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ABSTRACT

DESIGN AND FABRICATION OF NEURAL CULTURE
STRUCTURES FOR MONITORING OF NEURAL

IMPLANT PERFORMANCE

Enhancing neuroprosthetic biocompatibility requires refining approaches to re-

duce side effects from invasive devices. Physical, chemical, and bioactive design aspects

of biomaterials are proven to be important for providing proper cell-to-cell, cell-to-

material interactions. Modifying neural implant surfaces with bioactive cues, particu-

larly employing cell adhesion molecules, shows promise in creating efficient interfaces.

Within this concept, this study utilized N-Cadherin, NCAM and the mixture (1:1) of

these molecules with the aim of modifying representative gold electrode surfaces to

enhance neuron-electrode contact. The study assessed modifications on both undiffer-

entiated and differentiated neuroblastoma SH-SY5Y cell lines. Successful modifications

demonstrated biocompatibility with cell viability results, and notably, surfaces modified

with NCAM and N-Cad/NCAM outperformed traditional poly-L-lysine (PLL) coatings

in supporting neurite growth. The subsequent part of the study also included a com-

parison between NCAM-modified surfaces and Collagen type I coated surfaces which

was used as the negative control, alongside conventional poly-D-lysine (PDL)/laminin

coated surfaces. This investigation aimed to elucidate behavior in C8D1A astrocyte

cells, provide insight into glial scar formation, and suggest potential strategies to atten-

uate cell responses. The results underscored the dual impact of NCAM molecules on

astrocyte behavior and the intricate response induced by Collagen type I, contributing

to an optimized approach for understanding cellular actions in the local environment

and the development of alternative neural interfaces.

Keywords: Au Surface, N-Cad, NCAM, Cell Adhesion Molecules, SH-SY5Y Neurob-

lastoma Cells, C8D1A Astrocyte Type I Clone Cells, Collagen Type I.
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ÖZET

NÖRAL İMPLANT PERFORMANSININ İZLENMESİ İÇİN
NÖRAL KÜLTÜR YAPILARININ TASARIMI VE

FABRİKASYONU

Nöroprostetiklerin biyouyumluluğunun artırılması, girişimsel cihazlardan kay-

naklanan yan etkileri azaltacak yaklaşımların iyileştirilmesini gerektirir. Biyomalzemelerin

fiziksel, kimyasal ve biyoaktif tasarım özelliklerinin, uygun hücre-hücre ve hücre-malzeme

etkileşimlerinin sağlanmasında önemli olduğu kanıtlanmıştır. Nöral implant yüzeylerini

biyoaktif ipuçlarıyla modifiye etmek, özellikle hücre adezyon moleküllerinden yarar-

lanmak, verimli arayüzler oluşturma konusunda umut vaat etmektedir. Bu konsept

dahilinde, bu çalışma, nöron-elektrot temasını geliştirmek için temsili altın elektrot

yüzeylerini modifiye etmek amacıyla N-Cadherin, NCAM ve bu moleküllerin karışımını

(1:1) kullanmıştır. Çalışma, hem farklılaşmış hem de farklılaşmamış nöroblastoma

SH-SY5Y hücre hatları üzerinde modifikasyonları değerlendirmiştir. Başarılı mod-

ifikasyonlar, hücre canlılığı ile biyouyumluluğunu kanıtlamış ve özellikle NCAM ve

N-Cad/NCAM ile modifiye edilmiş yüzeyler, nörit büyümesini destekleme konusunda

geleneksel poli-L-lizin (PLL) kaplamalardan daha iyi performans göstermiştir. Çalış-

manın bir sonraki kısmı, geleneksel poli-D-lizin (PDL)/Laminin kaplı yüzeylerin yanısıra,

NCAM ile modifiye edilmiş yüzeyler ve negatif kontrol olarak kullanılan kolajen tip I

kaplı yüzeyler arasında bir karşılaştırmayı da içermektedir. Bu araştırma, C8D1A as-

trosit hücrelerindeki davranışı aydınlatmayı, glial skar oluşumuna ilişkin bilgi sağlamayı

ve hücre tepkilerini hafifletecek potansiyel stratejiler önermeyi amaçlamıştır. Sonuçlar,

NCAM moleküllerinin astrosit davranışı üzerindeki ikili etkisinin ve kolajen tip I tarafın-

dan indüklenen karmaşık tepkinin altını çizerek, yerel ortamdaki hücresel eylemlerin

anlaşılması ve alternatif sinir arayüzlerinin geliştirilmesi için optimize edilmiş bir yak-

laşıma katkıda bulunmaktadır.

Anahtar Sözcükler: Au Yüzey, N-Cad, NCAM, Hücre Adezyon Molekülleri, SH-

SY5Y Nöroblastoma Hücreleri, C8D1A tip I Klon Astrosit Hücreleri, Tip I Kolajen.
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1. INTRODUCTION

1.1 Motivation

Invasive or penetrating neuroprosthetic and neuromodulatory devices are pow-

erful tools towards the diagnosis or treatment of neurological conditions (e.g., epilepsy,

Parkinson’s disease, dementia), deficiencies (e.g., cognitive or hearing), and studying

neurobiological processes [1–5]. Most of these devices, including micromachined mi-

croelectrodes, wire-based arrays, and polymer microelectrodes, work on the principle

of delivering electrical signals to neurons or recording neuronal activity through local

field potentials or action potentials [6–8].

The direct contact between the electrode and neurons allows for much more

detailed and higher-resolution data acquisition in addition to stimulation of defined

neuroanatomical regions compared to indirect methods such as electroencephalogra-

phy and transcranial magnetic stimulation. Nevertheless, clinical and research appli-

cations of these devices still have substantial limitations due to biocompatibility issues,

especially considering the long-term applications, in view of the complex interplay at

electrode-tissue interfaces.

Various approaches applied to achieve successful brain-electrode interfaces by

using techniques based on improving the biocompatibility of the material to achieve

minimal neuronal loss and decreased gliosis as a result of the inflammatory reaction.

Techniques to introduce biocompatible and long-term stable electrodes aimed to alter

size, shape, roughness, and stiffness of the electrodes to alleviate adverse responses

through closely mimicking the native tissue environment [7, 9, 10]. Alternatively, sur-

face chemistry strategies such as incorporation of anti-inflammatory drugs and surface

modification through the integration of bioactive molecules, including components from

the extracellular matrix (ECM), neurotransmitters, neurotrophic factors, cell adhesion

molecules (CAMs) have been observed to ameliorate destructive post-implantation re-
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sponses, even the promotion of the growth and survival of neurons around the implant

site [11–14].

Among these concepts, CAMs such as N-Cadherin, NCAM, L1 are attracting

considerable interest as bioactive cues in the design of biomimetic neural coatings or

as soluble factors for cell culture components due to their positive impact on axonal

growth, guidance, neuronal regeneration, synapse formation, plasticity, and other de-

velopmental mechanisms [15–20].

Based on this concept, in this thesis the use of NCAM and N-Cadherin molecules

and their synergistic effects as surface coatings to design optimized bio-interfaces are

examined.

1.2 Objectives and Outline of the Thesis

The primary aim of this thesis is to enhance the biocompatibility of neuropros-

thetics through surface modification with cell adhesion molecules. This effort is aimed

at enhancing the interaction between cells and neural implants to mitigate neuronal

loss and increase the likelihood of preventing long-term electrode failure. Furthermore,

this research aims to assess the potential impact of these molecules on astrocytes with

the goal of reducing gliosis.

To accomplish this goal, SH-SY5Y human neuroblastoma cells, both in their

undifferentiated state and in the differentiated form exhibiting neuron-like behavior,

were subjected to exposure to cell adhesion molecule modified surfaces. Specifically,

N-Cadherin (N-Cad), neural cell adhesion molecule (NCAM), and a combination of

these molecules in a 1:1 ratio was implemented as modifications on gold (Au) surfaces.

The effects of these molecules were compared to a conventional modification method

involving the use of poly-L-lysine molecules. The study encompassed the monitoring of

surface characterization parameters in conjunction with the findings from cell culture

experiments. Subsequently, a distinct section of the research was dedicated to a limited
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investigation involving the C8D1A (astrocyte type I) cell line. In this phase, the

goal was to observe the impact of NCAM-modified gold surfaces on this cell type and

compare it to both conventional modification molecules and, specifically, collagen type

I (Col I), which is known to increase in the presence of gliosis formation. The results

were then compared to assess the effects of these substances in a 2D context. Specific

objectives of this thesis include:

• Comprehensive literature review of neuroprosthetic and neuromodulatory de-

vices, with a focus on invasive neural electrodes and their association with neu-

ronal loss and glial scar formation.

• Discussion of device biocompatibility, strategies for enhancing it, and the signif-

icance of cell adhesion molecules within this context.

• Investigating the impact of specified cell adhesion molecules on representative

neural electrode surfaces by observing their effect on SH-SY5Y cell behavior in

vitro and presenting data to demonstrate the biocompatibility of the modified

surfaces.

• Investigating the impact of NCAM molecules on representative neural electrode

surfaces by observing their effects on C8D1A cell behavior in vitro and comparing

these effects with conventional modification methods and the Col-I glial scar

indicator.
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2. BACKGROUND

2.1 Neuroprosthetic and Neuromodulatory Devices

Neuroprosthetics represents an interdisciplinary field that bridges neuroscience

and engineering approaches, with a focus on utilizing technological interventions to re-

place or modulate the function of the compromised nervous system or sensory organs,

addressing disruptions caused by neurological disorders or injuries [21, 22]. Neuro-

modulation is also another concept intertwined with neuroprosthetics, representing a

dynamically evolving domain with the aim of altering the neural activity for therapeu-

tic purposes, and it consistently broadens its scope with a growing array of treatments

and applications [23, 24]. These technologies possess the capability to interface with

different segments of both the central nervous system (CNS) and peripheral nervous

system (PNS). This is typically achieved by strategically placing electrodes next to the

intended target cells or tissues.

As an example of these devices, stereo-electroencephalography (sEEG) plays a

crucial part in the treatment of drug-resistant epilepsy. It employs depth electrodes to

aid in the detection and precise localization of seizure activity within the brain [25].

Deep brain stimulation (DBS), an intervention that entails the implantation of stim-

ulating electrodes into the brain, is utilized for conditions such as dystonia, essential

tremors, or Parkinson’s disease. Additionally, DBS exhibits promise in its potential

applications for various other conditions [26]. Motor cortex stimulation (MCS) and

spinal cord stimulation (SCS) stand as another efficacious approaches for managing

neuropathic pain [27, 28]. Another advancement in this field also encompasses the

integration of brain-computer interfaces (BCIs) or brain-machine interfaces (BMIs).

These interfaces acquire brain signals and then process them to generate commands

that are transmitted to an output device, facilitating the execution of a desired action

[29]. In summary, these neurotechnological devices hold the potential to offer valu-

able insights into a wide range of conditions, including acquired brain injuries (ABIs),
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neurological disorders, and neurobiological processes.

The neurotechnological devices function based on the principle of transmitting

electrical signals to neurons or recording neuronal activity through local field poten-

tials or action potentials. This is achieved through the utilization of electrodes which

usually consist of an array of small conductive materials. These electrodes encompass

various types, including micromachined microelectrodes, wire-based arrays, and poly-

mer microelectrodes, which are integrated into the main devices [1, 6–8]. Figure 2.1

provides examples of these electrodes.

Figure 2.1 Neural electrode samples. a) commonly used non-penetrating invasive electrodes for
ECoG recording, b) invasive microelectrodes, namely, Utah array and Michigan array, arranged from
left to right, respectively., c) flexible penetrating polymer electrodes. d) carbon fiber electrode e)
non-penetrating peripheral cuff electrodes. Reprinted from [30] with permission. Copyright 2020 by
Springer Nature.

