Pt) / iridium (Ir) electrodes. The peptide modification process 

includes oxygen plasma treatment of the polyimide surface [49], [50], covalent attachment of (3-

aminopropyl) triethoxysilane (APTES) to this plasma-treated surface, and attachment of the 

peptide to the silane surface through 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) 

chemistry [43]. A variety of parameters in this process was optimized to achieve high surface 
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coverage of the wire. In addition, the stability of the coating under physiological conditions is 

examined, and the deposition parameters are varied to maximize stability.  

In Chapter 4, the ability of the peptide KHIFSDDSSE to modify cell-electrode interactions is tested 

in vitro using a 3D model of a glial scar. This model was developed by Jeffery et al., and consists 

of a crosslinked hyaluronic acid hydrogel seeded with astrocytes and microglia [13]. In the first 

part of the work, the characteristics of the 3D methacrylated hyaluronic acid (HAMA) gel 

(including gel density in PBS and cell seeding density) were optimized to achieve high cell 

viability. Subsequently, the peptide-coated electrodes (coated at various peptide concentrations) 

are inserted into the gels, and the resulting scars are observed at 1, 7 and 14 days post implantation. 

The number of microglia around the electrode and the intensity of glial fibrillary acidic protein 

(GFAP, an antibody labelling)  signal from astrocytes attached to the electrodes is measured for 

each condition. These values are compared to measurements from the uncoated electrode to 

observe the effect of peptide coating on the glial scarring process. 

 

 

  



 

17 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                                                                                  Chapter 2.0  
     Effect of peptide in 2D mixed glial cultures 
 

 

 

 

 

 

 

 

 

 

 

 



 

18 
 

2.1 Introduction to effect of peptide in 2D mixed glial cultures 

The purpose of this chapter is to explore whether KHIFSDDSSE –  a peptide sequence that mimics 

a homophilic binding domain of neural cell adhesion molecules (NCAM) that are present on the 

surface of neural and glial cells – affects the proliferation of glial cells (both microglia and 

astrocytes) in 2D cultures. Later in this thesis, this peptide will be coated on the microwires and 

its effect on  the glial cells (in 3D gels) will be characterized. 

Sporns et al. have shown that this peptide is effective in reducing the proliferation of astrocytes in 

primary rat astrocyte cultures [47]. They have also shown that whole NCAM molecule inhibited 

proliferation of astrocytes in pure astrocyte cultures. These NCAM molecules have shown 

dependency on cell seeding density to reduce proliferation astrocytes. When exposed to NCAM, 

cells plated at a lower cell density showed greater reduction in proliferation when compared to 

cells plated at a higher cell density due to the fact that the high cell density cultures reached 

confluence (the low cell density cultures did not reach confluence) [47]. They suggested that the 

NCAM molecule exhibited this behavior due to the contact inhibition from the astrocytes [47]. In 

contact inhibition phenomenon, the cells show reduced proliferation when there is no space to 

grow (i.e. when confluence is reached) [51]. 

In this chapter, the number of proliferating cells in the presence and absence of peptide (in solution) 

was measured using a nucleotide called 5-ethynyl-2 –deoxyuridine (EdU) that was dissolved in 

DMEM/F12 [52]. EdU gets incorporated into the deoxyribonucleic acid (DNA) of the proliferating 

cells, where EdU can be visualized using a fluorescent azide [1]. The presence of fluorescent azide-

labeled EdU in a cell is indicative of proliferation.  

For these experiments, mixed glial cells (consisting of astrocytes and microglia) were extracted 

from CNS tissue and were grown in culture flasks. The cells in the culture flasks were re-plated in 

12 well plates at a lower cell density (2x104 cells/mL). The peptide was dissolved in media solution 

and was injected into the well plates containing glial cells at lower seeding density. 

Simultaneously, EdU was poured into the well plates. The EdU was later labeled with the 

fluorescent azide (dye), where the dye forms a covalent bond with EdU using click chemistry [52]. 

In order to specify which type of cell (either microglia or astrocytes) was proliferating, both cells 

types were labeled with their respective primary and secondary antibodies. The influence of 
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peptide (at various concentrations) on the proliferation of glial cells was studied. Since the peptide 

KHIFSDDSSE is a part of NCAM molecule, it could exhibit a dependency on cell seeding density 

to reduce the proliferation of glial cells when tested in mixed glial culture. In this work, the 

dependency of this peptide on cell seeding density (at two cell densities 8x106 cells/mL and 2x104 

cells/mL) was studied.  

 

2.2 Glial cell extraction and their growth in 2D culture plates 

Mixed glial cells were obtained from the brain tissue of postnatal day one Sprague –Dawley rat 

pups and they were grown in cell culture flasks with poly-L-lysine (PLL). The well plates were 

maintained in media solution containing Dulbecco’s Modified Eagle’s Medium and Ham’s 

nutrient mixture F-12 (DMEM/F12)  along with 10 % Fetal Bovine Serum (FBS) and 2% 

Penicillin-streptomycin (PS) (this is prepared as standard for entire experiments) for ten days at 

37°C in 5 % CO2 humidified incubator [53]–[55]. 

At day 10, the cells were extracted from culture flasks and re-plated in 12 well plates at a cell 

density of 2 x104 cells/mL of media solution.  The re-plating was done to lower seeding density. 

The seeding density was lowered to reduce the contact inhibition effect by the glial cells. Before 

lowering the seeding density, 12 well plates (made of polystyrene) were treated with solution 

containing 40 mL of filtered distilled (DI) water (filtered with 22 µm filter)   and 1 mL of poly-L-

lysine (PLL). The volume of the PLL/filtered DI water mixture (which was stirred vigorously) 

added to the well plates was 1mL/ well. After 20 minutes, the PLL/ filtered DI water mixture was 

removed from the wells and the wells were allowed to dry at room temperature.  

For re-plating the cells into the 12 well plates, the following steps were carried out. The media 

solution was removed completely from the flask (containing cells), and the cells were washed in 

DMEM-F12 solution to remove residual media which could interfere with subsequent steps. The 

cells were dissociated from the culture flask by adding 25 mL (per flask) solution containing 0.025 

% Trypsin and 0.01 % Ethylenediaminetetraacetic acid (Trypsin-EDTA, Gibco) and left at 37°C 

in the incubator for 10 minutes. After 10 minutes, the cells were lifted off from the bottom of the 

culture flask as a thin film. The film (containing cells) was collected using a 1000 µL pipette and 
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poured into two centrifuge tube each of volume 15 mL. The trypsin-EDTA solution was spun 

down using centrifuge for two minutes to get pellet cells. 

The Trypsin-EDTA solution was decanted, and the cells were resuspended in 1mL of the media 

solution into each centrifuge tube. These cells were further dissociated into a single cell suspension 

via trituration. Both volumes were poured into a single 15 mL centrifuge tube. 8 mL of media was 

added to the volume in the centrifuge tube and were triturated one more time. Then, the media 

solution was spun down using centrifuge for two minutes. The media solution was decanted to 

reduce residual Trypsin-EDTA. The cells were again resuspended in 1mL of media solution, and 

the trituration step was carried out to break cells. 9 mL of media solution was added to this 

suspension.  

Before plating these cells into 12 well plates treated with PLL, both the number of living cells and 

the cell density (CD) were assessed using the Trypan Blue exclusion assay. The trypan blue dye 

enters the cell membranes that are not intact i.e. the dead cells. Under light microscopy, the dead 

cells appeared dark whereas the live cells appeared light. The trypan blue dye was added to a small 

sample of the cell suspension. 50 µL volume of cell suspension was placed in a microcentrifuge 

tube and to this 50 µL of 0.4 wt% (wt/volume) trypan blue was added and triturated well using 

200 µL pipettes. Out of the 100 µL, 12 µL volume of the solution was poured to a Hemocytometer 

to count the number of live cells in the suspension and hence the cell density. The cells on the 

upper and right lines (marked by the symbol X in Figure 2.1) were not counted to avoid counting 

cells twice. 
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         __________________________________________ 
      CDinitial (cells/mL)       

          [2.4] 

From the volume of cell suspension needed for dilution, the volume of media solution required for 

dilution (V2, in mL) was calculated, and it is shown in equation 2.5. 

V2 = (Number of well plates X 1mL) - V1         

                     [2.5] 

The volume V2 was added to the volume V1 in a 15 mL centrifuge tube and triturated. Thus, a cell 

suspension with cell density 2x104 cells/mL was obtained. The final cell suspensions were added 

to the well plates treated with PLL with the volume of the cell suspension as 1mL per well. The 

cells were later stored at 37°C in 5 % CO2 humidified incubator for four days before treating with 

the peptide. 

  

2.3 Treatment with solution containing peptide 

The peptide KHIFSDDSSE was bought from the company Biomatik, and it was built using solid 

state peptide synthesis. The company determined the peptide purity to be 96 % using the mass 

spectrometry (MS) and high-performance liquid chromatography (HPLC).  

Peptide solutions of varying concentration were added to well plates in which the cells were being 

cultured to test the effect of the peptide on the cell cultures. At day 14, the media was removed 

from the wells containing the cells, and peptide solutions of concentrations 100 µg/mL, 50 µg/mL, 

25 µg/mL, 10 µg/mL, 0.2 µg/mL and 0.002 µg/mL (peptide in media solution) were added 

(1mL/well). In order to measure the proliferation of cells, simultaneously 500 µM of EdU was 

added to each well (with/without peptide) with the volume of 10 µL/mL (EdU in DMEM/F12). 

