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Abstract 

Implantable bioelectronic devices promise precise diagnosis and therapy, yet their durability is 

often decided at the interface where metal meets living tissue. Mechanical mismatch, and 

nonspecific biofouling trigger glial activation and fibrotic encapsulation that compromise 

device’s performance. Coating the surface of the metals with organic layers can serve 

as a promising strategy to improve the biocompatibility of bioelectronic devices. Nevertheless, 

even when device performance is improved in the short term, many coatings struggle with poor 

long-term adhesion and limited chemical control of cell interactions, all of which constrain 

reliable, chronic operation. 

This thesis responds to the current needs in biomedical sector by introducing ultrathin, 

covalently anchored organic layers that are molecularly programmed to couple electrical 

stability with biological selectivity. Pro-adhesive ligands have been used to develop neuron-

preferring surfaces that enhance neural adhesion and differentiation while tempering astrocytic 

responses. Adhesion-promoting interlayers have been used to stabilize conducting polymer 

films without compromising their conductive and capacitive behavior. Composition-tuned 

mixed monolayers have been introduced as a way to provide fine control of wettability and 

interfacial charge, supporting neurite outgrowth while limiting astrocytic branching. Together, 

these outcomes yield clear structure-function design rules and a modular, scalable strategy for 

building reliable, long-lived, and multifunctional bioelectronic interfaces advancing the 

practical engineering of next-generation neural electrodes and implantable biosensors. 
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Streszczenie 

Wszczepialne urządzenia bioelektroniczne mogą zrewolucjonizować diagnostykę i terapię 

wielu chorób, lecz o ich trwałości wciąż przesądzają zjawiska występujące na granicy kontaktu 

metalu z żywą tkanką. Niedopasowanie mechaniczne oraz nieselektywne pokrycie 

powierzchni biocząsteczkami i komórkami powoduje aktywację komórek glejowych 

i powstawanie blizny glejowej, a w konsekwencji zmniejszenie wydajności urządzenia. 

Pokrycie powierzchni metalu warstwą organiczną uważane jest za skuteczny sposób 

na zwiększenie biokompatybilności urządzeń biomedycznych. Niemniej jednak, poprawa jest 

zwykle krótkotrwałą, wiele powłok bowiem nie wykazuje wystarczająco dobrej adhezji 

do podłoża, w ograniczony sposób oddziałuje z komórkami organizmu, co ogranicza 

długotrwałą skuteczność działania urządzenia. 

Niniejsza praca odpowiada na te wyzwania poprzez wprowadzenie ultracienkich, 

kowalencyjnie unieruchomionych warstw organicznych, programowanych molekularnie tak, 

aby łączyły stabilność elektryczną z selektywnością biologiczną. Wykorzystanie związków 

proadhezyjnych umożliwiło uzyskanie powierzchni preferujących interakcje z neuronami, 

które wzmacniają ich adhezję i różnicowanie, a jednocześnie łagodzą odpowiedź astrocytów. 

Właściwości proadhezyjne powłok wpłynęły również na poprawę stabilności osadzonych 

warstw polimerów przewodzących, zachowując ich wysokie przewodnictwo elektryczne 

i pojemność elektryczną. Mieszane monowarstwy o regulowanym składzie zapewniły 

precyzyjną kontrolę zwilżalności i ładunku międzyfazowego, promując wzrost neurytów przy 

równoczesnym ograniczeniu rozgałęziania astrocytów. Wyniki te pozwalają na opracowanie 

jasnych zasad projektowania powłok biomedycznych oraz modułowej, skalowalnej strategii 

tworzenia trwałych i wielofunkcyjnych interfejsów bioelektronicznych, które przyczyniają się 

do rozwoju praktycznej inżynierii elektrod neuronowych i wszczepialnych biosensorów nowej 

generacji. 
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Nomenclature  

AB Aminobenzene  

AB/PL/EDC AB layer with poly-L-lysine covalently immobilized via EDC coupling 

AB/PL/LM/EDC AB layer with covalently co-immobilized poly-L-lysine and laminin via 