Direct contact between the electrode and neurons, facilitated by implantable

or invasive electrodes, enables significantly more detailed and higher-resolution data
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acquisition. This approach also allows for the precise stimulation of defined neu-

roanatomical regions, setting it apart from indirect methods. These systems demon-

strate credible performance during acute recordings. However, they exhibit unreliable

functionality in chronic settings. Hence, despite the advancement achieved in neuro-

electronic devices, their widespread adoption frequently encounters challenges arising

from electrode-related issues. These issues encompass the selection of materials, fabri-

cation techniques, surface characteristics and shape, compatibility with tissue and the

surgical procedures involved in the implantation process. The major failure generally

stems from the foreign body reaction of tissue against electrode arrays, highlighting

the paramount importance of biocompatibility in the design of implanted electrodes.

2.2 Neural Electrode-Induced Glial Response in Brain Tissue

The main problem of using invasive and penetrating electrodes is evoking a

foreign body response (FBR) around the electrode interface (Figure 2.2), which is

detrimental for the surrounding tissue and can further lead to impairment of signal

quality and even mechanical failure of the electrodes as well [31, 32].

Figure 2.2 Classification of electrodes focusing on the central nervous system (CNS) and their
respective positions [1].
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Along with the placement of implantable electrodes, brain tissue attempts to

isolate this exogenous material through a neuroinflammatory cascade mechanism. Fol-

lowing the impairment of the blood-brain barrier (BBB) through the insertion of elec-

trode, blood serum proteins and complement factors absorb to the material surface,

which in turn activates the inflammatory reaction of nearby glial cells [33, 34]. Among

these glial cells, microglial cells start to encapsulate the electrode and release excita-

tory and proinflammatory factors (e.g., IL-1, IL-6, and TNFα) which cause to leave

astrocytes their quiescent (resting) state and become activated, and recruit astrocyte

over this thin encapsulation sheath [34–36].

Figure 2.3 Formation of gliosis after neuroelectrode implantation. Readapted from [37] with per-
mission. Copyright 2014 by Elsevier.

A compact layer of these reactive astrocytes reacts to injury by showing some

characteristics such as hypertrophy, proliferation, increased production of glial fibrillary

acidic protein (GFAP), vimentin, nestin and upregulation of extracellular substances

especially chondroitin sulphate proteoglycans (CSPG) and tenascin which contribute

to the formation of dense glial scar surrounding the implant [36, 38, 39]. This neuropro-

tective mechanism of astrocytes with aiming to minimize initial damage of CNS injury
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is called ‘reactive gliosis’ or ‘astrogliosis’ [37, 40]. However, the intensified glial scar

restrains the contact of neurons with the recording parts of electrodes and hampers

ion exchange and neurotransmitter conduction, which in turn emerges as increased

impedance, signal deterioration and electrode failure, especially in the final stage of

the long term chronic inflammatory response. Likewise, neuronal cell degeneration

and death occurs within 10 to 150 µm of the implant as this physical barrier is detri-

mental and toxic to local cells [7, 31, 41, 42].

The factors mentioned above continue to limit the widespread use of these de-

vices in clinical and research settings, particularly for long-term applications. Con-

sequently, there is a need for strategies to mitigate the adverse effects of invasive

neuro-implants, thus enhancing their biocompatibility with the surrounding tissue.

2.3 Neural Interfaces and Strategies to Enhance Biocompati-

bility of Neuroelectronic Devices

Considering that the tissue reaction revolves around the neural interface (NI),

serving as a platform for transmitting information amongst the nervous system and the

electrode, a growing number of approaches have been developed to establish effective

interfaces between electrodes and the brain [43]. These approaches aim to explore the

biological aspects of gliosis mechanisms, for which the exact mechanisms are yet to be

fully elucidated, with the objective of reducing the inflammatory reaction, ultimately

preventing neuronal loss around the implant site.

Methods for developing chronically stable electrodes have focused on modifying

electrode size, shape, roughness, and stiffness to mitigate adverse responses by closely

mimicking the tissue environment [9, 10, 44]. Concurrently, research in the field of

electrode design and construction has been making significant progress [45].

The materials used in the manufacture of electrodes are typically classified into
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two primary categories: electrode and substrate materials. The construction of elec-

trodes frequently utilizes noble metallic materials as recording sites and interconnec-

tions, including gold, platinum, stainless steel, tungsten, iridium, or platinum-iridium

alloys which have been also employed as wire-based arrays since the early stages of

electrode development owing to their outstanding electrical conductivity, chemical sta-

bility, and interfacing deeper brain areas [46, 47]. Nonetheless, these electrodes face

limitations related to bending during insertion, a limited recording site confined to

the tip of the electrode, an inability to precisely determine location, and the dispar-

ity between rigid structure and the soft nature of neural tissue. However, they are

more likely to offer extended functionality compared to other electrodes while causing

less damage to the nearby cellular environment. Later, silicon-based micromachined

electrode arrays, represented by Michigan (MEAs) and Utah microelectrode arrays

(UEAs), emerged as the next generation of electrode technology, thanks to the de-

velopment of photolithography methods. These arrays provide advantages including

high precision in achieving minimal sizes, high-density recording sites, the ability to

spatially design neural activity, and large-scale manufacturing. Yet, the electrodes can

only be utilized for short implantation periods due to concerns related to recording

loss, and they still share the same primary drawback with wire-arrays, namely, the oc-

currence of foreign body response (FBR) [48, 49]. The 2D geometry of Michigan planar

electrode arrays were believed to contribute to issues due to increased susceptibility to

biotic fluids and glial encapsulation. To address this challenge, insulation is provided

through the use of multiple layers of substrate materials, such as oxides, nitrides, and

supplemented by an additional polymer layer.

Around the 1990s, Utah electrode arrays (UEA) emerged as a dependable choice

for electrodes employed in chronic applications. These electrodes feature a bulk micro-

machined design, comprising 3D arrays equipped with recording sites at their tips. It

is ideal for monitoring extensive neuronal activity; nonetheless, the examination fre-

quently discloses the existence of microhemorrhages and the emergence of glial tissue

encapsulation near the electrode tips post-implantation. In the long term, the quality

of recorded signals ultimately deteriorates, with a significant reduction by half over

time.
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The material choices in the manufacture of both MEAs and UEAs, includes solid

substrate materials like alumina, ceramic, diamond, glass, metal, silicon oxide, silicon

nitride and silicon carbide (SiC), in addition to soft materials or polymer coatings such

as SU-8, liquid crystal polymers (LCP), polyimide, parylene, and polydimethylsiloxane

(PDMS) [45, 50–58]. Precisely transferring geometric shapes onto substrates to ensure

compatibility with neural tissue is essential for the creation of the electrodes. Pho-

tolithography and its variations are key players in the fabrication process. However,

they pose challenges when applied to intricate three-dimensional and high aspect ratio

Utah electrode arrays (UEAs).

The polymers are also designed to address the mechanical mismatch issues of-

ten observed in silicon-based and microwire electrode arrays. These coatings can be

mechanically customized to closely align with the properties of neural tissue. This

flexibility mitigates the likelihood of significant strain, thereby reducing the potential

for secondary inflammation. However, these materials come with challenges, including

difficulties with in vivo adhesion, and a tendency to absorb water, leading to issues like

delamination [45, 53]. These problems can also alter the electrical performance of the

probes over time, constraining the use of these flexible electrode arrays to short-term

or acute neural recordings [1].

Furthermore, the flexible and soft nature of these materials presents difficul-

ties during the implantation process, particularly when applied in deeper regions of

the brain. Many polymeric neural implants share similarities with silicon-based coun-

terparts in that they feature multiple recording sites comprised of thin metal films

like gold or platinum along the length of the shank. These implants can be further

enhanced through the incorporation of conductive polymers (CP). Thanks to the ma-

terial’s structure and fabrication capabilities, they can accommodate a broader range

of 2D or 3D geometric shapes, such as fishbone, mesh, or sinusoidal configurations.

Additionally, they can also be combined with other materials, such as carbon nan-

otubes and nanoparticles, and can be functionalized with anti-inflammatory drugs and

bioactive molecules [55, 56, 59–61].
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The polymers can serve dual roles, functioning both as substrates and encap-

sulation materials. Some of the frequently employed polymers in this context include

polyimide, parylene-C, benzocyclobutene (BCB), LCP, and SU-8. They are preferred

for their inert characteristics and minimal dielectric constants, and their ability to resist

moisture permeation making them suitable for neural implant applications. Addition-

ally, these polymers offer the advantage of being easily functionalized with various

organic agents to meet specific implant requirements.

Cutting-edge developments in neural electrode technology involve the fabrica-

tion of multimodal probes using polymers and polymer-metal compounds, facilitating

both electrical recording and optical stimulation. These probes are especially advan-

tageous in applications like optogenetics [62].

Hydrogel coatings, such as alginate, fibrin, hyaluronic acid, and polyethylene

glycol, have also gained attention as promising candidates for neural interfacing. These

coatings possess mechanical properties similar to biological tissue, good biocompatibil-

ity, body-absorbable characteristics, and high-water content. They offer the potential

to mitigate mechanical mismatches after implantation and they can be customized with

drugs and bioactive substances or living cells to create a protective layer between the

implant and brain tissue. Yet, a notable downside is the difficulty in precisely regulating

their thickness over the course of time due to swelling properties, which can potentially

exert pressure on nearby tissue and lead to an increased separation between the elec-

trode recording sites. Moreover, hydrogel-coated probes that are excessively smooth

run the risk of the layer being removed upon insertion [54].

The mechanical properties, encompassing the shape and dimensions of the im-

plants, play an essential role in influencing their overall performance and longevity

within the neural environment, prompting significant research efforts to explore their

influence on functionality and operational efficiency. Therefore, interfacial modifica-

tion materials such as metals, metal oxides, carbon-based materials, and conductive

polymers have also garnered significant attention in recent years owing to their advan-

tageous properties and manufacturing feasibility [45]. It’s crucial to emphasize that a
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reciprocal correlation exists between the dimensions of recording sites and impedance.

Smaller electrodes tend to generate more noise, exhibit lower recording quality which

stems from a decrease in the maximum attainable stimulating current. One approach

involves enhancing the geometric effective surface area of these implants through meth-

ods such as surface roughening and the application of materials like gold particles, car-

bon nanotubes, platinum black, and platinum grass. This not only amplifies the avail-

able surface area but also ensures the compactness of the recording site [63, 64]. In the

study conducted by Chung and colleagues, they investigated the impact of CF4 plasma

treatment on gold electrodes incorporated into polyimide-based neural probes. Their

findings revealed a significant outcome, with the roughening process resulting in an

impressive 98% reduction in impedance [63, 65, 66]. Carbon nanotubes (CNTs), which

consist of graphene sheets formed into cylinder structures, have also attracted consid-

erable attention, especially owing to their high surface area, impressive mechanical and

electrical properties, and their capacity for surface functionalization [53, 55, 67]. In the

research of Sim et al., it was demonstrated that vertically aligned carbon nanotubes

(VACNTs) had a substantial positive effect on the recording capabilities of the neural

probe. These VACNTs exhibited the lowest area-specific impedance when compared

to black platinum electrodes [68]. Similar to CNTs, the outstanding high conductivity,

transparency and flexibility properties of graphene also make it suitable for use with

flexible substrates, thereby promoting conformal contact [69]. These materials can also

exhibit functionalization properties, thereby potentially increasing their compatibility

with tissue. Nevertheless, concerns regarding the toxicity of these materials remain.

Researchers have also pursued the enhancement of electrode performance in microma-

chined electrode and microwire arrays through the development of metallic electrode

derivatives, such as iridium oxide [1]. For instance, thin microwire arrays, which inher-

ently possess higher impedance, can be fine-tuned using these derivatives to reduce their

impedance in recording sites [70–73]. Conductive polymers (CPs), when combined with

suitable dopants, also demonstrate remarkable electrical conductivity. In this context,

the prevailing conductive polymers of choice are poly (3,4-ethylenedioxy thiophene)

(PEDOT) and polypyrrole (PPy), alongside additional options like polyaniline (PANI)

and poly(thiophene) (PT). These CPs can be further customized by inclusion of large

dopants involving paratoluene sulfonate (pTS) or poly (styrene sulfonate) (PSS) to
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finely tune their characteristics [54, 74, 75]. CPs are often combined with nanomateri-

als, hydrogels, or elastomers to tackle issues linked to their high elastic moduli, which

can lead to detachment over extended periods of electrical stimulation [56, 76–78]. Ad-

ditionally, they are combined with bioactive molecules to stimulate cellular responses

[79, 80].