The 12 well plates were placed at 37°C in 5 % CO2 humidified incubator for one day. The entire 

experiment was performed thrice from three set of animals (N=3).  

Four control samples were also utilized to ensure the validity of the results. One control sample 

was used to test the specificity of the peptide to produce a response from the glial cells. No peptide 

V1 =   2 X 104 (cells/mL) X Number of well plates X 1mL 
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solution was added to this control; characterization was performed with EdU as for the other 

samples. A second control was used for testing the specificity in the reaction between EdU and the 

EdU labeling dye. EdU was not added to this control. Since the second control did not test the 

specificity of the peptide, the peptide solution was also not added to this sample. The third and 

fourth set of controls were used to test the cross-reactivity of the primary and secondary antibodies. 

In these controls, the primary antibody and secondary antibody were added to separate wells. The 

purpose of the third control (exposed to the primary antibody only) was to prove that the primary 

antibody cannot react alone to produce fluorescence in the cells i.e. secondary antibody was 

required to label the primary sample for the secondary antibody. Similarly, the purpose of the 

fourth control (exposed to the secondary antibody only) was to prove that secondary cannot label 

the cell without the primary antibody. Neither of these controls was exposed to EdU or peptide, as 

they were only to test the response of the primary and secondary antibody.   

 

2.4 Characterisation of the 2D cultures to visualize the effect of peptide  

At day 1 post peptide treatment, the well plates were removed from the incubator and fixed by the 

treating cells with 10% formalin for 20 minutes at room temperature. Formalin enables 

crosslinking of surface proteins of cells. After fixing, cells were washed with phosphate-buffered 

saline (PBS) three times and then treated with blocking buffer solution containing PBS 0.5% Triton 

X-100 and 10 % normal horse serum (NHS) for 1 hour at room temperature. Cells were again 

washed with PBS thrice.  

The cells treated with EdU were labeled with Alexa Fluor® 488 azide dye [52].  Cells were first 

washed in 3% bovine serum albumin (BSA) protein before EdU treatment. They were then treated 

with click reaction cocktail (500 µL /well), consisting of 100 mM click reaction buffer or 

Tris(hydroxymethyl)aminomethane (TRIS) buffer, 100 mM copper sulfate pentahydrate, 4.2 mM 

of Alexa Fluor® 488 azide dye and 100 mM ascorbic acid or the reaction buffer additive (each 

component is added in the same order to make up the reaction cocktail)[52]. This reaction 

proceeded for 30 minutes at room temperature, during which the well plates were placed on a 

shaker for uniform treatment throughout the well. The wells were again washed in 3 % BSA 

(twice) and then washed with PBS (thrice). In order to validate the specificity of the reaction 
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between the EdU and the reaction cocktail, a control well was used. EdU was not added to this 

control well during the experiment (as described in section 2.3). In the characterization step, the 

reaction cocktail solution was added to the control well. If the reaction between the reaction 

cocktail and the EdU is specific, then the control well (which does not have EdU) will not react 

with the reaction cocktail.   

After the washing step, cells were treated with primary antibodies anti-mouse Glial fibrillary acidic 

protein (GFAP) and anti-rabbit ionized calcium-binding adapter molecule 1 (Iba1) for labeling 

astrocytes and microglia cells, respectively. The primary antibody for the astrocytes – namely anti-

mouse GFAP – was diluted 1:500 in PBS and the anti-rabbit Iba1 antibody was diluted 1:1000 in 

PBS and both were added together with 0.1 % Triton X-100 and 1% NHS (the volume of the 

mixture containing primary antibodies, Triton X-100, and NHS added to each well was 350 µL).  

The cells were incubated overnight (over 18 hours) at 4°C with mild shaking. The control sample 

for secondary antibody was added to both the primary antibodies. 

A day after the treatment with primary antibodies, wells were washed with PBS (thrice) and 

secondary antibodies such as Alexa Fluor 647 anti-mouse (Molecular Probes) and Alexa Fluor 488 

donkey anti-rabbit (Molecular Probes) were applied to label the primary antibodies of the 

astrocytes and microglia, respectively. The secondary antibodies were diluted 1:250 in PBS with 

1% NHS and 350 µL/ well was added. The wells were left at room temperature for one hour with 

mild shaking. The wells were again washed with PBS thrice. The control sample for primary 

antibody was added to both the secondary antibodies.  

The nucleus of all the cells were also labeled using Hoechst stain (HS) with the dilution of 1:1000 

in PBS and with the volume of 1mL/well. The Hoechst stain (chemical compound: Bis-

benzimides) is a dye that stains the DNA of the cells. The samples were left at room temperature 

for five minutes and washed with PBS thrice later. Before viewing the cells under a fluorescent 

microscope, the cells were mounted with fluoromount.  Images of the cells were taken on a Leica 

DMI6000B inverted fluorescent microscope, and they were  analyzed using Image J using a 

method developed by Churchward et al. [53]. 

Each well was imaged at 21 different positions and these different positions form a grid.  The total 

number of cells was found using the nuclear staining (blue channel, DAPI filter). The microglia, 

astrocytes, and EdU were imaged using GFP filter (green channel), CY5 filter (purple channel) 
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and CY3 filter (red channel) respectively. The backgrounds of all the channels were subtracted; 

the channels were filtered, and the region of interest (ROI) of each channel was defined to get the 

fluorescent intensity values in that region. With the blue channel as a reference channel, ROI of 

the blue channel was matched with the ROIs of other channels. Based on a threshold, the intensity 

values in a grid (21positions/well) were integrated to get the counts that were positive (positive for 

number of cells that were proliferating) and the counts that were negative (negative for number of 

cells that were proliferating i.e. the counts were equal to the number of cells that were not 

proliferating). From the positive counts, the percentage of positive counts was found [2]. 

In Figure 2.2, the blue channel was superimposed on the red channel (merging of channels) to 

measure the number of glial cells proliferating. In Figure 2.2, the nuclei of the proliferating cells 

are the pink colored circular structures (this color results due to the merging of red and blue 

channels) in the enlarged image and the nuclei of non-proliferating cells are the blue colored 

circular structures. The merged image of blue and red channels was used to determine the 

percentage of proliferating glial cells under various peptide concentrations. The merged channels 

did not specify the cell type i.e. it did not specify if the proliferating glial cells were microglia or 

astrocytes. In order to verify the cell type, the purple (indicates astrocytes) and the green channel 

(indicates microglia) were superimposed individually on the already merged blue-red channels 

(Figure 2.3). The second superimposition was used to determine the percentage of proliferating 

microglial cells and the percentage of the proliferating astrocytes under various peptide 

concentrations. 
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The fluorescent images in Figure 2.2 and 2.3 show two peptide concentrations 0 µg/mL and 50 

µg/mL of peptide-treated mixed glial cultures. Figure 2.2 shows that the 50 µg/mL peptide-treated 

mixed glial cultures have less proliferation of glial cells than the 0 µg/mL peptide-treated mixed 

glial cultures (control). Both microglia and astrocytes extend their processes in the 50 µg/mL and 

0 µg/mL peptide-treated mixed glial cultures as shown in Figure 2.3. Similar to these peptide 

concentrations, the percentage of the proliferation of microglia and astrocytes were quantified for 

other peptide treatment conditions, and the results are discussed below. 

The percentage of proliferating glial cells (both cell types) were plotted against various peptide 

concentrations (Figure 2.4). In the control sample (to which no peptide was added), 44.3 % of the 

glial cells were found to be proliferating. In general, the addition of different concentrations of the 

peptide reduced the number of proliferating cells except 0.2 µg/mL (49%) of the peptide. For this 

concentration of peptide, a slight increase in proliferation was seen. One way analysis of variance 

(ANOVA) test was performed on this raw data. It shows a statistical significance across samples 

with the P value of 0.0123, which is less than 0.05 (P value summary is *(significant)). Dunnett’s 

comparison test on this raw data shows a statistically significant reduction in the proliferation of 

glial cells at 50 µg/mL peptide concentration (32.5 %) when compared to the sample at 0 µg/mL 

peptide concentration (44.3 %). 
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Figure 2.4: Plot showing the percentage of proliferating glial cell for various peptide concentrations. Each bar 
is based on the average of 5 samples (3 independent experiments). The one-way ANOVA showing a statistical 
significance for the entire raw data and Dunnett’s comparison test showing that the sample treated with 50 
µg/mL peptide concentration reduces the proliferation of glial cells when compared to the sample treated with 
0 µg/mL peptide concentration (P=0.0449, >95 %confidence interval).The significance bar (Labeled with *) 
indicates the difference between the 0 (control) and 50 µg/mL is significant. 