EDC coupling 

AC Alternating current  

ACN Acetonitrile  

AFM Atomic force microscopy 

Ag/AgCl Silver/silver-chloride reference electrode 

ATR Attenuated total reflectance  

B27 B-27 neuronal culture supplement 

CPE Constant-phase element  

CSC Charge storage capacity 

CTR Tissue-culture plastic control sample 

CV 

DCM 

Cyclic voltammetry 

Dichloromethane 

DMEM/F12 Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12 

EDC 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide 

EIS Electrochemical impedance spectroscopy 

EMEM Eagle’s Minimum Essential Medium 

EQCM 

EtOAc 

Electrochemical quartz crystal microbalance 

Ethyl Acetate  

FBS Fetal bovine serum 

FD Fractal dimension  

FTIR Fourier-transform infrared spectroscopy 

LM Laminin 

ME 2-Mercaptoethanol 

NB Nitrobenzene  

PBS Phosphate-buffered saline 

PEDOT Poly(3,4-ethylenedioxythiophene) 

PEDOT:PSS Poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) 

PL  Poly-L-lysine 
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PSS Poly(styrene sulfonate) 

RCT Charge-transfer resistance  

Rs Solution resistance  

Sa Arithmetic mean height (areal surface roughness parameter) 

SAM Self-assembled monolayer 

Salt A 

Salt B 

Salt C 

Salt D 

Bis(4-tertbutylphenyl)iodonium hexafluorophosphate 

(4-nitro-phenyl)(2,4,6-trimethylphenyl)iodonium triflate 

Diphenyliodonium chloride 

Bis(4-methylphenyl)iodonium hexafluorophosphate 

SH-SY5Y Human neuroblastoma cell line 

tBu4NBF4 Tetrabutylammonium tetrafluoroborate  

tBu4NPF6 Tetrabutylammonium hexafluorophosphate  

TT 2-Thiophenethiol 

U87 Human glioblastoma-astrocytoma cell line 

UV-Vis Ultraviolet-visible spectroscopy 
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1. Introduction 

The development of implantable biosensors and neural interfaces has transformed modern 

medicine by enabling direct communication between electronic devices and the nervous 

system. These technologies underpin diagnostic platforms, neuromodulation therapies, and 

brain-computer interfaces, where electrodes serve as the critical points of contact with 

biological tissue1. For long-term success, such devices must combine electrical efficiency with 

stable, defined interactions at the tissue-electrode interface2. However, despite decades of 

progress, implant performance remains limited by biofouling, foreign body reaction, and 

mechanical and chemical instability at this delicate interface3–5. 

Noble metals such as platinum, gold, and iridium have long been the standard materials for 

electrodes due to their chemical stability and conductivity. However, the chemical and 

mechanical mismatch between the electrode surface and a living tissue is the factor that triggers 

foreign body reactions, including astrocyte activation and glial scar formation, which insulate 

electrodes and degrade signal quality. Furthermore, metallic surfaces are prone to nonspecific 

protein adsorption which compromise device longevity6,7. 

To address these challenges, various coating strategies have been explored. Conducting 

polymers, particularly PEDOT:PSS, reduce impedance and increase charge transfer while 

offering improved mechanical softness8. Nevertheless, their clinical translation is hindered by 

poor adhesion to metal substrates and delamination under electrical and physiological stress. 

Hydrogel coatings can encapsulate bioactive cues and better mimic tissue mechanics, but their 

swelling behavior and limited durability restrict their application9. Nanostructured carbons 

provide high surface area and excellent conductivity, yet their bioactivity is difficult to control, 

as they lack molecular-level programmability10. 