Lastly, regarding probe insertion, it’s important to emphasize that the tech-

nique used for securing the probe plays a pivotal role in aggravating irritation. Teth-

ered probes cause more significant glial scar and local neurodegeneration compared

to free-floating electrodes due to their reduced mechanical flexibility. Furthermore,

tethering has been observed to modify the shape and dimensions of the implantation

site, compress neurons at the probe interface, and can serve as potential entry points

for infections through the establishment of transcranial and percutaneous connections

[81].

Following the manufacturing process, all implantable devices may undergo fur-

ther refinement with the aim of regulating inflammatory responses, promoting neuronal

growth in the vicinity of the implant site, and introducing new functionalities. This

has been achieved through the attachment of various compounds to the devices, includ-

ing anti-inflammatory drugs, or by utilizing surface chemistry techniques, particularly

those involving bioactive molecules such as ECM components, neurotransmitters, neu-

rotrophic factors, and cell adhesion molecules (CAMs) [11–14, 82, 83].

The effective administration of anti-inflammatory and neuroprotective agents

has been demonstrated to reduce inflammation and oxidative stress. This promotes

the integration of neural tissue with the implant by preventing neuronal damage near

the electrodes, ultimately resulting in enhanced long-term recording quality [83, 84].

Controlled drug delivery can be applied concurrently with recording or stimulation in

the target area, allowing for the precise exploration of metabolic mechanisms. Fur-

thermore, drug delivery offers the advantage of reducing the long-term risk of in-

fection. As an example, sulfonated silica nanoparticles (SNPs), employed as a con-

ductive polymer dopant, were utilized in the electropolymerization of PEDOT films
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and compared to PEDOT doped with polystyrenesulfonate (PSS). Nonporous SNPs-

doped PEDOT films exhibited advantages such as reduced interfacial impedance, en-

hanced charge injection capabilities, and improved stability when contrasted with PE-

DOT/PSS. The use of porous SNP dopants introduced the capability to act as drug

reservoirs, significantly enhancing the potential of electrically controlled drug release

technology based on conducting polymers. Through the incorporation of SNP dopants,

both drug loading and release capabilities were augmented, enabling the inclusion of

cationic and electroactive compounds as potential drug candidates. Ultimately, the

PEDOT/SNP composite demonstrated the ability to finely modulate in vivo neural

activity through releasing a glutamate receptor antagonist in a controlled manner from

microelectrode sites coated with the composite [85]. In another study, conductive poly-

mer (CP) microcups (MCs) were fabricated to control the drug-loading/release char-

acteristics and electrical properties of neural devices. For this purpose, monodisperse

poly(lactide-co-glycolide) (PLGA) microspheres were electrosprayed on Au substrates

and poly(pyrrole) (PPy) polymerization around PLGA microspheres was carried out

with electrospraying method. Then, PLGA microsphere was dissolved and PPy MCs

were obtained. They demonstrated the loading of an anti-inflammatory drug within

PPy microstructures and its gradual release [86].

Biomimetic or nature-derived approaches can also play crucial role in resolv-

ing these challenges. For instance, materials such as ECM matrix proteins, peptides,

polysaccharides, lipids, and nucleic acids have been utilized in biomedical research

for many years. Collectively, their remarkable qualities, including biocompatibility,

biodegradability without releasing toxic substances, physiochemical resemblance to bi-

ological tissue, reduced potential to provoke an immune response, position them as

excellent candidates compared to synthetic materials for enhancing the biocompatibil-

ity and long-term safety of neural interfaces [82, 83]. These materials can be employed

either as biocompatible coatings or as fundamental building blocks for neural interfaces.

Within biocompatible coatings, the surface modified with these molecules functions as

an interface buffer layer, effectively inhibiting the attachment of glia cells and immune

system-triggering elements. These coatings should also create a supportive environ-

ment for the survival and growth of neuronal cells.
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Within these concepts, polysaccharides such as agarose, chitosan, alginate, and

dextran are intriguing examples of such materials due to their rheological properties,

which closely resemble those of ECM glycosaminoglycans, and their low immunogenic-

ity. In the study of Moon et al., the researchers engineered nanofilms mimicking the

ECM by employing a layer-by-layer (LbL) approach, wherein they combined ulvan

(ULV) with chitosan polysaccharides. These nanofilms exhibited a remarkable ability to

attach primary hippocampal neurons with significantly higher viability when compared

to surfaces coated with poly-D-lysine. Furthermore, these nanofilms facilitated the

growth of neuronal projections while concurrently inhibiting the attachment of astro-

cytes [87]. In a separate investigation, the researchers combined hyaluronic acid (HA),

a common polysaccharide found in brain tissue with well-known anti-inflammatory

properties, and polypyrrole (PPy) to produce electrode coatings. The PPy/HA coat-

ing successfully mitigated the inflammatory response and maintained consistent elec-

trical performance over a span of three weeks [88]. Polysaccharides, known for their

anticoagulant and anti-inflammatory properties, are continually under investigation as

potential biointegrative coatings.

There are also studies using lipids aimed at engineering cell membranes to min-

imize cellular responses to implants, as well as research within the optogenetic field

that employs nucleic acid components to facilitate gene transfer applications for cell

modulation. Researchers synthesized supported lipid bilayers (SLBs) with varying lipid

compositions and interacted them with primary neurons. A lipid called succinyl-PE

was introduced to neuron-inspired biomembrane to expose phosphate (PO4
−) groups.

The succinyl carboxylate group made it possible to subsequently introduce negatively

charged sulfonate groups. The research indicates that negatively charged SLBs could

influence the elongation and branching of neurites, underscoring the potential of alter-

ing surface charge to affect neuronal processes [89]. In the study carried out by Huang

et al., a novel gene-embedded optoelectrode array was designed for neural implantation.

This array enabled spatiotemporal electroporation (EP) for gene delivery and transfec-

tion, photomodulation, as well as simultaneous electrical monitoring of neural signals

within the brain through a single implantation event. This was achieved by synthesizing

a combined conductive hydrogel known as rGO/Amphiphilic Polysaccharide-Modified
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PEDOT (PG) with organized nanodomains to encapsulate nonviral gene vectors re-

ferred to as PEI-NT-pDNA. Both in vitro and in vivo studies demonstrated that the

PG-PEI-NT-pDNA combination effectively facilitated gene transfection into neurons.

Moreover, when tested with the actual optogenetic opsin channel rhodopsin-2, the

flexible neural probe incorporating an optical waveguide fiber exhibited photo-evoked

spikes in the targeted brain regions [90].

Nature-derived proteins or ECM proteins, such as fibronectin, laminin, and

various peptide fragments, are also extensively employed for similar purposes in neu-

roengineering research. In the quest to address material-induced neuroinflammatory

limitations associated with intracortical microelectrodes, one of the initial strategies

was to attach ECM proteins and peptides onto the implant surface. As an example of

nature-derived materials, Kim et al. developed electrodes using a silk-covered biore-

sorbable film sourced from Bombyx mori cocoons onto an array of ultrathin polyimide

(PI) electrodes and implanted three types of (PI array electrodes with a thickness of;

75 µm and 2.5 µm, reinforced by a silk layer, along with 2.5 µm silk mesh electrodes)

in cats to record neural activity from the visual cortex. Among these, the 2.5 µm silk

mesh electrode exhibited the best performance, with excellent channel contact and a

higher signal-to-noise ratio (SNR). This approach, where the silk dissolves and resorbs

after implantation, led to a conformal wrapping process without any observed immune

response after a 4-week implantation period [91]. In the research conducted by Patil

and colleagues, a pioneering method was employed, where silk was employed as an insu-

lating layer resistant to water. The utilization of water annealing techniques achieved

water-stable and nontransient silk neural interfaces, and the subsequent application of

a conductive layer facilitated the development of flexible silk electrodes. The findings

demonstrated that this electrode holds exceptional promise as a sensing interface for

recording neural signals in both the cortex and peripheral nervous system [92]. In a

separate study, CAS-IKVAV-S (IKV), a peptide derived from laminin, was covalently

attached to polyimide sheets that had been functionalized with amino and vinyl groups.

Two distinct coatings, namely PI_v+IKV and PI_a+IKV, were developed, and they

were observed to enhance neuronal cell adhesion and neurite sprouting. Additionally,

these coatings were found to support the viability of peripheral glial cells while mini-
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mizing the presence of fibroblast contamination on the substrate [93]. Shen et al. also

developed microelectrodes constructed from ECM proteins including collagen I (Col-I),

Col-I/Col-IV, Col-I/laminin, and Col-I/fibronectin. They employed a combined sys-

tem involving excimer laser micromachining and microtransfer-molding to create these

microelectrodes. The final dimensions of these electrodes closely resembled those of

silicon-based microelectrodes. In vitro recordings displayed that these ECM micro-

electrodes could capture neurologically relevant frequencies without causing significant

alterations in their impedance characteristics. Furthermore, these microelectrodes ex-

hibited high neuronal viability, providing support for neuronal cell bodies and neurites

while also reducing neuroinflammation [94]. Additionally, studies began incorporat-

ing cell surface receptor proteins or cell adhesion molecules to facilitate more targeted

cellular interactions.

As demonstrated by the examples, there is a range of design variations that

encompass optimizing implant size, shape, and surface characteristics, along with the

integration of bioactive molecules to modulate tissue responses. These designs can

incorporate a combination of these elements or can be used alone. Despite multiple

studies demonstrating the effectiveness of their approaches in reducing glial scar forma-

tion, the long-term stability of the coating remains a subject of debate due to certain

reasons encompassing poor mechanical properties, continuous swelling upon water up-

take of certain molecules, and instability of the molecules over time. These issues have

the potential to lead to increased impedance over extended periods. Therefore, by

employing a combinatory approach, the absent components can collaborate synergisti-

cally, gradually giving rise to the creation of an optimal probe capable of functioning

across various aspects, including the suppression of immune responses and the accurate

recording or transmitting of signals.
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2.4 Cell Adhesion Molecules (CAMs) and Their Roles in Bio-

compatibility Strategies for Implantable Electrode Appli-

cations

CAMs are proteins situated on the cell surface that facilitate interactions, either

between neighboring cells or between cells and the ECM. Trans interactions involving

identical molecules are termed homophilic interactions, while those involving different

molecules are referred to as heterophilic interactions. Functional investigations indicate

that adhesion molecules play pivotal roles in various facets of neural network formation,

encompassing axon guidance, synapse formation, synaptic structure regulation, and

interactions between astrocytes and synapses. Once axonal growth cones have reached

their intended target regions, they must still accurately identify the appropriate target

cells to establish synapses. Subsequently, initial contacts are established between axons

and dendrites, and the activation of both homophilic and heterophilic receptors initiates

the development of synaptic specializations [95, 96].

Cell adhesion signifies a dynamic cellular process in which interactions lead to

alterations in intracellular signaling, cytoskeletal arrangement, and/or gene expres-

sion. A multitude of adhesion molecules are actively engaged on the cell surface, while

concomitantly, internal signaling systems within the cells persist in their operation.

Additionally, interactions on the cell surface can be either adhesive or repulsive as a

result of ongoing cellular processes. Consequently, the outcome largely relies on the

spatially and temporally regulated net result of all CAM interactions taking place at

the cell surface [95–97].

Cell adhesion molecules are typically grouped into five categories: cadherins,

integrins, selectins, immunoglobulin superfamily (IgSF) including NCAM, nectins and

other molecules such as mucins [98]. Among these groups, CAMs such as N-Cadherin,

NCAM, and L1 have become the focus of research interest due to their influential

role as bioactive cues in the design of biomimetic neural coatings. Moreover, these

molecules are considered valuable soluble factors within cell culture components. They
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exert a positive influence on various critical aspects of neural function, such as promot-

ing axonal growth, providing guidance, facilitating neuronal regeneration, supporting

synapse formation, enhancing plasticity, and contributing to other essential develop-

mental mechanisms [15–20].