 

Apart from the one-way ANOVA test, the comparative t-test was performed for peptide 

concentrations 0 µg/mL and 50 µg/mL with three set of data, namely (1) proliferating glial cells 

(addition of both microglia and astrocytes) (Figure 2.5 a), (2) proliferating microglial cells (Figure 

2.5 b) and (3) proliferating astrocytes (Figure 2.5 c). Since the data set collected was independent 

of time point, the unpaired t-test was carried out. All the three data sets shows a statistical 

significance for confidence interval >95%. The percentage of proliferating glial cells (sum of 

microglia and astrocytes) for 0 µg/mL and 50 µg/mL peptide-treated samples are 44.3 ± 1.6 and 

32.5 ± 3.3 respectively (Figure 2.5 a). This result indicates that the peptide (at 50 µg/mL) is 

effective in reducing the proliferation of both microglia and astrocytes. The percentage of 

proliferating microglia cells for 0 µg/mL and 50 µg/mL peptide-treated samples are 21 ± 2.5 and 

13 ± 3 respectively (Figure 2.5 b). The decrease in proliferation at 50 µg/mL peptide concentration 

indicates that the peptide (at 50 µg/mL) is effective in reducing the proliferation of microglia. The 

percentage of proliferating astrocytes for 0 µg/mL and 50 µg/mL peptide-treated samples are 23 ± 
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When exposed to this peptide, cells plated at a lower cell density show greater decrease in glial 

cell proliferation when compared to cells plated at a higher cell density. This behavior could be 

due to the fact that the high cell density cultures reached confluence whereas the low cell density 

did not reach confluence. This phenomenon called the contact inhibition effect is shown by glial 

cells [47], [51]. These results show that the peptide KHIFSDDSSE (part of NCAM molecule) 

exhibits dependency on cell seeding density to reduce the proliferation of glial cells similar to the 

NCAM molecule observed by Sporns et al. [47].  

 

2.6 Summary 

Glial cells were successfully grown in 2D cultures, and the ability of the peptide to reduce the 

proliferation of these cells was tested. The peptide was shown to reduce proliferation of both cell 

types (astrocytes and microglia). The decrease in proliferation varied with cell type; the decrease 

in proliferation of the microglia was greater than that of the astrocytes. The peptide also exhibited 

dependency on cell seeding density to reduce the proliferation of the glial cells due to the contact 

inhibition effect [47], [51]. 

Given the effect of the peptide on the behavior of the cells mainly microglia and astrocytes 

involved in the foreign body response, Chapter 3 focuses attaching this peptide to polyimide 

insulated Pt/Ir microwires (and to characterizing these coatings). In Chapter 4, the visualization 

techniques described here are used to visualize the response of glial cells to peptide-coated wires 

inserted into 3D cell cultures.  
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         Peptide attachment on the microwires 
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3.1 Introduction to peptide attachment on microwires 

This chapter describes a method to bind chemically the peptide KHIFSDDSSE to the polyimide 

surface that is insulating the platinum/iridium (Pt/Ir) microwires. This was achieved by attaching 

an amine-terminated silane (3-Aminopropyl) triethoxysilane (APTES) to the surface of the wires. 

Later, the peptide  was attached to the silane via a carboxyl-amine reaction (carboxyl-terminal of 

the peptide and amine-terminal of the silane) to form amide bond. To undertake this 

functionalization, it was first necessary to develop a reliable method to attach a stable silane 

monolayer to the wire. The effect of varying the pH during the deposition of this layer was 

explored, and X-ray photoelectron spectroscopy (XPS) and fluorescent microscopy were used to 

characterize the APTES layer and its stability after incubation in physiological conditions. Next, 

the peptide was attached to the amine (NH2) group of the silane. The goal of this attachment step 

was to get a high peptide coverage on the wire. Parameters such as reactant concentration, process 

time and temperature were varied to achieve this goal. The coverage of the peptide coating on the 

wire surface were characterized using fluorescent microscopy to image a fluorescent dye attached 

to the peptide. The stability of the peptide coating was also analyzed by incubating the peptide-

coated wires under physiological for 10 and 14 days, and imaging the samples by fluorescent 

microscopy.   

 

3.2 Process steps of the peptide attachment process 

The microwires of interest (used as electrodes in ISMS) are 50 µm diameter wires of 

platinum/iridium (Pt/Ir) metal alloy, insulated with 3 µm of polyimide. When used in ISMS, 30-

70 µm [5] of the tip of each wire is de-insulated to expose the metal. The purpose of the work 

described in this chapter is to attach the peptide KHIFSDDSSE to the insulating layer of polyimide, 

so as to try to modify the glial scarring process.  

The process of peptide attachment on this microwire consist of three steps. They are: 1) oxygen 

plasma treatment, 2) silane (APTES) attachment, and 3) peptide attachment (Figure 3.1). Firstly, 

the microwire was cleaned with isopropanol and acetone (rinsed) to remove organic substances 

from the substrate’s surface. The cleaned wire was treated with oxygen plasma for 6 minutes at a 
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XPS and the fluorescent microscope. The best suited pH condition was selected based on the stable 

APTES coating on the glass surface.  

After selecting the right pH condition, the PI wire was coated with APTES under this pH condition. 

The presence of APTES on the PI wire was verified by measuring the silicon (Si) element signal 

that corresponds to the APTES chemical. The Si is uniquely present on the wire surface indicating 

presence of APTES. Since a single PI wire did not give a strong signal, an average signal of Si was 

measured by placing 5 PI wires very close to each other. The stability of the APTES layer (labeled 

with FITC) on a single PI wire under the 0.9% NaCl solution conditions at 37 °C for four days was 

measured using the fluorescent images. The percentage of FITC fluorescent intensity on the wire 

surface was measured before and after the incubation in NaCl solution.  

 

3.2.2.1 X-ray photoelectron spectroscopy (XPS)  

An Axis Ultra (Kratos Analytical) X-ray photoelectron spectroscopy (XPS) was used to quantify 

the elemental composition of the APTES layer. The XPS spectrum of the APTES deposited sample 

was obtained by measuring the kinetic energy (KE) of electrons and the number of electrons that 

were emitted from 10 nm of the sample surface when irradiated with X-rays. The binding energy 

(BE) of the bonds was calculated from the KE of emitted electrons. The XPS spectra were captured 

over BE values ranging from 0 to 1500 electron volts (eV) with the scan rate of 2eV/second and 

an energy step of 400meV. 

 

3.2.2.2 Fluorescence microscope 

Fluorescent imaging was used as a confirmatory test to validate the presence of the APTES layer. 

The APTES deposited samples were treated for 24 hours with a fluorescent dye called FITC, which 

was dissolved in dimethyl sulfoxide (DMSO). The FITC dye attaches to the amine-terminal of the 

APTES. Dye-labeled wires were imaged using a fluorescent microscope.  
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3.2.2.3 Optimization of APTES layer on the glass substrate 

The goal of the XPS spectra comparisons between each pH condition was to find out which 

condition yields a monolayer. XPS spectra were also used to study the stability of the monolayer 

and the multilayer under 0.9% NaCl conditions at 37 °C for four days (representative of 

physiological conditions [56]). 

In glass samples, high-resolution carbon (C), nitrogen (N), silicon (Si) and oxygen (O) spectra 

were obtained for each pH condition (pH 4, and pH 6).  The peak position (i.e. BE at the peak 

value of the spectra for each element) was obtained and compared with the literature values to 

validate the presence of APTES silane under both pH conditions. The atomic percentage nitrogen 

values were compared between both pH conditions. It is known from the literature that for a 

monolayer of silane, the atomic percentage nitrogen was close to 2 atomic percentage [58]. The 

ratio of atomic percentage C to Si (C/Si ratio) and the ratio of atomic percentage N to Si (N/Si 

ratio) was calculated. These ratios acted as a measure of a number of organosilane present on the 

surface of the glass [56]. The C/Si ratio and N/Si ratio of samples deposited under each pH 

condition was measured. These ratios were used as a measure of the stability of organosilanes. The 

ratios under each condition for samples before and after the incubation in 0.9% NaCl solution at 

37 °C for four days were compared [56].    

Table 3.1 shows the peak position of elements C, O, N, and Si (2p) of the silane-coated samples 

obtained for samples deposited under pH 6 condition compared to the literature values [50], [59]–

[63]. The samples deposited under pH 4 condition also had peaks at similar BE value (eV) whereas 

their magnitude i.e. CPS values varied (Figure 3.5). Both the experimental values and the literature 

peak values were close to each other. The experimental values confirm the chemical composition 

of APTES on the glass surface. 

Elements BE value from the 
literature (eV) 

 BE value from the samples 
deposited under pH 6 (eV) 

C 286 ±2 (largest peak)  285±0.5 (largest peak) 
O 532±1 532±1 
N 401±1 400±1 
Si 2p 102±2 102±0.5 

 

Table 3.1: Comparative table of the BE values of the samples deposited under pH 6 to that of the BE values in 
the literature [50], [59]–[63] for elements like C, O, N, and Si (2p).  
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The dye FITC was dissolved in 1 mg dissolved in 1mL of DMSO to attach the dye to the APTES-

functionalized glass. APTES-functionalized wires (prepared at both pH 6 and pH 4) were placed 

in the solution for 24 hours [65]. The samples were rinsed in DMSO. The fluorescence intensity 

of FITC dye was measured using the Leica DMI6000B inverted fluorescent microscope.  