The molecules selected for this study, namely N-Cadherin and N-CAM, represent

two of the major cell adhesion components distributed in the central nervous system

[99]. N-Cadherin is a Ca2+ dependent and homophilic binding type glycoprotein that

holds a pivotal position in neuronal cell adhesion, migration, and synaptic plasticity,

and especially participates in the neurite formation and polarization mechanisms of

cells by concentrating in synaptic junctions [100, 101]. NCAM is a Ca2+ independent

cell-surface glycoprotein that belongs to Ig superfamily CAMs [102]. Like N-Cadherin,

NCAM is also involved in regulating activities such as synapse formation and function,

neurite extension, migration, etc. by forming homophilic or heterophilic interactions

[103]. While both molecules play an important role in neuron survival, NCAM specif-

ically inhibits astrocyte attachment or proliferation [104–106]. Haque et al. demon-

strated that N-Cadherin coated polystyrene culture dishes promote the differentiation

of embryonic stem cell and induced pluripotent stem cell (iPSC) derived neural progen-

itor cells (NPCs) in the absence of exogenous signals and stimulate neurite outgrowth

further compared to poly-L-lysine (PLL) and gelatin coated surfaces [107]. Cherry et

al. examined the impacts of N-Cadherin alone and L1-Fc combination-functionalized

2D films and 3D microfibrous scaffolds on H9 neural stem cells (H9-NSCs) and observed

that low concentration of N-Cadherin in conjunction with higher L1 concentration en-

hanced neurite outgrowth and neuron related markers such as MAP2+ and NF [18].

NCAM has mostly been used as a soluble factor in different studies rather than as a

coating component. Lagenaur and Lemmon used nitrocellulose coated petri dishes for

non-covalent attachment of NCAM among several other protein samples for observing

the neuron activity from chicken tecta and mouse cerebellum. However, they con-

cluded that either nitrocellulose was unable to bind NCAM to petri dishes or NCAM

did not play a major role in axon outgrowth of cells [108]. Later, Walsh et al. sug-

gested that soluble NCAM chimeric molecules can stimulate neurite outgrowth from

both rat and mouse cerebellar granule cells by activating the FGF receptor signaling
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cascade [109]. Further studies have also demonstrated that soluble form or peptides

constituting a part of NCAM induces the differentiation of cells to neuronal phenotype

[110–113]. Besides these advances, Wiertz et al. observed that NCAM protein and

antibody immobilization on polyethylene-imine (PEI) surfaces showed good neuronal

adhesion on cerebral cortical neurons at high concentration (100 µg/mL), and neurons

were also capable of attaching lower concentrations (3.0 µg/mL) of NCAM antibody,

even though spreading was poor [114]. Considering the influences of these molecules

on neuronal functions, more work related to their individual or synergistic effects could

produce interesting findings for the optimization of neuroprosthetics.



21

3. CELL ADHESION MOLECULE IMMOBILIZED GOLD

SURFACES FOR ENHANCED NEURON-ELECTRODE

INTERFACES

In this part of thesis, the use of NCAM and N-Cadherin molecules and their

synergistic effects as surface coatings to design optimized bio-interfaces were investi-

gated. NCAM and N-Cadherin were covalently attached to gold (Au) surface, through

crosslinker dithiobis (succinimidyl) propionate (DSP) [115]. Following characterization

and confirmation of the covalent immobilization of the proteins, surfaces were assessed

for biocompatibility by using SH-SY5Y neuroblastoma cell line. Furthermore, growth

and differentiation of retinoic acid treated SH-SY5Y cells were investigated on sur-

faces modified with neural cell adhesion molecules. The findings show that the cell

adhesion molecules, N-Cadherin, NCAM or the mixture of these molecules provided

suitable environments regarding cell viability which demonstrated their biocompatible

properties as coating materials. Furthermore, NCAM and N-Cad/NCAM crosslinked

surfaces revealed promising improvements in neurite extension against standard PLL

coatings that are conventionally used in neural studies. Overall, the results represent

a step toward improving the fabrication of state-of-the-art neural-electronic platforms,

especially for long-term applications.

3.1 Surface preparation and modification

Au-coated (50 nm) 15 mm borosilicate float glass coverslips (Hilgenberg-GmbH)

were used for representing the recording site of the neural electrodes. The samples were

sequentially cleaned with acetone (Merck, ≥ 99.0 %), ethanol (Isolab, ≥ 99.9 %), and

deionized water (DI) in an ultrasonic bath and dried under a stream of nitrogen. Af-

terwards, they were transferred to a sterile biosafety cabinet and UV-sterilized for 15

min. For introducing N-hydroxysuccinimide (NHS) ester groups, gold surfaces were

incubated in 4 mg/mL dithiobis(succinimidyl propionate) (DSP) (ThermoFisher Sci-

entific, 22585) dissolved in dimethylsulfoxide (DMSO) (Genaxxon Bioscience GmbH)
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for 30 min at RT. Following modification, unbound DSP was removed by rinsing with

DMSO and then with water. Immediately after, surfaces were covalently functionalized

for 2h at RT with N-Cadherin (Cloud-Clone Corp., RPB481Ra01), NCAM (LSBio, LS-

G56413), or a 1:1 mixture of N-Cadherin/NCAM proteins at 5 µg/mL total protein

concentration for all groups in phosphate buffered saline (PBS) (1X, pH 7.4). The

functionalized surfaces were rinsed with PBS and prepared for characterization and

cell culture experiments. Control surfaces were coated with 5 µg/mL Poly-L-lysine

(PLL) (Sigma-Aldrich, P8920) in DI water either covalently (PLL-C) following DSP

modification under the same conditions or physically (PLL-P) on cleaned surfaces in

37°C incubator for 2h. PLL adsorbed (PLL-P) surfaces were allowed to air dry. The

schematic representation of surface modifications is shown in Figure 3.1.

Figure 3.1 Covalent modification steps of gold surfaces with the specified cell adhesion molecules.
a) Functionalization of gold surfaces with DSP (dissolved in DMSO) crosslinker after cleaning step, b)
Covalent modification with N-Cadherin, NCAM, or N-Cad/NCAM (1:1) mixture in PBS immediately
after DSP modification, c) Cleavage of N-hydroxysuccinimide (NHS) groups after reaction of DSP
with the specified cell adhesion molecules.
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3.2 Surface Characterization

3.2.1 Water Contact Angle Measurement

A sessile drop method was used to measure the wettability of the surfaces (CAM-

100, KSV Instruments). Each 2 µL of DI water was carefully applied on three random

regions of each modified and non-modified gold surface at RT. Following deposition,

the droplets were recorded for 10s and the water contact angle (WCA) values were

automatically calculated by fitting the captured drop images.

3.2.2 X-ray photoelectron spectroscopy (XPS)

Surface modifications were confirmed by characterizing samples with X-ray pho-

toelectron spectrometer (XPS) (K-Alpha™+ XPS, Thermo Scientific) equipped with a

monochromatic Al-KαX-Ray source, and 128-channel detector with 400 µm spot size.

High-resolution spectra were obtained with a pass energy of 30 eV. The correspond-

ing binding energies of specific chemical bonds were obtained according to the C1s

peaks and N1s peaks. Peak fitting was employed by using Shirley and U2 Tougaard

background. The total area percentages were computed by measuring the area under

the respective curves. All data analyses were performed by using CasaXPS Software

(Demo v.2.3.25) [116].

3.3 Cell Studies

3.3.1 Cell Culture and Differentiation

SH-SY5Y cells (ECACC, European Collection of Authenticated Cell Cultures,

Catalogue No. 94030304) were maintained in culture medium composed of DMEM/F12

(1:1) with L-glutamine (Gibco), supplemented with 10% fetal bovine serum (FBS,

Capricorn), and 1% penicillin/streptomycin (Hyclone) at 37°C and under 5% CO2 in
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a humidified atmosphere. The growth medium was changed every 3 days.

After reaching confluence, cells were harvested and seeded on substrates. For

inducing neuronal differentiation, the growth medium was substituted with a differenti-

ation medium consisting of standard medium with 1% FBS and 10 µM all trans-retinoic

acid (ATRA) after 24 h of incubation. The medium was changed on alternate days

and cells were incubated up to 11 days on samples. All experiments were performed

with cells at passages between 11 and 13.

3.3.2 Cell Viability Assay

To assess the cell viability on the substrates, undifferentiated SH-SY5Y cells

were plated on surfaces at a seeding density of 5x104 cells/mL in a 24-well plate and

evaluated with Alamar Blue assay after a culture period of 1, 4 and 7 days. On the

specified days, the culture media was replaced with 10% alamarBlue™ (ThermoFisher

Scientific) containing fresh medium and incubated for 4h at 37°C. After incubation pe-

riod, 100 µL of aliquots were transferred in a 96 well plate and the absorbance values

at 570 nm and 595 nm wavelengths were measured by using a microplate reader spec-

trophotometer (BIO-RAD iMark). For further measurements, the wells were washed

with PBS and media were refreshed.

3.3.3 Immunocytochemistry and Neurite Length Analysis

For monitoring the neuronal differentiation and the neurite outgrowths of SH-

SY5Y cells on substrates, cells were plated at a seeding density of 2.8x104 cells/mL and

differentiated for 11 days. At the end of this period, samples were fixed in 4% (w/v)

paraformaldehyde (PFA) (Sigma) for 20 min, followed by permeabilization with Triton

X-100 (0.1% v/v) for 5 min and washed with PBS after each step. After blocking

with 1% bovine serum albumin (BSA, Biosera) in PBS containing 0.1% Tween 20

at 37°C for 30 min, anti-β3-tubulin (1:50, Santa Cruz, sc-80005) primary antibody
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diluted in 1% BSA solution was incubated overnight at 4°C. Subsequently, samples

were rinsed with PBS and incubated with Goat-anti mouse IgG H&L (1:100, Alexa

Fluor 555, ab97035) secondary antibody for 2h at RT. Finally, the cell cytoskeleton and

nuclei were stained using Alexa Fluor 488 conjugated phalloidin and 4’,6-diamidino-2-

phenylindole (DAPI) (Thermo Fisher Scientific) and the samples were visualized using

fluorescence microscopy with a 20X objective lens (Leica DM IL). Each sample was

randomly imaged at least three regions for quantitative analysis.

Neurite lengths were calculated by using NeuronJ semi-automated tracing plugin

of ImageJ software. Prior to analysis, the distance was calibrated with a known scale of

the image and the corresponding images were merged and stacked into RGB composites

in FIJI (ImageJ) software. After converting images to 8-bit in TIF format, neurites

that are longer than the cell body were quantified by tracing the processes beginning

near the cell soma extending to the tip. The neurites were quantified by dividing the

number of manually counted nuclei to the total neurite lengths. Neurites that are

longer than the cell soma were selected for measurement. The values were normalized

to PLL-P groups prior to statistical analysis.

3.4 Statistical Analysis

Statistical analysis was performed using GraphPad Prism 9.3.1 (GraphPad Soft-

ware). Data were represented as mean ± standard deviation (SD) or median ± quartiles

and mean ranks. Cell studies were conducted in biological replicates (N = 3). Two-

way analysis of variance (ANOVA) with a Dunnett’s post hoc multiple comparison test

was carried out for comparison across two factors with more than one treatment. Neu-

rite length measurements were analyzed via non-parametric Kruskal-Wallis test with

Dunn’s post-hoc multiple comparison test following the Shapiro-Wilk normality test.

The results were considered as statistically significant where ∗ = p < 0.05, ∗∗ = p <

0.01, ∗ ∗ ∗ = p < 0.001, ∗ ∗ ∗∗ = p < 0.0001.
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3.5 Results

3.5.1 Characterization of Surface Functionalization

Herein (Figure 3.2), the WCA of the gold surface measured 69.75 ± 3.3° in time

after cleaning procedure. The adsorption of polyelectrolyte PLL molecules resulted in

a more hydrophilic gold surface with a contact angle of 33.02 ± 3.3°. The WCA of the

gold surface decreased to 50.83 ± 5.8° following the chemisorption of DSP molecules.