The Figure 3.10 a shows that the samples prepared at pH 6 has more FITC dye on the surface than 

samples treated under pH 4. This result shows that the number of silane groups on the surface of 

the samples prepared under pH 6 is greater than for the samples prepared under pH 4. After 

incubation, the samples prepared under pH 6 show a substantial decrease of FITC dye on the 

surface, whereas the samples prepared under pH 4 show similar amounts of FITC before and after 

incubation. The number of FITC dye clusters on the surfaces was counted using MATLAB 

program, and the results were plotted as a graph (Figure 3.10 b). The counting of FITC dye was 

achieved by counting the number of edges found in the fluorescent images for each of the 

conditions in Figure 3.10 a. For counting, the fluorescent images were converted to a grayscale 

image and filtered. The 7th bit plane of the gray scale image was obtained as this plane has a high 

signal to noise ratio (SNR). The edge image was obtained from the 7th-bit plane image. The edges 

in the edge image were filled and segmented out based on an intensity threshold to obtain the 

number of edges.   
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The XPS spectral data and the fluorescent microscope data show that the samples deposited under 

pH 4 was very stable and also formed a monolayer of silane on the glass surface. The pH 4 

condition was considered for further APTES coating on the PI wire. 

 

3.2.2.4 APTES deposition on PI wire 

The procedure that was developed on glass was verified by attaching the APTES layer on the PI 

wire under pH 4 condition. The Si element was detected on the surface of the APTES-coated wires 

using XPS.  The stability of the silane coating on the PI wires was quantified using FITC dye. The 

fluorescence of the dye was measured for quantification of the silane coating before and after 

incubation in 0.9% NaCl at 37°C for four days. 

Silane was attached to the PI wires in the presence of acetic acid (pH 4) for 15 minutes; the samples 

were then ultrasonicated in anhydrous EtOH and blown dry with nitrogen gas. The samples were 

dried at 110° C for 5 minutes (since the samples were very small) by placing the samples over a 

glass slide kept on a hot plate (there was no direct contact of the wires with hotplate). The 

measurements of Si 2p signal in the samples with and without the silane (Figure 3.11) were 

obtained using XPS. The average signal of 5 wires placed close to each other was obtained. Though 

low signals were achieved, they could be used to detect the presence of Si. The atomic percentage 

Si 2p for the sample without silane showed 0 % silicon whereas the samples with silane coating 

showed 4.5% silicon. This result proves that the PI wire has silane attached to the surface when 

prepared under pH 4 conditions. The stability of the silane coating on the PI wires was tested 

attaching the FITC dye to the silane and measuring the fluorescence intensity by fluorescence 

microscopy. 
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intermediate then reacts with the amine group of the silane to form the amide bond. The amine 

groups in the peptide were attached with the protecting group Dde (except the N-terminal of the 

peptide which was already attached with TAMRA dye) to avoid crosslinking between peptide 

molecules. The EDC and EM were added to the peptide dissolved in DMF (this constitutes the 

peptide mixture) and the silane-coated PI wire was placed in this peptide solution for the desired 

length of time (3 or 4 hours) at a specific temperature (21 or 37 °C). After the reaction, the peptide-

coated samples were washed with DMF and imaged for the fluorescence using the Leica 

DMI6000B inverted fluorescent microscope. The goal of the peptide attachment step is to have 

high peptide coverage on the surface of the silane-coated PI wire.  EDC concentration, process 

time, and process temperature were varied to obtain a maximal coverage throughout the wire 

surface. 

The first parameter to be varied was the peptide concentration. The concentrations used were 1 µg, 

10 µg and 100 µg of the peptide each dissolved in 1 mL of DMF. The EDC (1 mg in 1 mL of the 

DMF) and EM (486 µL) were added to each peptide concentration. The silane-coated samples 

were treated with the peptide mixture for 3 hours at room temperature (21°C). The peptide with 

the highest concentration (100µg/mL) had the highest coverage (percentage of peptide coverage 

on the PI wire- 24%) under these conditions (Figure 3.13 a, b).  
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The next parameter to be varied was the EDC concentration. Since the peptide of concentration 

100 µg/mL of DMF resulted in the highest surface coverage, it was fixed as constant for other 

comparisons. Two EDC concentrations were compared: 1 mg of EDC/1mL of DMF and 3 mg of 

EDC/ 1 mL of DMF (Figure 3.14 a). Silane-coated PI wires were treated with 1 mL of peptide 

mixture at room temperature (21°C) for 3 hours. The fluorescent images of the wires treated with 

varying EDC concentrations (Figure 3.14 b) show that samples treated with the highest EDC 

concentration  have a greater surface coverage on the wire (percentage of peptide coverage on the 

PI wire: 52%) when compared to the ones treated with low EDC concentration (percentage of 

peptide coverage on the PI wire: 24%).  

In the next set of experiments, the processing time was varied to improve the surface coverage. 

The processing time was varied from 3 to 4 hours. The EDC concentration during this experiment 

was fixed at 3mg/ 1 mL of DMF, and the peptide concentration was fixed at 100 µg/ 1 mL of DMF. 

The process was carried out at room temperature (Figure 3.14 a) for both process times. The time 

variation did not increase the peptide coverage significantly (4 hours of process time yielded a 

coverage of 59% while 3 hours of process time yielded a coverage of 52%).  

Finally, the process temperature was varied to improve the peptide coating. The EDC concentration 

was fixed at 3 mg of EDC/ 1 mL of DMF; peptide concentration was fixed at 100 µg/ 1 mL of 

DMF and the time was fixed at 4 hours. Two temperatures were compared: 21°C (room 

temperature) and 37 °C (samples were placed inside an incubator, and the temperature was 

controlled). Increasing the process temperature, the coating coverage significantly improved from 

59 ± 8 % to 82 ± 10 %  (averaged over 3 independent experiments).  A t-test was performed on 

samples in which the process temperature was varied. The samples processed at 37°C showed a 

significant difference in the > 95 % confidence interval (P value = 0.0305, *).  
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The sample treated with peptide mixture containing  100 µg/mL peptide and 3 mg/ mL EDC in the 

presence of EM for four hours at 37 °C, showed high coverage (82%) on the surface of the PI wire. 

The stability of the peptide attached to these samples was analyzed by placing the wires in 0.9 % 

NaCl solution for ten and fourteen days. The fluorescence intensity of the TAMRA dye was used 

to quantify the peptide stability. The samples at day 10 and day 14 post incubation in NaCl solution 

showed a decrease in fluorescence intensity of TAMRA (Figure 3.15 a, b) when compared to 

samples before incubation. The fluorescence decreased to 47% at day 10 and 27% at day 14. The 

decrease in TAMRA dye intensity could be due to the degradation of either the dye or peptide. 

Since the concentration of peptide on the PI wire is low (~ ng), the quantification of the degraded 

peptide products and the dye was difficult. Though the stability test results show an exponential 

decay in fluorescence over time incubated, this trend may be due to degradation of the dye itself. 

Alternatively, it might exhibit different behavior in the presence of cells. Nonetheless, peptide is 

still present at day 14, and it is expected that the peptide will be reasonably stable for influencing 

the acute response and delaying the chronic response of the CNS cells towards the PI-insulated 

wire electrodes. 
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4.1 Introduction to responses of glial cells to peptide-coated wire in 3D mixed 

glial cultures 

This chapter investigates the responses of microglia and astrocytes in 3D hydrogel cultures to the 

peptide-coated wire at 1, 7 and 14 days post implantation. The 3D gels were prepared from 

methacrylated hyaluronic acid (HAMA). The goal of this experiment is to determine how the 

peptide coating affects the glial cells in the vicinity of the wire, by measuring both the number of 

microglia near the surface of the wire  and the intensity of GFAP (antibody) signal from astrocytes 

attached to the wire. When a wire is inserted in the CNS, the microglial cells are the first responders 

and their number peaks within a week (i.e. as a part of the acute inflammatory response). This 

increase in the number of microglial cells at the electrode is followed by an increase in the number 

of astrocytes. The number of astrocytes near the electrode starts to increase after 7 days post 

insertion of the electrode (i.e. as a part of the chronic inflammatory response) [9], [13], [37], [70]. 

In this chapter, mixed glial cells (consisting of astrocytes and microglia) were seeded in a 3D 

HAMA gel, and the seeding parameters (cell density, gel density) were optimized to achieve high 

viability of cells [13]. The cells in 3D gels were incubated in media solution at 37°C and 5 % CO2 

for five days before inserting the peptide-coated wire. At day 4, the peptide was attached to the 

wires, using the method described in chapter 3 (1 µg/mL, 10 µg/mL and 100 µg/mL peptide (in 

DMF), 3 mg/mL EDC (in DMF), 4 hours, 37° C). At day 5, peptide-functionalized wires were 

inserted into the 3D gels with the cells. The samples were incubated for 1, 7 and 14 days and later 

the responses of the glial cells were analyzed. At each time point, samples were fixed with formalin 

and cells were labeled with primary and secondary antibody similar to chapter 2. The responses of 

the microglia and astrocytes were quantified and analyzed.  