The covalent attachment of PLL molecules via DSP crosslinker reduced the value to

35.43 ± 2.9° and showed similar hydrophilic character with PLL-P. Modification of

DSP treated gold surfaces with N-Cadherin, NCAM and mixture (1:1) of these cell

adhesion molecules exhibited values of 59.81 ± 3.1°, 62.38 ± 3.8°, and 66.46 ± 5°,

respectively.

Figure 3.2 The result of water contact angle (WCA) measurements of gold surfaces before and after
surface treatments (n = 3)

XPS was utilized to further characterize the variations in the chemical compo-

sition of substrates after each modification step, whereby the C1s high and N1s resolu-

tion signals are used to evidence the presence of functional groups of the correspondent

molecules. The C1s deconvolution spectra of all the depositions (Figure 3.3 a) showed
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characteristic aliphatic carbon peaks belonging to C-C/C-H bonds around 284.7-284.8

eV. The peak at 285.8 eV (Table 3.1) is attributed to C-S bond proving the chemisorp-

tion of DSP crosslinker with gold surface while the presence of C-O/C-N bonds in

molecules were observed at 286.0 eV [117, 118]. The significant O=C-N/O=C-O peak

at 288.9 eV is assigned to the functional groups of the NHS ester of DSP molecule

[118–120]. Modification of surfaces with N-Cad, NCAM and N-Cad/NCAM mixture,

additionally PLL molecule, showed peaks around 286.2 -286.6 eV which are correlated

to C-S bond [119, 121]. Besides, the peaks in the range of 287.7-288.1 eV for those

same molecules revealed O=C-N and O=C-O functional groups which are mainly at-

tributed to amide and carboxylic acid coming from the peptide structure [122–125].

C-N/C-O peaks were also observed at 286, 286.3, 286.1, for N-Cadherin, NCAM and

N-Cad/NCAM mixture respectively, while the C-N peak of PLL appeared at 285.7

eV [123, 125, 126]. PLL-P displayed amide and carboxylic acid groups at 287.9 eV

which is similar to prior results. Additionally, the binding energies at 285.8 eV can be

assigned to C-N species due to the absence of thiol interaction between the surface and

the molecules, hereby C-S bonding.

Since the peak specific binding energies of each sample are close to each other,

this may confound the comprehension of covalent modification to the surface. Although

the peak specific percent total areas (%) may differ among the samples due to the

variation in the chemical composition, an overall look at C-S bonding may enlighten

the interaction of surface and DSP molecules. As can be seen from Table 3.1, the

total percent areas belonging to C-S bonding of covalently modified samples are lower

compared to DSP alone. This can be interpreted as the ratio of sulfur (S) compared

to overall elements in covalently bonded molecules is below that of DSP, and the

steric bulk affiliated with protein structure might have hindered the detection of these

bonds. Since the PLL-P molecule does not have C-S bonding in its structure, it can

be concluded that the binding energy around that value belongs to C-N species.

To further prove the modification of DSP molecules and proteins, the high res-

olution of N1s spectra was also examined. Two peaks appear at 399.4 eV and 401.7 eV

in DSP molecules attributed to N-C=O or N-O-C species in NHS ester [118, 119, 127].
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Table 3.1
Binding energies with corresponding assignments and total area percentages.

The binding energies in the range of 399.8-400.0 eV (Figure 3.3 b) indicated the pres-

ence of amide bonds for the rest of the molecules [59, 126, 128–130]. Charged nitrogen

(NH3
+) signal from PLL amine groups was detected at 401.9 and 402.2 eV for PLL-C

and PLL-P molecules, respectively [126, 131]. Amines (NH2) in the form of primary,

secondary, or tertiary structure and protonated amines (NH3
+) that are components

of proteins can be displayed at different binding energies. In this case, the binding en-

ergies related to these species for N-Cad, NCAM, N-Cad/NCAM molecules appeared

at 398.5, 402.5, and 402.4 eV, respectively [121, 132].
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Figure 3.3 Deconvolutions of high-resolution a) C1s and b) N1s spectra of corresponding samples
after treatments.
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3.5.2 Cell Viability

The viability of SH-SY5Y cells was evaluated for plain and modified surface con-

ditions. According to Figure 3.4, SH-SY5Y cells on all substrates remained metaboli-

cally active for 7 days. This result is overall indicating the non-toxic properties of all

surfaces. On Day 1, the viability of cells on NCAM-containing surfaces outperform

PLL-P surfaces, implicating a fast-acting proliferation effect by NCAM. The trend

continues into Days 4 and 7 as both NCAM-containing surfaces consistently display

highly significant boost in viability versus PLL-P. N-Cadherin on the other hand per-

forms similarly to PLL-P on Day 1 but in subsequent days a delayed positive effect

is observed on cell viability. These comparisons to PLL-P, which is the standard sur-

face coating method in most in-vitro neural studies, also hold true when the groups

are compared to PLL-C, available in the Dunnett’s multiple comparison test given in

Figure 3.5.

Figure 3.4 Reduced alamar blue (%) activity with relative SH-SY5Y viability on plain and treated
surfaces over 7 days. Two-way ANOVA followed by Dunnett’s multiple comparison test, comparing
PLL-P vs. CAM interactions; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. (n=3, N=3)
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Figure 3.5 Alamar Blue Reduction (%). Two-way ANOVA followed by Dunnett’s multiple compar-
ison test, comparing PLL-C vs. CAM interactions; *p < 0.05, **p < 0.01, ***p < 0.001, ****p <
0.0001. (n=3, N=3)

3.5.3 Neurite Length Measurements

To analyze whether surface treatment with the defined cell adhesion molecules

had an impact on neurite outgrowth besides biocompatibility, SH-SY5Y cells were

treated with ATRA for 11 days to acquire fully differentiated neuronal phenotypes,

and neurite lengths were measured. The change in the morphology of SH-SY5Y cells

after the differentiation period was presented in Figure 3.6. The neurites that have

distinct projections as opposed to undifferentiated cells were distinguished with a βIII

tubulin neuronal marker, in combination with a phalloidin cytoskeleton dye (F-actin)

and DAPI nuclear stain.

Figure 3.7 visually demonstrates that the surface functionalization, particularly

in the case of NCAM-containing surfaces, resulted in a discernible increase in neurite

outgrowth compared to the plain Au surfaces. To thoroughly understand whether the

specified cell adhesion molecules have effect on neurite outgrowths, the mean ranks

of the samples were compared against PLL, a well-known neuronal coating [133, 134].
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Figure 3.6 a) Immunofluorescent staining of SH-SY5Y cells differentiated 11 days on plain and
treated surfaces. Cells were stained for βIII tubulin (red), F-actin (green), and DAPI (blue). Scale
bar = 200 µm.
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According to these results, NCAM and N-Cad/NCAM modified samples showed sta-

tistically significant differences compared to both PLL adsorbed (Figure 3.7) and PLL

modified surfaces (Figure 3.8).

Figure 3.7 Quantification of neurite outgrowths of the samples. The line through the middle of the
boxes shows the median. The dots represent 10-90 percentile range. The mean is shown as the "+"
symbol inside the boxes. Data were analyzed via non-parametric Kruskal-Wallis test with Dunn’s
post-hoc multiple comparison test, comparing PLL-P vs. CAM interactions; *p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001. (n≥ 3, N=3).
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Figure 3.8 Quantification of neurite outgrowths of the samples with box plot. The line through the
middle of the boxes shows the median. The dots represent 10-90 percentile range. The mean is shown
as the "+" symbol inside the boxes. Data were analyzed via non-parametric Kruskal-Wallis test with
Dunn’s post-hoc multiple comparison test, comparing PLL-C vs. CAM interactions; *p < 0.05, **p
< 0.01, ***p < 0.001, ****p < 0.0001. (n≥ 3, N=3).

3.6 Discussion

The wettability of gold surfaces was evaluated by the water contact angle mea-

surements. In the literature, pristine gold surfaces show different hydrophilic values

starting from ∼ 0°, and their exposure to air and organic contaminants increases their

contact angle up to around 70° and even more over time [135–138]. The water contact

angle of the gold surface closely approximated values around 70°, and this measure-

ment, conducted sometime after the cleaning procedure, validated the values found in

the literature. The decrease in contact angle observed after PLL adsorption and the

covalent attachment of PLL molecules can be attributed primarily to the presence of

polar side groups within PLL [122, 139, 140]. The decrease of WCA to 50.83 ± 5.8°

following DSP molecule chemisorption indicated successful thiol-gold formation [141].

The modification of DSP-treated gold surfaces with N-Cadherin, NCAM, and a 1:1

mixture led to a change in wettability which was attributed to the elimination and
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masking of polar NHS groups on the DSP-functionalized surface by the larger protein

molecules.

The presence of characteristic aliphatic carbon peaks, representing C-C/C-H

bonds, consistently observed around 284.7-284.8 eV in all adsorption and modification

processes, strongly suggests the presence of these fundamental carbon bonds in the

molecular structures involved. Furthermore, there was a notable increase in the total

area percentages across all groups when compared to the DSP-only groups, providing

clear evidence of the presence of proteins and the successful incorporation of these

biomolecules onto surfaces. This increase in total area percentages underscores the

effectiveness of the protein adsorption and modifications in the various groups. The C-

S bond played a crucial role in confirming the chemisorption of the DSP group onto the

gold surface, except in the case of the adsorbed PLL group, where it was not present

[117, 118]. When examining the total percentage area values, it becomes evident that

the C-S percentages experienced a reduction in covalently modified samples. This

reduction may be attributed to the likelihood that the steric bulk associated with

the protein’s structure impeded the detection of these C-S bonds. In the instance

of PLL-P molecules, the binding energy value of C-S undergoes a shift towards C-N.

This shift can be attributed to the absence of C-S bonding within the PLL-P molecule’s

structure, leading to the inference that the binding energy around this value pertains to

C-N species, which are also characterized by elevated percentages, primarily due to the

existence of amine groups within the PLL molecule. This high percentage is similarly

observed in the case of the PLL-C group, further corroborating the prevalence of C-N

groups. The presence of significant peaks corresponding to O=C-N/O=C-O reactive

sites in the NHS ester of the DSP molecule was further corroborated by the N1s high-

resolution peaks. Surface modifications involving N-Cad, NCAM, a combination of

N-Cad/NCAM, and PLL molecules unveiled the existence of O=C-N and O=C-O

functional groups. These functional groups are mainly associated with amide and

carboxylic acid components originating from the peptide structure. The N1s high-

resolution spectra provided further evidence for the presence of amide bonds in the

molecules. A consistent pattern emerged in the case of PLL-P, which exhibited amide

and carboxylic acid groups clustered around the same peak value, mirroring the findings
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from the other molecules. The confirmation of these groups was reinforced by the total

area percentages. The signal from charged nitrogen ions (NH3
+) stemming from the

amine groups of PLL was identified at a similar binding energy value for both PLL-

C and PLL-P molecules. It’s noteworthy that amines (NH2) in various structural

forms, such as primary, secondary, or tertiary amines, as well as protonated amines

(NH3
+) that are integral components of proteins, can exhibit distinct binding energies.

These different species were observed in the N1s spectra for N-Cad, NCAM, and N-

Cad/NCAM molecules.

The results of the viability tests imply that, on the whole, all the surfaces tested

exhibit non-toxic properties. Notably, surfaces containing NCAM demonstrated sub-

stantial cell viability at the conclusion of the experiment. These findings suggest that,

compared to PLL coated surfaces compared to a simply positively charged surface

presented by PLL coating, cell adhesion molecules have binding mechanisms including

multi-protein complexes which also affect a wide spectrum of cell signaling mechanisms

that may effectuate a more consistent environment by playing a direct or indirect role

in cell viability [142]. N-Cadherin cascade is known to be associated with proliferation

of mitotic cells which is in line with our findings [143]. NCAM on the other hand, was

reported in the literature to be a major regulatory mechanism of neuronal differenti-

ation where exposure of neural precursors to soluble NCAM results in the inhibition

of proliferation and increased expression of neuronal markers [110]. Therefore, our

data present a novel finding, suggesting that NCAM-mediated pathways are altered

in proliferating SH-SY5Y cells and without ATRA-induced differentiation signals, the

activation of NCAM receptors result in a rapid surge in proliferation. Considering that

the SH-SY5Y is a human cancer-derived immortal cell line, this finding also carries

implications for involvement of NCAM-regulated pathways in progression of neural

tumors.

To assess whether the surface treatment involving specific cell adhesion molecules

influenced neurite outgrowth, the change in the morphology of SH-SY5Y cells after the

differentiation period was demonstrated with immunocytochemistry staining. Figure

3.7 provides a clear visual representation of the impact of surface functionalization on
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neurite outgrowth, with a particularly significant increase observed in the case of sur-

faces containing NCAM, in contrast to the untreated Au surfaces. Our hypothesis is

centered around the idea that the CAM modified surfaces will improve the integration

of implants, thereby the biocompatibility while promoting the survival of nearby neu-

rons. The formation of tissue encapsulation around the implant occurs as a result of

a cascade of reactions initiated by the disruption of blood vessels during implantation.

This disruption leads to the infiltration of blood components and inflammatory cells

into the area, triggering the activation of glial cells. Ultimately, a noticeable reduction

in neuronal density occurs in the immediate proximity of the implant site, commonly

referred to as the "kill zone" [31, 34]. For the purpose of maintaining the prolonged

functionality of chronically implanted electrodes, it is crucial to preserve neuronal sur-

vival and promote growth in close proximity to the implant site, typically within a

range of 50-100 µm, since the recording electrodes need to establish close contact with

the signaling neurons to capture single-unit activity.

Here, we chose N-Cadherin and NCAM due to their significant roles in various

processes within the mature nervous system including the formation of synapses, axon

guidance and fasciculation [109, 113, 144–146]. In various studies, researchers have

been exploring the utilization of N-Cadherin as a surface coating to enhance neuron

attachment and facilitate the extension of neurites [17, 18, 107, 147–149]. Paradies

et al. revealed that purified NCAD90, when substrate-bound, maintains its biolog-

ical function by facilitating cell adhesion and promoting neurite growth in a dose-

dependent manner among chick embryo neural retina cells, suggesting that proteolysis

of N-cadherin during embryonic retinal histogenesis serves as an endogenous regulatory

mechanism that generates a unique and functional form of the protein, thus emphasiz-

ing the significance of NCAD90 in regulating cell adhesion and neurite growth during

retinal development [147]. Additionally, Shi et al. presented a set of methods for

obtaining surfaces with patterning multiple bioactive cues to understand how develop-

ing neurons integrate multiple biologically relevant signals and displayed control over

neuron attachment and outgrowth by patterning L1 and N-cadherin proteins on sur-

faces. The findings of the study revealed that dendrites showed exclusive extension

on N-cadherin patterns, whereas axons displayed a high level of selectivity towards
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L1 patterns [149]. As previously mentioned, the studies regarding NCAM molecules

have predominantly explored the effects of soluble or chimeric forms of NCAM, as well

as the expression of NCAM on cells through transfection methods in the context of

the neuron survival and regeneration. These investigations consistently demonstrate

that the presence of NCAM, in a dose-dependent manner, effectively enhances neurite

outgrowth [110–113, 150].

In comparison to the aforementioned findings, our study revealed that the max-

imum elongation occurred specifically when utilizing NCAM and N-Cad/NCAM func-

tionalized surfaces. Upon reviewing the literature, it becomes apparent that cell behav-

ior displays significant variability, primarily in response to the concentration or dose-

dependent administration of molecules. This variability is further influenced by the

specific types of CAMs and the manner in which they are presented [18, 147, 151–154].

As previously mentioned, Cherry et al. discovered that the use of a low concentration

of N-Cad-Fc resulted in enhanced neuronal differentiation and the outgrowth of neu-

rites. They applied human N-Cad-Fc at various concentrations ranging from 0.6875

to 5.5 µg/mL, either alone or in combination with 10 µg/mL of human L1-Fc. The

researchers concluded that the density of N-Cad presented on the surface influenced

the localization of cellular N-Cad, indicating its role in directing cellular response and

function. This finding led them to suggest that low N-Cad-Fc substrates more ac-

curately stimulate native N-Cad-mediated cell-cell contacts [18]. In our experiments,

we observed similar effects concerning the impact of concentration. Our N-Cadherin

modification also led to neurite outgrowth, although not to the same extent as ob-

served with NCAM or the combination of N-Cad/NCAM. This disparity in outcomes

may be attributed to the concentration utilized, which was 5 µg/mL, similar to the

highest concentration mentioned in the article. Despite the fact that N-Cadherin has

been reported to exhibit greater extensions compared to PLL in certain studies, we

did not observe any statistically significant differences between the two groups, which

may again be attributed to the concentration used [17, 155]. Furthermore, NCAM

activation has long been linked to enhanced neurite extension length and induction of

specific neural phenotypes, but it is worth noting that the same dose-dependent rela-

tionship applied to these molecules [90, 151, 156]. In the study conducted by Meiri et
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al. the quantification of neurite outgrowth in cerebellar neurons was performed using

different concentrations. The results demonstrated that 5 µg/mL of soluble NCAM-

Fc exhibited the highest response compared to other concentrations [151]. Based on

this finding, it is reasonable to assume that our NCAM modification may yield a sim-

ilar outcome, as we are employing the same concentration of NCAM to the surfaces.

Doherty et al. also conducted a study where they investigated the relationship be-

tween NCAM expression levels and neurite outgrowth by analyzing the morphology

of cerebellar neurons cultured on 3T3 cells transfected with NCAM. They found that

a minimum level of NCAM expression on 3T3 cells was necessary to initiate neurite

outgrowth, and beyond this threshold, there was an exponential increase in neurite

outgrowth with higher NCAM levels [150]. The outcomes achieved within this thesis,

combined with the findings of the study, offer compelling evidence regarding the dis-

tinct effects of N-cadherin and N-CAM molecules on cellular dynamics, highlighting

the significance of different concentrations in shaping the length of neurite outgrowth.

These observations align with the existing literature on the subject, further strength-

ening our understanding of the topic. When considering the result of the combinations

of molecules, one could speculate that the influence of NCAM may decrease as a result

of the concentrations being halved for each molecule, regardless of the overall concen-

tration. Nevertheless, an alternative viewpoint suggests that these mixtures create a

state of equilibrium and collectively enhance neurite formation through a synergistic

effect, especially when taking into account the notion that N-Cadherin tends to be

more effective at lower concentrations [150].

This study introduces a novel finding by establishing a positive association be-

tween NCAM and N-Cad/NCAM combination coatings and the survival and outgrowth

of neurons. It is crucial to recognize that the ability of neurite regeneration has the

potential to minimize neuronal cell death, leading to improved biocompatibility of im-

plants. Consequently, this capability can contribute to prolonging the lifespan and

enhancing the effectiveness of the implant, thereby preventing a decline in the quality

of signal measurements.

Prior investigations on NCAM coatings have either failed to yield significant
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results or focused solely on neuronal adhesion. Furthermore, to the best of our knowl-

edge, the synergistic effect of N-Cad/NCAM coatings has not been thoroughly ex-

amined in previous studies. Consequently, these findings offer great potential for the

advancement of neurological devices by shedding light on the underlying mechanisms

of CAM molecule interactions. This comprehension can unlock opportunities for pio-

neering modification techniques designed to enhance compatibility and effectiveness in

the field.

3.6.1 Long-term Implications of Coatings and Future Prospects

As previously stated, the dynamic responses of cells at the electrode-tissue inter-

face presents obstacles for the long-term clinical application of neural prosthetic devices.

According to the research findings, there is a significant decrease in the functionality

of electrodes starting from the first month of implantation [31, 157, 158]. Hence, re-

searchers directed their efforts towards developing next generation implants with high-

performance capabilities, aiming to enhance long-term biocompatibility. Currently, the

application of scaffolds or surfaces for introducing CAMs has been limited to a small

number of studies, particularly in terms of in vivo applications. However, there are

studies indicating that these molecules have been effectively utilized up to 8 weeks of

post-implantation without any adverse reactions or complications [11, 14, 159]. For

example, Kolarcik et al. conducted a study examining acute and chronic responses

over 1 or 4-week durations. The results showed notable findings with L1 immobilized

electrodes. Specifically, a reduction in the rate of neuronal cell death was observed

near the implant site in both the spinal cord (SC) and dorsal root ganglion (DRG)

regions at both time points. Moreover, during the 4-week duration, there was evidence

of a diminished "kill zone" in the SC regions, suggesting potential axonal regeneration

to some extent [159]. In a prior study preceding this research, the modification of

the same molecule on silicon probes was found to enhance neuronal density at acute

(1 week) and as well as chronic (4 and 8 weeks) time intervals during in vivo stud-

ies [16]. The studies employed various approaches, including molecule adsorption or

chemical modification, to achieve electrode modifications on the electrode surfaces and
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they demonstrated that the stability of the modifications remained intact through-

out the respective time periods. These investigations demonstrate the potential of

cell adhesion molecules for long-term applications. Based on the findings, it can be

concluded that our chemical modification method has also exhibited stability over a

duration of approximately two weeks, as evidenced by the results of neurite exten-

sion. The DSP crosslinker is a well-established agent used in the process of modifying

gold surfaces, employing a straightforward single-step covalent bond reaction. It is

commonly applied for the attachment of antibodies, enzymes, and proteins onto gold

surfaces, particularly in biosensor applications. Importantly, successful utilization of

DSP modification has been demonstrated in both in vitro and in vivo studies, even

over extended incubation periods, showcasing its effectiveness [160, 161]. Based on the

aforementioned findings, it is evident that this modification method not only demon-

strates a safe approach but also holds substantial potential for achieving successful

outcomes in long-term research studies. Furthermore, the utilization of CAMs has

been found to offer several advantages over traditional coatings such as laminin and

PLL, specifically in terms of promoting long-term neuronal attachment, survival, and

regeneration [17, 110, 147, 148, 155, 162–164]. In addition to these beneficial proper-

ties of CAM molecules, research studies have indicated their potential in inhibiting the

formation of glial scars by reducing the activation of astrocytes and microglia or pre-

venting the adhesion of these cells to the surfaces [19, 108, 113, 153, 165]. Hence, the

utilization of CAM molecules can provide significant benefits by concurrently reducing

glial scar formation and promoting neurite outgrowth. This attribute holds particular

value in attenuating secondary damage induced by the release of inflammatory factors

from these cells and extending the lifespan of the electrode. One challenge may arise

due to the specificity of cell adhesion molecules in the context of surface modification

and scaffold design intended for multiple cell types [96]. Hence, it is of importance

to meticulously choose cell adhesion molecules that align with the desired cell types.

To address this limitation, it may be necessary to implement supplementary strate-

gies, such as incorporating multiple cell adhesion molecules or exploring alternative

functionalization techniques. Furthermore, it is crucial to consider the interplay and

synergistic effects among different CAMs. Our study, as well as other relevant research,

provides compelling evidence of the positive outcomes associated with these interac-
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tions [17, 18, 148, 150]. By precisely adjusting and identifying optimal concentration

of CAM molecules, their collective efficacy can be maximized in improving the bio-

compatibility of implants. This is due to the fact that these CAM molecules indirectly

intersect through shared pathways, such as FGFR and MAPK/ERK, further enhancing

their overall impact [166, 167]. In addition to the combination of CAM molecules, the

co-delivery of soluble and physical factors can be considered to enhance therapeutic out-

comes. It should be emphasized that in cases of prolonged and severe inflammation, the

aforementioned effects may not be fully effective. In such scenarios, a multi-faceted ap-

proach combining this system with supplementary methods, such as the incorporation

of soft or dissolvable materials, the delivery of anti-inflammatory medications, or the

inclusion of bioactive cues, may advance the process to a greater extent *[17, 150, 168–

171]. For instance, the study by Doherty et al. demonstrated that combining nerve

growth factor (NGF) with N-Cad can increase neurite outgrowth. Similarly, in the

work by Collazos et al. the introduction of CAMs to conductive polymer PEDOT:PSS

resulted in functional electrodes that maintained their electrical activity [17, 150, 171].