 

4.2 Glial cell extraction and their growth in 3D gels 

Mixed glial cells were extracted the same method as chapter 2 [53]–[55]. The cells were extracted 

from the brain tissue of postnatal day one Sprague –Dawley rat pups and they were grown in cell 

culture flasks treated with poly-L-lysine. The well plates were maintained in media solution 

(DMEM/F12 + FBS + PS) for fourteen days at 37°C in 5 % CO2 humidified incubator[53]–[55]. 
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At day 14, the cells were extracted from culture flasks and integrated with the HAMA gels. Jeffery 

et al. have developed a method of preparing cell-seeded HAMA gels; this method is summarized 

here [13]. Methacrylated HA (HAMA)  gel was prepared by dissolving hyaluronic acid sodium 

salt (HA) in distilled water. Methacrylate (MA) was added to the HA solution while the pH was 

kept between 8 and 12 (maintained by sodium hydroxide solution (NaOH)). This mixture was left 

overnight at 4°C[13]. The methacrylated HA was formed and then lyophilized using a Savant 

SuperModulyo freeze dryer [13]. The lyophilized HAMA was stored at -25°C prior to use. 

The integration of cells with the gel involved two steps, namely the rehydration of the lyophilized 

HAMA, and the encapsulation of cells in the gel [13]. The lyophilized HAMA was rehydrated 

using phosphate buffered saline (PBS) to a specific weight percentage (wt %) HAMA gel (0.5 wt% 

or 0.75 wt %). The cells were dissociated from the culture flask by adding 25 mL (per flask) 

solution containing 0.025 % Trypsin and 0.01 % Ethylenediaminetetraacetic acid (Trypsin-EDTA, 

Gibco). The culture flask containing trypsin-EDTA was placed in the incubator at 37°C for 10 

minutes. After 10 minutes, the cells were lifted off from the bottom of the culture flask as a thin 

film. The film (containing cells) was collected using a 1000 µL pipette and poured into a centrifuge 

tube of volume 15 mL. The trypsin-EDTA solution was spun down using centrifuge for two 

minutes to get pellet cells [13]. 

The Trypsin-EDTA solution was decanted, and the cells were resuspended in 1mL of the media 

solution into each centrifuge tube. These cells were further dissociated into single cell suspensions 

via trituration. The volume of cell suspension and the volume of media solution required to achieve 

a specific seeding density (1x107, 5x106 or 1x106 cells/mL) were calculated using Trypan blue 

staining as in chapter 2. The diluted cell suspensions were centrifuged and resuspended in HAMA 

gel (of specific weight percentage) containing precursors 0.1 % (w/v) of triethanolamine (TEA), 

0.1 % (w/v) 1-vinyl-2-pyrrolidinone (NVP) and 0.01 mM eosin Y (EY) in PBS. The cells 

suspended in the gel monomer were poured into a PDMS mold and photocrosslinked by exposing 

in LED of wavelength 520 nm for 2 minutes. The gels containing the cells were placed in 12 well- 

plates, covered with the media solution. The well plates were incubated at 37°C in a 5% CO2 

environment for five days before the wires were inserted [13]. 
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4.3 Peptide coating on the wire and insertion into the gel 

On the 4th day after the cells were encapsulated in the gels, peptide coatings were applied to the 

wires (in preparation for insertion on the 5th day). The peptide KHIFSDDSSE was functionalized 

with two additional groups: 9-Fluorenylmethyloxycarbonyl (FMOC) on the amine group of the N-

terminal of the lysine molecule, and bis-N-[1-(4, 4- dimethyl-2, 6-dioxocyclohexylidene) ethyl 

(Dde) group on the side terminal of the lysine molecule. The peptide attached with FMOC and 

Dde was purchased from Biomatik and used as received. This peptide was built based on the solid 

state peptide synthesis. The purity of the peptide was 97 % and was tested with a mass spectrometer 

(MS), high-performance liquid chromatography (HPLC) by the company. The peptide was 

attached to the PI wire using the method described in Chapter 3 (1 µg/mL, 10 µg/mL and 100 

µg/mL peptide (in DMF), 3 mg/mL EDC (in DMF), 4 hours, 37° C). The protecting groups FMOC 

and Dde were utilized to ensure that the main reaction would rather be the formation of a covalent 

bond between the peptide and the silane and not crosslinking between two peptide molecules. 

Three different concentrations of peptide were used in the preparation of the peptide solution:1 µg, 

10 µg and 100 µg of the peptide each in 1 mL of DMF. The peptide solution contained the peptide, 

EDC and EM dissolved in DMF. The protecting groups attached to the peptide were removed 

before inserting the wires into the gel containing the cells. The FMOC was removed by placing 

the PI wire samples in 1mL of morpholine and DMF mixture for 30 minutes [71], [72].  The 

morpholine and DMF mixture contains equal volumes of DMF and morpholine. The Dde group 

was removed using 2% hydrazine in DMF (1mL of the mixture) for 3 minutes [73], [74]. 

 The peptide-coated wires and the uncoated PI wires (control) were inserted into the gels on the 5th 

day post-cell encapsulation in gels. The gels were covered with the media solution, and incubated 

at 37°C in a 5% CO2 environment for 1, 7 and 14 days post insertion/implantation of the wires into 

the gel. 

The responses of the cells to the peptide-coated (peptide concentrations: 1 µg/mL, 10 µg/mL and 

100 µg/mL) and control wires at specific time point (1 or 7 or 14 days post insertion) were 

measured by labeling the microglia and astrocytes with their respective primary and secondary 

antibodies [13]. The procedure for attaching the antibodies is discussed below. The gels containing 

the cells were fixed using 10 % formalin at days 1, 7, and 14 post insertion, respectively [13]. The 

formalin was removed after 20 minutes treatment, and the gels were washed with PBS. After the 
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washing step, cells were treated with primary antibodies anti-mouse GFAP and anti-rabbit Iba1 

for labeling astrocytes and microglia cells respectively. The primary antibody for the astrocytes, 

namely anti-mouse GFAP, was diluted 1:500 in PBS and the anti-rabbit Iba1 antibody was diluted 

1:1000 in PBS. Both primary antibodies were added to the wells containing gel along with 0.1 % 

Triton X-100 and 1% NHS. The solution of primary antibody was added as 1.5 mL/ well (each 

well contains a single gel).  The cells in the primary antibody solution were incubated overnight 

(over 18 hours) at 4°C with mild shaking [13].   

A day later, the primary antibody solution was removed. The wells containing the gels were 

washed with PBS thrice, and the secondary antibodies such as Alexa Fluor 647 anti-mouse and 

Alexa Fluor 488 donkey anti-rabbit were applied. The secondary antibodies were diluted 1:250 in 

PBS with 1% NHS. This solution was added as 1.5 mL/well was added. The wells were again 

washed with PBS thrice. The wells containing secondary antibody solution were incubated 

overnight (over 18 hours) at 4°C with mild shaking [13]. After 18 hours, the nucleus of all the cells 

were also labeled using Hoechst stain (HS) with the dilution of 1:1000 in PBS and with the volume 

of 1.5 mL/well. The samples were left at room temperature for one hour and later washed with 

PBS thrice. The gels in the wells were imaged using the confocal microscope, and they were 

analyzed using Image J [13]. The gels were imaged through multiple z-planes. These z-planes were 

projected into a single image using Image J. The number of microglia near the wires, and the 

intensity of GFAP signal from the astrocytes attached to the wires were measured at different time 

points. These measurements were plotted as a graph after quantification from these images. 

 

4.4 Characterization of 3D gels with cells 

Before inserting the PI wires into the gels, the viability and the morphology of the cells within the 

gel were assessed by the same method as Jeffery et al. [13]. These assessments were done to 

optimize the parameters such as cell seeding densities and the weight percentage of the HAMA 

gel. The viability and morphology of cells in gels were measured at days 5, 12 and 18 post cell 

capsulation in gels. These time points were chosen to  correspond the time points in which the 

response of the glial cells for the implanted wire would be measured i.e. days 1, 7 and 14 days post 

insertion of the wire, respectively.  
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The cell viability was assessed using the Syto13/SytoxOrange membrane permeability assay [13] 

and the procedure is discussed below.  5 µM of Syto13 was added to each gel and incubated at 

37°C for 30 minutes. At the end of 30 minutes, 0.5 µM of SytoxOrange was added to the same gel 

and was again incubated for another 30 minutes at 37 °C. At the end of 60 minutes, each gel was 

washed with DMEM/F12 and later fixed with 10 % formalin for 20 minutes [13]. Each gel was 

imaged using confocal microscope within 24 hours. The gel was imaged through multiple z planes 

and then projected into a single image using Image J. The live and dead cells were manually 

counted for each gel. From the counted cells, the percentage of live cells was found and plotted in 

a graph for various time points [13].    

The morphology of the cells was assessed using the specific primary and secondary antibodies (i.e. 

immunochemistry) respective to a cell type in the gel [13]. The gels at time points 5, 12 and 18 

days post cell encapsulation were labeled with primary antibody and secondary antibody using the 

method discussed in section 4.3 of this chapter. 

 

4.4.1. Viability of cells in 3D gels 

The goal of the viability test is to find the optimum parameters in which the gel has maximum 

viable cells. Parameters such as cell seeding density and weight percentage (wt %)  HAMA gel 

(during rehydration of the gel with PBS) were varied to achieve higher viability of cells in the gel. 

The viability of cells in the gels under all these conditions were assessed using the membrane 

permeability assay Syto13 and SytoxOrange in the method stated in section 4.4. 

0.75 wt% HAMA gel was seeded with glial cells (microglia and astrocytes) of seeding densities 

1x107, 5x106 and 1x106 cells/mL to find the optimal seeding density. The time point to compare 

the viability of cells in the gel with various seeding density was 5 days post encapsulation of cells 

in the gel. A membrane permeability assay (section 4.4) was applied to these gels at day 5 post cell 

encapsulation in the gels, and they were imaged using the confocal microscope (Figure 4.1). The 

number of live and dead cells were counted manually, and the percentage of living cells was plotted 

for various cell densities (Figure 4.2).  

A comparative discussion on 0.75 wt% HAMA gel with various seeding densities based on the 

confocal images (Figure 4.1) is done below. The confocal images of the highest cell seeding 
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density (1x107 cells/mL) show higher cell death (the dead cells labeled by SytoxOrange (red 

channel) is higher) as opposed to the other cell densities. The higher cell death could be due to 

greater cell clumping in these gels. The confocal images of other seeding densities show the high 

viability of cells. The confocal images of the lowest cell seeding density (1x106 cells/mL) show 

that it will not lead to a realistic foreign body response when a wire was inserted into the gel as 

expected due to the low number of cells present. The desired ‘realistic’ foreign body response 

include cell migration towards the wire electrodes and the interaction of those cells with the wire 

surface. The gel with cell seeding density of 5x106 cells/mL, shows limited cell death, cell 

clumping, and it also shows a sufficient number of cells to get a realistic foreign body response. 



65 



66 



67 



68 



69 



70 



71 



 

72 
 

4.5 Responses of glial cells to the peptide-coated wire  

The acute response and initial stage of the chronic response of the glial cells namely microglia and 

astrocytes were studied in this section. In acute response, the microglia gets activated and in the 

activated state these cells start the process of phagocytosis (during which they try to break down 

the electrode) [12]. They further recruit and activate astrocytes, signifying the start of the chronic 

response [13]. The activated astrocytes encapsulate electrodes by forming a compact sheath around 

the electrodes [9], [10].  

The goal of this section is to compare the response of the glial cells between the peptide–coated 

wire and the control wire. The control sample was also compared with the polyimide-insulated 

Pt/Ir wire electrode (PI wires)  studied by Jeffery et al. to ensure events of the acute response and 

initial stage of chronic response occurs with respect to the events described in the literature [13]. 

The number of microglia near the wires were measured and quantified to explain the acute 

response (starting at 3 days post insertion of electrodes into the gel and the response is mainly 

contributed by microglia). The intensity of GFAP signal from the astrocytes attached to the wires 

were measured and quantified to explain the initial stage of the chronic response (starting at 14 

days post insertion of electrodes into the gel and the response is mainly contributed by astrocytes). 

Confocal images of the peptide-coated wires (before insertion into the gel) were collected to aid 

in the analysis of the images. These images show autofluorescence signal from the Pt/Ir metal 

inside the wire. This signal is produced due to the reflection of incident light from the metal, and 

these signals were seen as solid lines (green for Iba1 and pink for GFAP, Figure 4.8).   
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Figure 4.9 shows the 0.5 wt% HAMA gels (seeded with 5x106 cells/mL) inserted with control wire 

and peptide-coated wires. The PI wires were coated with the peptide at three concentration; 1 

µg/mL, 10 µg/mL and 100 µg/mL of DMF. The observation from the confocal images is discussed 

below. Some of the wires in Figure 4.9 show autofluorescence signal similar to Figure 4.8.  

The confocal images of the control wire show the following events in the acute response (7 days 

post implantation of the wire into the gel) and initial stage of the chronic response (14 days post 

implantation of the wire into the gel) (Figure 4.9).  In the control sample i.e. the polyimide-

insulated Pt/Ir wire without peptide coating, the microglia appears to peak at day 7 and appears to 

decrease at day 14 (Figure 4.9). The GFAP signal intensity from the astrocytes in the control 

sample appears to increase on day 14 from the day 1 samples and day 14 sample appears to show 

astrocytes encapsulation around the wire (Figure 4.9). The events discussed above is similar to the 

events seen by Jeffery et al. [13]. They have reported the events in the acute response and initial 

stage of the chronic response of these cells to the PI wires when it was inserted into the HAMA 

gel [13].  At day 6 post insertion, the number of microglia started to peak, and these microglia cells 

had circular morphology (the circular morphology is indicative of the activated state of the 

microglia) [13]. Similar to the microglial count pattern observed by Jeffery et al. [13], it has been 

reported that for stab wounds in rats, the microglia count near the wound started to peak at day 3 

and remained the same till day 7 [70]. The study also showed that the number of microglia had 

decreased significantly after day 7 [70].  In the study by Jeffery et al., the astrocytes started 

appearing near the wire electrode at day 6 post insertion of the wire into the gel,and the astrocytes 

encapsulation of the wire starts at day 11 and sustained until day 14 [13]. From the similarity of 

the events between the literature and the control sample in this work, it is proved that the gel can 

model the acute response and initial stage of the chronic response of the glial cells.  

The confocal images of the peptide-coated wires (all three concentrations) show the following 

events in the acute response and initial stage of the chronic response (Figure 4.9).  The control 

wire is compared with the other peptide-coated wires.  
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The events in the acute response (in terms of the number of microglia near the peptide-coated 

wires) from the confocal images (Figure 4.9) are first considered. In Figure 4.9, the PI wires treated 

with 1 µg/ mL and 10 µg/ mL peptide solutions appear to show an increased number of microglia 

cells at day 7 (similar to control sample). The number of microglia near these wires at day 14 

appear to have decreased (similar to control sample). The PI wire treated with 100 µg/ mL peptide 

solution appears to show less number of microglia at day 7 (much less than control sample). The 

number of microglia near these wires at day 14 appears to remain roughly the same as day 7.  

The events in the initial stage of the chronic response (in terms of the intensity of GFAP signal 

from astrocytes attached to the wire) are considered next.  The PI wires treated with 1 µg/ mL and 

10 µg/ mL peptide solutions appear to show an increased intensity of GFAP signal from astrocytes 

at day 14 when compared to day 1 (similar to control sample) (Figure 4.9). The PI wire treated 

with 100 µg/ mL peptide solution appears to show the intensity of the GFAP signal from astrocytes 

even at day 1 (different from control, and the other two peptide samples). The intensity of the 

GFAP signal from astrocytes attached to this peptide-coated wire appears to remain roughly the 

same till day 14.  

100 µg/mL peptide-coated samples were treated with primary and secondary antibodies of the 

astrocytes (GFAP) to verify the GFAP signal from the astrocytes on the peptide-coated wires was 

a true signal. After treatment, the wires were imaged under the GFAP channel (Figure 4.10). A true 

signal from astrocytes will result from the interaction between GFAP and astrocytes and not 

between GFAP and the peptide. Figure 4.10 shows that the GFAP has not interacted with the 

peptide-coated wire, and the solid pink line seen in the image is due to the auto-fluorescence 

similar to the Figure 4.8. The intensities of the GFAP signal from the astrocytes were quantified 

using Image J and were plotted as graph under each peptide concentration.  
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The PI wire treated with 1µg/mL peptide shows a high number of microglia at day 1 and day 7. 

The number of microglia around these wires at day 14 has decreased, but this decrease is not 

significant. The 10 µg/mL peptide-treated PI wire shows an increased microglial count at day 7 

(similar to control) from day 1 but the increase is not significant. There is, however, a significant 

decrease in the number of microglia at day 14 when compared to the day 7 sample (similar to 

control). The PI wire treated with 100 µg/mL peptide solution shows a significant decrease in the 

number of microglia at day 7 when compared to wires treated with 1 µg/mL, 10 µg/mL peptide, 

and the control wire. For the 100 µg/mL peptide-treated wire, the number of microglia remains the 

same until day 14. A 2-way ANOVA was performed on these various conditions. 2-way ANOVA 

with Bonferroni post-test shows a significance in 95% confidence interval with the factors days 

post insertion ***(highly significant), peptide concentration *(significant) and their interaction 

**(very significant). 

These results suggest that treating the wire with 100 µg/mL peptide can reduce the number of 

microglia near the wire surface as opposed to the control wire at day 7 post insertion. Since 100 

µg/mL peptide-treated wire has the lowest number of microglia around it, this wire modulated 

acute inflammatory response (compared with the control sample and the other peptide samples, 

Figure 4.11). The number of microglia on the 100 µg/mL peptide-treated wire remains roughly 

constant at all time points (Figure 4.11). The 1 µg/mL, 10 µg/mL peptide-treated wires were not 

as effective as the 100 µg/mL peptide-treated wire in reducing the number of microglia 

surrounding the wires at day 7 post insertion into the gel. 
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attached to the control wire and the 100 µg/mL peptide-treated wire samples at day 14 post 

implantation were approximately the same. 2-way ANOVA with Bonferroni post-test shows a 

significance in 95% confidence interval with the factors days post- insertion ***, peptide 

concentration *. The interaction between these two factors does not show significance. 

From the quantified intensity of the GFAP signal from astrocytes in the graph (Figure 4.12), the 

following results are concluded: astrocytes attach selectively to the 100 µg/mL peptide-treated 

wires starting at day 1 post insertion. The intensity of GFAP signal from astrocytes attached to on 

these wires remains the same till day 14 post implantation, whereas the control wire does not have 

a specific attachment of astrocytes at day 1. For the control wire (and wires functionalized with 

lower concentrations of the peptide), the increase in astrocyte attachment is much more gradual. 