Xu et al. also utilized recombinant L1-Fc coated polyglycolic acid-chitosan conduit to

promote guided regeneration and remyelination of injured optic nerves. Through the

biodegradable nature of PGA-chitosan, in vivo experiments demonstrated substantial

axonal regeneration, alongside the absorption of the conduit [172]. The potential of cell

adhesion molecules extends beyond neural-electrode interfaces in neuromodulation and

neuroprosthetic systems, as previously mentioned, showcasing their versatility in var-

ious applications. Their versatility for modification extends beyond neural-electrode

interfaces in neuromodulation and neuroprosthetic systems to encompass neural tis-

sue engineering applications, including the utilization in nerve guidance conduits or

drug delivery particles [2, 173, 174]. Depending on the materials employed, these

molecules can be applied through chemical crosslinking and biochemical conjugation

techniques, especially when long-term functionality is required. Moreover, they can

also be entrapped or immobilized within scaffolds, particularly hydrogels commonly

used in neural tissue engineering applications [161, 174, 175]. Therefore, their adapt-

ability to different systems and their potential for long-term applications make them a

promising choice for advancing implant studies and neural tissue engineering. The in-

tegration of cell adhesion molecules with cutting-edge advancements is another crucial
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aspect to consider in this context. Recent technological advancements have played a

significant role in advancing the utilization of wireless equipment or fully-implantable

devices [64, 176]. These advancements have introduced flexible and soft versions of

electrodes that exhibit enhanced compatibility with neural tissue, while also minimiz-

ing the motion of the electrodes through size reduction or the creation of freely-floating

designs [177–179]. However, despite these remarkable developments, challenges persist

in areas such as material selection, electronic circuitry, and implantation techniques.

Furthermore, despite advancements in neuromodulation technologies such as optoge-

netics, which eliminate the necessity of electrode insertion in specific applications, the

majority of operations still rely on electrodes for direct acquisition of neural signals

[180]. Thus, the integration of cell adhesion molecules remains crucial for current ap-

plications, serving as a hallmark in addressing these challenges. To summarize, the

results of this part of thesis provide valuable insights that contribute to our under-

standing of the field of neural interfaces. However, to gain a deeper understanding

of cell behavior and their long-term outcomes, it is imperative to diligently monitor

and assess various types of neurons on NCAM and N-Cad/NCAM coatings in future

studies. It is also crucial to comprehend how the CAMs utilized in this investigation

contribute to reducing the formation of glial scars, as this knowledge can enhance the

compatibility of devices. To attain a comprehensive understanding of their utilization

and the impact on signal acquisition or transmission, further investigation is required to

explore the combined influence of electrochemical properties and coatings. Moreover,

conducting in vivo studies that encompass all the aforementioned aspects is necessary

to assess the safety and long-term effects of these surfaces. Despite the limited existing

studies demonstrating positive results of these molecules, there remains a significant

gap in knowledge that needs to be further addressed and explored. Shedding light on

this aspect is crucial for advancing our understanding in this field [17, 171].
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4. Assessing Astrocyte Responses to Surface Modifications

This section of the thesis was conducted at the Institute for Technology-Inspired

Regenerative Medicine (MERLN), with the cell studies specifically performed within

the Department of Pharmacology-Toxicology of Maastricht University. The primary

objective within this part of thesis was to investigate how glial fibrillary acidic pro-

tein (GFAP) levels of astrocytes change when exposed to surfaces coated with various

molecules, including those modified with NCAM. It is noteworthy that the expression

of GFAP increases in circumstances marked by cellular damage or inflammation, as

also observed in the case of glial scar formation. This broader objective aimed to

not only gain a deeper understanding of these responses but also to explore potential

strategies for reducing the formation of glial scars around neural implants. According

to existing literature and the study we have conducted and discussed previously, it is

apparent that NCAM is a molecule recognized for its supportive role in neurons. Si-

multaneously, it has been observed to exert inhibitory effects on astrocytes [104–106].

With this objective in mind, a constrained study was carried out to evaluate the im-

pact of NCAM on astrocytes. Additionally, Col-I modified surfaces were chosen as the

negative control substrate due to recent findings suggesting a substantial increase in

collagen content within the extracellular matrix (ECM) following brain injury, which

contributes to formation of scar tissue.

Numerous studies employ Col-I not only for structural support but also to con-

struct 3D models simulating glial scar formation in cell culture models. In this study,

our assessment was intentionally directed towards 2D surfaces, with the primary aim

of conducting a thorough comparison of the impacts stemming from coatings and mod-

ifications. This approach facilitated meticulous consideration of the precise concentra-

tions of molecules utilized in the experiments.

Another objective was to induce a response in astrocytes through the application

of Lipopolysaccharides sourced from Escherichia coli (LPS). This particular compound
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constitutes a significant part of the cell wall in gram-negative bacteria. It possesses

highly immunogenic properties, effectively boosting immune responses [181]. The ob-

jective was to attain a thorough comprehension of glial fibrillary acidic protein (GFAP)

expression in C8D1A cells, with particular attention to its modulation by different con-

centrations of LPS.

4.1 Optimization of Surface Coatings and Cell Studies

4.1.1 Optimization of Surface Coatings

In this investigation, various surface coating methods were explored, including

the modification of surfaces with the cell adhesion molecule, specifically NCAM, to

assess their impact on astrocyte cells. A positive control (PDL or PDL/Laminin) was

utilized to promote cell attachment and serve as a benchmark for comparing previously

established cell behavior with NCAM modified surfaces. Simultaneously, a negative

surface coating (Collagen-I) was employed to induce reactivity in astrocyte cells.

To achieve this objective, as an initial trial, glass coverslips were coated with

poly-D-lysine (Sigma, P6407), a synthetic polymer with positive charge that promotes

cell adhesion through interaction with the negatively charged ions on the cell mem-

brane. This widely employed molecule in neural cell studies has been utilized to inves-

tigate cell responses to the modified surfaces [182–184].

With the objective in mind, glass coverslips (12 mm) were immersed in a 70%

ethanol solution and placed on a rotator for 1h. After discarding the ethanol, the

coverslips were rinsed with cell culture-grade water (HyClone, Cytiva). Subsequently,

the coverslips were positioned on clean O-rings within a petri dish, and excess water

was removed using a vacuum line. Poly-D-lysine (PDL), intended for use as the positive

control, was prepared by diluting the stock solution (1 mg/ml) with cell culture-grade

water to create a working solution (50 µg/mL). This prepared solution was gently

added to the coverslips, with 150 µL applied to each, and then left to incubate at RT
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for 1 h. Following solution removal by aspiration, the coverslips were transferred to

non-treated 24-well plates. Subsequently, the coverslips were rinsed with sterile water

and any excess water was aspirated.

The research also progressed by implementing PDL/Laminin and Collagen-I

coating techniques. PDL/Laminin represents another established standard extensively

utilized in studies involving neural applications [185, 186]. To achieve this objective, a

PDL/Laminin solution was prepared by combining PDL and Laminin in a PBS solution

at ratios of 1:100 and 1:50, respectively. This solution was applied to each coverslip

(150 µL per coverslip) and left to incubate overnight.

A negative control utilizing a Col-I coating was also used to explore the pos-

sibility of stimulating astrocytes, inducing a shift from their ramified (resting) state

to a reactive state [187–189]. As a result, it is expected to observe an increase in the

expression of the glial fibrillary acidic (GFAP) protein, which is a key intermediate

filament protein found in astrocytes. This expectation was based on the fact that the

expression of these proteins typically rises in cases of cellular damage or inflammation.

For this purpose, a working solution of collagen type I was prepared by diluting it in a

20 mM (0.02M) acetic acid solution at a 1:200 ratio, resulting in a final concentration

of 50 µg/mL. Similarly, the working solutions were added to the coverslips and incu-

bated for 2 h at 37°C. Throughout the preparation process, all solutions mentioned

were maintained on ice.

Following the incubation periods, the solutions were removed, and the coverslips

were initially transferred to non-treated 24-well plates and rinsed with PBS.

4.1.2 Preparation and Modification of Gold Surfaces

Au-coated 15 mm borosilicate float glass coverslips were cleaned according to

the procedure outlined in section 3.1. To introduce N-hydroxysuccinimide (NHS) ester

groups, the gold surfaces were immersed in a solution of 4 mg/mL DSP dissolved
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in DMSO for a duration of 30 minutes at RT. After the DMSO and water rinsing

procedure, the surfaces were placed on O-rings and underwent immediate covalent

functionalization with NCAM (Sino Biological, 80399) for a duration of 2h at RT.

This process was carried out using a total protein concentration of 5 µg/mL NCAM

in phosphate buffered saline (PBS) (1X, pH 7.4). Following functionalization, the

surfaces were washed with PBS and made ready for cell culture experiments. Cleaned

uncoated surfaces were also reserved serving as plain (control) surfaces. To prepare

the negative and positive control samples, the same procedure outlined in section 4.1.1

was employed. The cleaned gold surfaces, positioned on O-rings, were coated with a

working solution of Poly-D-lysine (PDL)/Laminin and Col-I.

4.1.3 Cell Culture

The studies involved the use of C8-D1A [Astrocyte type I clone] cells which

were generously provided by Prof Sebastien Foulquier to investigate astrocyte cell be-

havior on modified neural surfaces. C8-D1A cells, derived from mouse cerebellum, are

employed in neuroscience research studies for their astrocytic properties [190–192].

C8-D1A cells were cultured in growth medium comprising DMEM high glucose

supplemented with GlutaMAX, pyruvate, 10% heat-inactivated FBS, and 1% peni-

cillin/streptomycin. The growth medium was renewed every 2-3 days. Upon reaching

70% confluency, the cells were trypsinized using 0.25% (w/v) trypsin-EDTA solution

for 3 min and subsequently transferred to a 15 mL tube. After that, the cells were

centrifuged at 125g for 5 min, and the supernatant was discarded. The cells were re-

suspended in 1 mL of complete medium for counting procedure. Cells within passage

numbers 8-25 were utilized for these experiments.

For freezing the cells, the cells were subcultured. The medium was aspirated,

and a 0.25% (w/v) trypsin-EDTA solution (3 mL for T75 flask) was introduced into

the flask, followed by a 3 min incubation. Once the cells detached, 10 mL of com-

plete growth medium was added, and the cells were gently pipetted into 15 mL tubes.
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Following centrifugation at 125g for 5 min, the supernatant was removed. The cells

were resuspended in 1 mL of freezing medium A, containing complete growth medium

with 20% FBS, for each T75 flask. Subsequently, the cells were aliquoted into cryovials

at 0.5 mL per vial, and 0.5 mL of freezing medium B, containing 10% DMSO, was

gradually added drop by drop. The vials were labeled and placed in a freezing tube,

kept at -80°C overnight, and then transferred to liquid nitrogen.

In all these experiments, cell seeding concentrations ranging from 2.2x104 to

5x104 cells/mL were used, depending on the specific application and surface area.

4.1.4 Optimization of LPS and Its Impact on Cellular Response

For this specific set of experiments, cells were introduced to 12 mm PDL/Laminin

coated glass coverslips. Following a day from the initial cell seeding, the cells under-

went treatment with both low and high concentrations of LPS (Sigma, L4391) for a

duration of 24 h. Control wells without LPS treatment were set up, along with negative

control cells for antibody staining. After conducting thorough literature research, the

concentrations were established at 200 ng/mL for the low concentration and 1 µg/mL

for the high concentration of LPS [190, 191].

4.1.5 Immunocytochemistry

For the assessment of astrocyte reactivity and proliferation in C8-D1A cells

across various substrates, a 3-day culturing period was employed. At the conclusion

of this period, a 4% working solution of formaldehyde was prepared by diluting a 37%

formaldehyde stock solution (Sigma, 252549) in PBS. The samples were then fixed in

this formaldehyde solution for 10 min at RT, followed by PBS rinse. Following fixation,

permeabilization was carried out using Triton X-100 (0.1% v/v) (Merck, T8787) for 5

min. Subsequent to PBS wash, blocking was performed for 1h at RT using a solution

composed of 5% bovine serum albumin (BSA) and 0.1% Tween 20 (Sigma-Aldrich,
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P9416) in PBS. Subsequently, the samples were positioned on O-rings and treated

with 150 µL of the primary antibody each, namely GFAP (Polyclonal Sheep IgG)

(1:100) (RD Systems, AF2594). This step was executed utilizing a solution comprising

a wash buffer, which was achieved by diluting the blocking buffer solution at a ratio

of 5:1. This was followed by a 2h incubation at 37°C within a humidified chamber.

Cells assigned to the negative control groups were subjected to incubation in a 1%

BSA with 0.1% Tween 20 solution instead. After thorough buffer rinsing to eliminate

unbound antibodies, the secondary antibody, Donkey anti-Sheep IgG (H+L) cross-

adsorbed (1:250, Alexa Fluor™ 647) (Invitrogen, A21448), was applied in wash buffer

and incubated under the same conditions. Finally, the cell cytoskeleton and nuclei were

stained using Alexa Fluor 488 conjugated phalloidin (Invitrogen, A12379) and Hoechst

33342 (Invitrogen, H1399), respectively. Sample visualization was achieved using a

fluorescent microscope (Nikon Eclipse Ti-E) with a 20X objective lens. To ensure

the integrity of quantitative analysis, a minimum of three distinct regions within each

of the five samples (n=5) was systematically selected and examined. Moreover, it is

important to note that our study encompassed two independent biological replicates,

further enhancing the validity of our findings.

The quantification analysis was executed through the utilization of ImageJ2,

where a customized script was employed to facilitate the quantification of fluorescence

intensity. Briefly, the code duplicates the phalloidin channel, applies thresholding to

segment regions of interest, converts the thresholded image to a binary mask, creates

a selection from the mask, and then measures various properties of the selected region.

This process is repeated for GFAP channel, and the resulted mean values are stored.

This code was designed to automate the analysis of fluorescence images. By automating

the process, data analysis was streamlined, leading to consistent results. This approach

facilitated the efficient quantification and comparison of fluorescence data across a

multitude of images.

The same staining protocol was applied for the LPS experiments as well. Sample

visualization was achieved using the same fluorescent microscope with a 20X objective

lens. To maintain the reliability of the quantitative analysis, a minimum of six distinct



50

regions within each of the three samples (n=3) were systematically chosen and scruti-

nized. Quantification was conducted using ImageJ2, utilizing the same script as in the

experiments mentioned above, with the sole modification being the adjustment of the

threshold. Subsequent analyses were conducted using GraphPad Prism.

4.1.6 Statistical Analysis

The statistical analysis of the experiments was performed using GraphPad Prism

9.3.1. The results were analyzed via non-parametric Kruskal-Wallis test with Dunn’s

post-hoc multiple comparison test following the Shapiro-Wilk normality test. Data

were represented as median ± quartiles supplemented by the mean. In the LPS groups,

a one-way analysis of variance (ANOVA) was applied, followed by a Dunnett’s post-

hoc multiple comparison test for statistical analysis. The results were considered as

statistically significant where ∗ = p < 0.05, ∗∗ = p < 0.01, ∗ ∗ ∗ = p < 0.001, ∗ ∗ ∗∗

= p < 0.0001.

4.2 Results

4.2.1 Refined Surface Coating Strategies and Cell Responses

In the presence of PDL coating, cell aggregation occurred, leading to suboptimal

dispersion on glass coverslips when compared to conditions on TCP, which produced

more favorable outcomes. Following the acquisition of these outcomes, the experiments

were repeated to ascertain whether the challenge originated from the coating. Addi-

tionally, the samples were incubated once more at either RT or within a 37°C incubator

for 1h. Nevertheless, consistent outcomes were achieved.
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Figure 4.1 Bright-field images of C8D1A cells on PDL coated glass coverslips (left) and TCP surfaces
(right). (The images were captured using a phone camera due to the absence of a camera system on
the microscope.)

Cells adhered and proliferated on the surfaces coated with PDL/Laminin and

Col-I. There were observed clumps on the surfaces coated with Col-I, alongside cells

that adhered less uniformly. This raised concerns that Col-I might not be promoting

effective cell spreading. However, following procedure optimization and adjustment of

cell numbers, the Col-I method was successfully employed. The use of PDL/Laminin

as a positive surface coating and Col-I as a negative surface coating was continued for

the subsequent experiments.

4.2.2 Immunocytochemistry Results

The data obtained from gold surface experiments were assessed using median

values as reference points, and mean values were additionally represented as white dots

on the graph (Figure 4.2).
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Figure 4.2 Quantification of GFAP intensity levels on unmodified and coated 2D gold surfaces. Data
were analyzed via non-parametric Kruskal-Wallis test with Dunn’s post-hoc multiple comparison test,
comparing control vs. surface modifications; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
(n=5, N=2).

There were no statistically significant differences observed when compared to

the control surfaces. Contrary to our initial expectations, the mean GFAP intensity

values on PDL/Lam surfaces were not significantly lower when compared to the plain

gold surfaces. In terms of median values, PDL/Lam surfaces exhibited higher medians.

Nevertheless, the intensity values on PDL/Lam coated surfaces demonstrated a more

consistent distribution, with the median and mean values closely aligned. In contrast,

GFAP intensity on plain gold surfaces exhibited variability, resulting in higher intensity

values, even though the median was lower than PDL/Laminin.

On the contrary, Col-I produced unexpected results, showing a more desirable

distribution pattern and lower intensity values. This contrasts with the initial hy-

pothesis that Col-I had the potential to induce astrocyte reactions [187, 193]. Moving

forward, the NCAM surfaces displayed a broader distribution of intensity values, along
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with higher mean and median values that were closely aligned. This convergence of

mean and median values might suggest a balanced distribution, implying that NCAM

could potentially modulate astrocyte responses, either mitigating or provoking them.

In the LPS experiments, as illustrated in Figure 4.3, the greatest intensity was

observed at a concentration of 1 µg/mL LPS. In this specific experiment, both LPS

treatments demonstrated effectiveness, and a noticeable trend of increased GFAP pro-

tein expression in C8D1A cells was observed with rising LPS concentrations. However,

statistically significant differences were only observed between the control group (with-

out LPS) and the high concentration group (1 µg/mL).

Figure 4.3 Effect of high concentration (1 µg/mL) and low concentration (200 ng/mL) of LPS
on C8D1A cells cultured on glass coverslips. One-way analysis of variance (ANOVA) was applied,
followed by a Dunnett’s post-hoc multiple comparison test, comparing control (w.o LPS) vs. low and
high concentration of LPS treatments; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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4.3 Discussion

During the surface coating experiments, it was noted that PDL-coated surfaces

formed clumps at the surface, and proper dispersion did not occur. This phenomenon of

clustering has also been observed and documented in the research conducted by Stil et

al., revealing that the adsorption of PDL, particularly on glass surfaces, tends to result

in the formation of cell clusters after a few days [19]. Following successful optimiza-

tion with PDL/Laminin and Col-I coatings, it was determined to proceed with these

molecules for the subsequent experiments. In the experiment involving the surface

modification of gold, it was noted that NCAM modified surfaces displayed a broader

range of GFAP intensity distribution when compared to the other surface treatments.

Despite the findings in the literature, it is not possible to definitively conclude a spe-

cific assumption regarding the inhibitory effect of the NCAM molecule on astrocyte

reactivity. However, it can be postulated that NCAM may have a dual effect, mean-

ing it might either decrease or increase the expression of GFAP, depending on specific

conditions or factors. Furthermore, these effects may vary from cell to cell. Regarding

Col-I, an intriguing contrary effect has been observed compared to the findings in the

literature. In many studies, it has been noted that the prevention of glial scar forma-

tion can be achieved by blocking the interaction between reactive astrocytes and type I

collagen [194, 195]. Hence, it can be suggested that in the presence of Col-I, astrocytes

should transition to a reactive state and express GFAP more prominently than in their

ramified state. However, this did not occur in this particular case. Furthermore, in

prior studies, it was noted that primary astrocytes obtained from rats and cultured

in appropriate Col-I concentrations maintained a relatively less activated or "naive"

phenotype in contrast to those cultured in a 2D environment [196, 197]. Hence, it

can be concluded that the role of Col-I remains a subject of debate, and the response

of astrocytes to Col-I may also vary depending on factors such as concentration, cell

type, and other variables. In terms of cell type, specifically for this particular cell type,

while the study conducted by Hawkins et al. suggests that C8D1A cells in Col-I gel

display reduced levels of GFAP compared to their 2D counterparts, there is a dearth

of equivalent data to support this assertion [193]. Moreover, based on our current un-

derstanding, no other research is accessible to either support or challenge the influence
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of GFAP expression on C8D1A cells. Considering the potential for varying responses

among different cell lines to external stimuli, it is conceivable that the C8D1A cell

line might demonstrate a distinct reaction to Col-I within a 2D environment. This

specific response pattern could potentially deviate from the broader trends observed

in other astrocyte cell lines. This phenomenon underscores the intricate nature of

cellular behavior and the significance of acknowledging cell line-specific nuances to ac-

curately interpret experimental outcomes. As a reference for future studies, we also

examined the impact of varying LPS concentrations on GFAP intensities for this spe-

cific cell type. The LPS experiments demonstrated that a concentration of 1 µg/ml of

the molecule could effectively prompt astrocytes to shift from a ramified to a reactive

state. This transition was evident in the GFAP intensity results, showing statistically

significant differences when compared to control surfaces. Conversely, a concentration

of 200 ng/ml was found to be insufficient to induce this transition and did not exhibit

statistically significant differences from the control surfaces. Nevertheless, it is advis-

able to conduct further optimization to ensure the stability of the molecule’s effect in

future research endeavors.
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5. CONCLUSION

In the initial segment of this thesis, our findings demonstrate that cell adhesion

molecule modified surfaces, particularly NCAM and N-Cad/NCAM modified, have the

potential to be used in the fabrication of neuroprosthetic devices in respect to their

biocompatible and neurite extension features. Moreover, DSP facilitated molecule

modification provides feasible functionality as well as shortening the modification time.

With this method, covalent modification of PLL was also indirectly compared with

adsorbed PLL and there were no significant differences found between two groups.

Therefore, either method can be used interchangeably, however the effect on long-term

cell culture stability should be kept in mind. Additionally, a combination of the cell

adhesion molecules was involved in this study to explore the synergistic effect of the

molecules. While there is evident interaction with the cells, further optimization of

this combination is necessary by investigating the effects of varying concentrations of

each molecule.

In the subsequent section of this thesis, we explored the effects of various sur-

face coatings on astrocyte behavior and GFAP expression, with a particular focus on

understanding the mechanisms underlying glial scar formation and seeking potential

solutions to mitigate it. NCAM-modified surfaces revealed a broader range of GFAP

intensity distribution, which challenged previously held assumptions regarding astro-

cyte reactivity. Furthermore, taking into account the divergent outcomes we observed,

it becomes evident that the function of Col-I is multifaceted, accentuating its intricate

and complex impact on astrocyte behavior. Additionally, the study emphasizes the

importance of adopting a detailed and context-dependent approach when investigat-

ing astrocyte behavior and the involvement of surface coatings in diverse experimental

scenarios. LPS experiments also shed light on the potential for astrocyte transition at

specific concentrations.

In summary, the modification of cell adhesion molecules holds promise for en-
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hancing neuroprostheses and uncovering valuable insights in pursuit of new pathways

to improve interfaces. These modifications may enhance neuronal survival and promote

biocompatibility. However, our research underscores the intricate nature of interactions

between surfaces and astrocytes, emphasizing the need for a thorough exploration to

gain a comprehensive understanding of neurobiology and tissue engineering.
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