In the literature, astrocytes have been shown to attach selectively to KHIFSDDSSE peptide–coated 

glass substrates due to the homophilic property of the peptide [41], [48]. The selective attachment 

of astrocytes on the 100 µg/ mL peptide-treated wires even at day 1 could be due to the homophilic 

binding property of the peptide as discussed in the literature [41], [48]. In the control wire, the 

intensity of GFAP signal from astrocytes increases significantly from day 1 to day 14.  The GFAP 

intensity from the astrocytes remains roughly the same in the case of the 100 µg/mL peptide-treated 

wire sample from day 1 to day 14. This response of astrocytes to the peptide-coated wire could be 

due to the property of the peptide to reduce proliferation of glial cells as discussed in Chapter 2. 

The wire treated with other peptide concentrations (1 µg/mL, 10 µg/mL) has a selective attachment 

of astrocytes at day 7 but the intensity of GFAP signal from astrocytes increases similar to the 

control wire on day 14. Thus, the 100 µg/mL peptide-treated wire (which was shown in Chapter 3 

to be the wire with the highest coverage of peptide ~82%) is effective in modulating the response 

of the astrocytes when compared to 1 µg/mL, 10 µg/mL peptide-treated and the control wires.  
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coated and control wires at day 7 show a circular morphology, and this is indicative of the activated 

state of the microglia [9], [37]. The microglia near the peptide-coated samples (1 µg/mL, 10 µg/mL 

and 100 µg/ mL) at day 14 also show circular morphology that is indicative of the continued 

activation of microglia. 

From the confocal images (Figure 4.13), it appears that the astrocytes that were attached to the 100 

µg/mL peptide-treated wire were more fibrous than the control wire. However, it was not possible 

to determine either the morphology of the astrocytes on the wire in the gel system or the activated 

state of the astrocytes from the astrocytes seen in Figure 4.13. Further work would be required to 

do so, as discussed in the final chapter of this thesis.  
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4.6 Summary 

In this chapter, the gel preparation, and cell integration into the gel was done based on the method 

developed by Jeffery et al. [13]. The gel was optimized (varying cell seeding density and HAMA 

gel wt%) to maximize the  cell viability. The wires were coated with the peptide at different 

concentrations (1 µg/mL, 10 µg/mL, and 100 µg/mL) as described in Chapter 3. The response of 

the glial cells to the peptide-coated and control wires was studied. The glial cells response to the 

control wires was similar to the electrodes as described in the literature [9], [13], [37], [70]. The 

response indicates that the gel that was optimized for parameters based on the cell viability was 

able to model the acute response and initial stage of the chronic response. 

The wires treated with the 100 µg/mL peptide concentration were effective in reducing the number 

of microglia near the surface at day 7 and thereby modulating the acute response (compared with 

the control sample). From day 7 to day 14, the number of microglia near the wire coated from the 

100 µg/mL peptide solution remained constant (could be due to the property of the peptide to 

reduce the proliferation of the microglia as discussed in chapter 2). The astrocytes selectively 

attached to the peptide-coated wire (this could be due to homophilic binding of the peptide to the 

astrocyte’s surface). Similarly, the intensity of GFAP signal from astrocytes attached to these wires 

remained roughly the same till day 14 post insertion (this could be due to the property of the due 

to the property of the peptide to reduce the proliferation of the microglia as discussed in chapter 

2). The 100 µg/mL peptide-treated wire is able to modulate the response of the glial cells towards 

the wire electrode as opposed to the control wire. 
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                              Future work and conclusion 
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5.1. Overview 

This thesis describes methods to coat peptide KHIFSDDSSE on the polyimide-insulated 

microwires and to test the effect of the peptide-coated microwires in modulating the response of 

the glial cells. This chapter discusses possible future works to improve the peptide coating method 

and to have better understanding of the mechanisms behind the response from glial cells towards 

the peptide-coated microwires.  Finally, the main  conclusions are discussed. 

 

5.2. Future work 

The three possible direction for future work include 1) improving the peptide attachment process, 

2) expanding the study of the stability of the peptide that is attached to the wire surface and 3) 

measuring indicators to determine phenotype of the glial cells, and the influence of the peptide on 

micromotion of the electrodes. 

 

5.2.1. Improving peptide attachment process  

The peptide attachment process has three steps, namely oxygen plasma treatment, silane 

attachment and peptide attachment (chapter 3). One possible way to improve the peptide 

attachment process is by using different silanes other than APTES in the silane attachment step. 

An organosilane namely (11-aminounidecyl) trimethoxy silane (AUTMS) can be used as a silane 

coating. Wang et al. have found that this coating had a high stability up to ten days when coated 

on silicon substrate under 0.9% NaCl solution at 37°C [56]. They have suggested that stability can 

be attributed to the molecular structure of AUTMS [56]. The molecular structure of AUTMS 

includes a long alkyl chain, which forms closely packed two-dimensional structure [56]. The 

molecular structure of AUTMS also mitigates the disrupting effect of hydrogen bonding and 

prevented water penetration [56]. This stable AUTMS can be applied on the polyimide-insulated 

microwire to improve stability. 
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5.2.2. Studies on peptide stability 

The peptide stability under physiological conditions was studied in chapter 3 of this thesis. The 

study could not confirm if changes observed were due to the degradation of the peptide or the 

degradation/deattachement of the dye used to image the peptide . It is essential to find methods to 

quantify the peptide degradation with certainty. In this section, a new study of degradation is 

designed based on a study by Huh et al. [75]. The peptide stability in the presence of cells is also 

discussed. 

In chapter 3 of this thesis, a study of the stability of the peptide KHIFSDDSSE was performed. 

The stability of the peptide attached to the 100 µg/mL peptide-treated wire sample was analyzed 

by placing these wires in 0.9 % NaCl solution for both ten and fourteen days. The fluorescence 

intensity of the TAMRA dye was used to quantify the peptide stability. The samples at day 10 and 

day 14 post incubation in NaCl solution showed an exponential decrease in fluorescence intensity 

of TAMRA at day 10 and day 14 when compared to samples before incubation. The fluorescence 

decreased to 47% at day 10 and to 27% at day 14. Though the stability test results showed an 

exponential decay in fluorescence over time, this trend might be due to degradation of the dye 

itself. The dye might not remain stable in NaCl solution for 10 or 14 days. This study could not 

confirm if the decrease in fluorescent intensity were due to the degradation of either the dye or 

peptide. A study similar to Huh et al. could be used to determine peptide stability[75]. 

Huh et al. have studied the stability of RGD peptide on titanium (Ti) implants (10 mm x 4mm 

size) [75]. They used solid, rigid polyurethane foam to mimic the bone and implanted the peptide-

coated Ti implant. The RGD peptide was labeled with FITC, and this peptide-coated Ti implant 

was removed from the artificial bone (fixed used a customized jig) after it was rotated at 30 

rotations per minute (rpm) [75]. Later, the remaining peptide from the Ti surface was eluted using 

10% (v/v) ethanolamine, and they measured the fluorescent intensity of this eluted peptide using 

fluorescent spectroscopy. They also eluted peptide from the peptide-coated Ti implant that was 

not placed in the artificial bone and measured its fluorescent intensity. They compared the 

fluorescent intensities of both these samples to the fluorescent intensity of the uncoated Ti implant. 

From this comparison, they measured the peptide that had degraded from the electrode surface 

[75]. 
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A method similar to the study stated above can be designed for studying the stability of peptide 

KHIFSDDSSE on the microwire surface. The TAMRA-labeled peptide could be coated on the PI 

wire and incubated in 0.9% NaCl solution at 37 °C for few hours. The peptide-coated wires 

(TAMRA-labeled) without incubation in NaCl and uncoated wires would be used as negative 

controls. The peptide from the surface of the wire that is incubated in NaCl could be eluted using 

10% (v/v) ethanolamine similar to Huh et al. [75] or other suitable chemicals. Similarly, the 

peptide from the wires that were not incubated in NaCl would be eluted. The fluorescent intensities 

of both these samples would be measured using fluorescent spectroscopy similar to Huh et al. [75]. 

The results could be compared with the uncoated sample, and the amount of peptide that has 

degraded from the PI wire could be found. 

Alternatively, the degradation of the peptide might vary when the peptide is interacting with cells. 

The TAMRA-labeled peptide that is coated on the PI wire could be implanted into the HAMA gels 

with cells. The stability of the peptide could be studied using the same method describe previously.  

 

5.2.3. Measurement of indicators contributing to glial scar  

The response of the glial cells in 3D gels towards the implanted peptide-coated microwire was 

discussed in chapter 4. From this study, the phenotypes of the glial cells were not identified. The 

indicators to determine the phenotype of the glial cells need to be measured. For instance, the 

activated microglia release oxide like nitric oxide (NO) and proinflammatory cytokine namely  

tumor necrosis factor alpha (TNF-α)[49], and these indicators need to be measured. These 

measurements can aid in the determination of the phenotype of the microglia i.e. if the microglia 

are activated or not. 

Proinflammatory factors like IL-11α, IL‐1β and growth factors such as PDGF and BMP‐2 are 

released by activated glial cells  when an electrode is implanted in vivo. These factors that mimic 

glial scar can be added to the 3D gels. The effect of the peptide-coated wire to modulate the glial 

cell response can be measured and analyzed. The peptide-coated wires can be dipped in blood to 

mimic breaching the blood/brain barrier. Kam et al. have suggested that the specific astrocytes 

attachment  on the surface of the electrode aids in the anchorage of the electrodes by preventing 

micromotion [41]. From chapter 4 of this thesis, astrocytes selectively attached on the 100 µg/mL 
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peptide-coated microwire surface starting from day 1 post-implantation into the 3D gel containing 

glial cells. A study to test the effect of peptide-coated wire in reducing micromotion can help to 

confirm the anchorage of electrodes due to the peptide coating. 

 

5.3. Conclusion 

The long-term utility of any neuroprosthetic device is limited by its viability and stability within 

the body. These devices must be interfaced with the central nervous system (CNS) to stimulate 

neurons or to record neural signals. The cells of the CNS (mainly microglia and astrocytes) exhibit 

a foreign body response towards the implanted device. As a result of foreign body response, a scar 

tissue is formed around the implant. The scar tissue formation results in a loss of functionality 

(mainly stimulation or recording of neurons) of the device. The scar tissue causes electrical 

insulation of the device from the cells. Activated astrocytes secrete chemicals to inhibit neurite 

outgrowth in the region, thereby affecting the functionality of the device [1]. It is expected that 

modulation of the responses from microglia and astrocytes would enhance the compatibility of the 

device with CNS. 

The glial cells (mainly astrocytes) of the scar tissue actively proliferate in the region. Reduction in 

the proliferation of glial cells is expected to influence the extent of scar tissue formed around the 

implant. This work focused on developing a method for modulating the responses of the microglia 

and astrocytes to reduce scarring around intraspinal microstimulation electrodes made of 

polyimide-insulated platinum (Pt) / iridium (Ir) metal alloy. The electrodes were modified with a 

specific peptide – with the sequence KHIFSDDSSE – to modulate the glial scar. The effect of the 

peptide to modulate the proliferation of the glial cells was first tested on the 2D mixed glial culture 

(Chapter 2). The peptide was then coated on the polyimide-insulated microwire electrodes (PI 

wire), and the coating was characterized (Chapter 3). The response of the glial cells to the 

implanted peptide-coated wire was measured and quantified in vitro in 3D HAMA gels containing 

the glial cells designed to model the foreign body response of these cells (Chapter 4). 

A study examining the effects of adding peptide KHIFSDDSSE to 2D mixed glial cultures was 

performed (Chapter 2). Glial cells from Sprague-Dawley rat brains were successfully grown in 2D 

cultures.  These mixed glial cultures contained microglia and astrocytes, and it represented the 
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more realistic heterogeneous environment in the spinal cord.  In these cultures, the ability of the 

peptide to reduce the proliferation of these cells was tested. The number of proliferating glial cells 

in the presence and absence of peptide (in solution) was measured. The proliferation of glial cells 

was measured using a nucleotide, EdU [52] labeled with a fluorescent azide [1]. Both cells 

types(microglia and astrocytes) were labeled with their respective primary and secondary 

antibodies to specify which type of cell was proliferating. The influence of peptide (at various 

concentrations) on the proliferation of glial cells was studied. The peptide was shown to reduce 

proliferation in both cell types (astrocytes and microglia). The level of reduction varied with cell 

type; the proliferation of the microglia was more reduced than the proliferation of the astrocytes. 

This experiment was significant because this was the first time that the effect of the peptide was 

analyzed in mixed glial cultures, which represented more realistic heterogeneous environment in 

the spinal cord. 

A method to covalently attach the peptide KHIFSDDSSE to polyimide-insulated platinum (Pt) / 

iridium (Ir) electrodes was described in chapter 3. The peptide modification process included three 

steps; oxygen plasma treatment of the polyimide surface [49], [50], covalent attachment of APTES 

to this plasma-treated surface, and attachment of the peptide to the silane surface through EDC 

chemistry [43]. A variety of parameters within each step of the process was optimized to achieve 

high surface coverage of the peptide on the wire. Also, the stability of the coating under 

physiological conditions was examined, and the deposition parameters were varied to maximize 

stability. A reliable method to attach a stable silane monolayer to the wire was developed to 

undertake the effective peptide functionalization on the wire. The pH of the APTES solution was 

varied to obtain monolayer of silane. This method may be useful for other applications because it  

both optimizes the silane coating on surfaces and establishes the necessity of monolayer for further 

peptide functionalization in the peptide attachment process. XPS and fluorescent microscopy were 

used to characterize the APTES layer and its stability after incubation in physiological conditions. 

The samples deposited under pH 4 yielded a stable APTES layer on the wire surface when tested 

with 0.9 % NaCl solution at 37° C for four days. The peptide was attached to this stable APTES 

layer using EDC. Parameters such as EDC concentration, process time and temperature were 

varied to achieve high peptide coverage around the wire. Peptide coatings on the wire surface were 

characterized using fluorescent microscopy to image a fluorescent dye (TAMRA) attached to the 

peptide. The stability of the peptide coating was also analyzed by incubating the peptide-coated 
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wires under 0.9% NaCl solution at 37 ° C for ten and fourteen days. The dye was imaged  using 

fluorescent microscopy. In this work, the best coatings (82% coverage) were achieved for PI wires 

treated with EDC concentration of 3 mg of EDC/ 1 mL of DMF, peptide concentration of 100 µg/ 

1 mL of DMF at 37 °C for 4 hours. These results are important because the peptide coating on the 

small (50 µm in diameter) polyimide-insulated wire was high (82%) over the surface of the wire 

under the conditions mentioned above. The response of microglia and astrocytes in 3D hydrogel 

cultures to the peptide attached the wire at 1, 7 and 14 days post-implantation was measured and 

analyzed (Chapter 4). The 3D gels were prepared from the methacrylated hyaluronic acid 

(HAMA). The acute response of the microglia and the initial stage of the chronic response of the 

astrocytes were measured. The measured responses included the number of microglia near the 

surface of the wire and the intensity of GFAP signal from astrocytes attached to the wire. For this 

experiment, mixed glial cells (consisting of astrocytes and microglia) were extracted similar to the 

method in Chapter 2 and were grown in culture flasks for two weeks. The cells from the culture 

flasks were integrated with the 3D HAMA gel, and the cells encapsulated in gel was characterized 

to achieve high cell viability [13]. The wires were coated with the peptide at different 

concentrations (1 µg/mL, 10 µg/mL and 100 µg/mL) as described in Chapter 3. The responses of 

the glial cells to the peptide-coated and uncoated (control) wires were studied. The glial cell 

responses to the  control wires were similar to the electrodes as described in the literature [9], [13], 

[37], [70]. This indicated the gel was able to model the acute response and initial stage of chronic 

response of the microglia and astrocytes. 

The wires treated with the 100 µg/mL peptide concentration were effective in reducing the number 

of microglia near the surface at day 7 (as compared to the control wire and the wires treated with 

lower concentrations solutions, which had lower coverage of peptide). 100 µg/mL peptide-treated 

wires  modulated the acute response as opposed to the control sample and the other peptide 

concentrations. The number of microglia near these wires remained the same within error, at all 

time points up to 14 days. The consistent number of  microglia seen at all times could be due to 

the ability of the peptide to reduce the proliferation of microglia, similar to the effect of the peptide 

in solution as discussed in chapter 2. The astrocytes selectively attached to the 100 µg/mL peptide-

coated wires, and the selective attachment could be due to homophilic binding of the peptide to 

the astrocyte cell surface. The intensity of GFAP signal from astrocytes attached to these wires 

also remained the same at days 7 and 14 post insertion. The same quantity of astrocytes at days 7 
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and 14 could be due to the property of  the peptide to reduce the proliferation of the astrocytes 

similar to the effect of the peptide in solution as discussed in chapter 2. Thus, the peptide treatment 

at 100 µg/mL was able to modulate the acute response and initial stage of the chronic response of 

the glial cells towards the wire electrodes.  

This work is important because it has provided an optimized method to get high peptide 

(KHIFSDDSSE sequence) coverage on the polyimide-insulated microwire surface. This peptide-

coated wire is shown to be effective in reducing the number of microglia -the main responders 

during the acute inflammatory response- near the surface of the wire. The astrocytes selectively 

attach to the peptide-coated wires, and their number remained the same till day 14 post insertion 

into the gel. The astrocytes that were attached to the peptide-coated electrodes looked more fibrous 

compared to the uncoated elelctrodes. This behavior of the astrocytes could further modulate the 

chronic response. 

In future, measurements of indicators to determine phenotype of the glial cells will help in in 

understanding the effectiveness of the peptide KHIFSDDSSE to modulate the acute response and 

chronic response of the glial cells. By addition factors (growth factors such as PDGF and BMP‐2, 

cytokines such as IL‐1α, IL‐1β, micromotion), a more accurate model of the glial scar can be built 

[76]–[78] and testing can be carried out to find the effectiveness of this peptide. The peptide-coated 

wires  can be implanted in to rat brain and the responses of the glial cells to the implanted wires 

can be studied. 
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