As a result, there has been a growing interest in molecular coatings that offer precise chemical 

control at the electrode surface. Diazonium electrografting produces thin, covalently bound 

aryl films that resist desorption and can be further functionalized. Iodonium salts, another class 

of aryl donors, provide more reproducible grafting and can act as adhesion promoters for 

polymer films11,12. Thiol-based self-assembled monolayers (SAMs) on gold allow systematic 

tuning of surface wettability, charge, and functional group presentation through controlled 

molecular composition13. These approaches have the potential to stabilize coatings, improve 

electrochemical performance, and induce direct cell-specific interactions. Yet, despite their 
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promise, challenges remain: diazonium films often form highly cross-linked layers that hinder 

controlled modification14; thiol-based SAMs can undergo oxidative degradation in biological 

media; and systematic correlations between molecular design, electrochemical properties, and 

biological outcomes remain underexplored15. 

These limitations point to a critical need for strategies that integrate the robustness of covalent 

chemistry with the selectivity of molecular self-assembly vital requirement for long-term 

implants. This thesis responds to these needs by investigating ultrathin organic layers, prepared 

through electrografting of aryl salts and thiol self-assembly, as multifunctional coatings for 

implantable electrodes. The aim is not only to enhance electrochemical stability but also to 

fine-tune cellular compatibility thereby advancing the design of next generation biointerfaces. 

 

2. Hypothesis and research objectives 

In my research, I hypothesized that surface modification strategies based on ultrathin organic 

layers, formed either through the electrografting of onium salts,  or self-assembly of thiols, can 

be rationally designed to improve cellular compatibility and electrochemical performance of 

metal-based electrodes used in bioelectronic applications. Accordingly, I formulated the 

following research objectives: 

1. To conduct a comprehensive review of the existing literature in order to identify 

research gaps and highlight the most effective strategies for addressing them. 

2. To fabricate stable, covalently anchored organic layers on conductive substrates 

(platinum and gold) via electrochemical reduction of aryl diazonium and iodonium 

salts, enabling further biofunctionalization and conductivity control. 

3. To investigate and compare strategies for immobilizing biologically active molecules, 

such as poly-L-lysine and laminin on diazonium-modified surfaces, using both physical 

and covalent coupling methods. 

4. To improve the adhesion, electrochemical integrity, and mechanical stability of 

conducting polymer coatings by introducing iodonium-based adhesion-promoting 

interlayers and evaluate their impact on charge transfer resistance and capacitive 

behaviour. 
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5. To develop and characterize mixed self-assembled monolayers of selected thiols on 

gold electrodes as a means to modulate surface hydrophilicity, nano-roughness, and 

electrochemical impedance. 

6. To perform comprehensive surface characterization of modified electrodes including 

wettability, topography, and electrochemical impedance combined with biological 

evaluation using cell viability, and adhesion assays. 

The research outcomes have been published in peer-reviewed international journals. This 

doctoral dissertation provides an overview of the key findings, with emphasis on the sections 

that reflect my direct contributions during the PhD. 
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3. Methodology 

This chapter outlines the experimental methodologies employed across the five studies 

constituting the research foundation of this dissertation. The methods were grouped by 

functional objectives, from electrode preparation and chemical modification to 

physicochemical and biological characterization. Each subsection concludes with the relevant 

reference to the associated paper [R1–R5]. 

3.1 Literature studies 

To ensure a comprehensive and up-to-date understanding of the field, the relevant publications 

were searched through different keywords bioelectronic devices, implantable biosensors, 

organic monolayers, self-assembled monolayers (SAMs), diazonium coatings, iodonium salts, 

sulfonium-based monolayers, electrografting, covalent surface functionalization, and surface 

modification techniques. To expand the search and capture studies on clinical relevance and 

device performance, additional terms included biocompatibility, biofouling, bacterial 

colonization, in vivo stability, corrosion resistance, tissue-electrode interface, functional 

coatings, neural electrodes, conducting polymers, thiol-gold chemistry, and flexible and 

biodegradable bioelectronics. Boolean operators (AND/OR) were applied to refine results, for 

example: electrografting AND biomedical electrodes or SAMs AND protein adsorption. Filters 

were applied to include only peer-reviewed articles, particularly from the past decade, to reflect 

recent developments. Preference was given to high-impact journals in bioelectronics, materials 

science, analytical chemistry, and biomedical engineering. Literature was obtained from 

multiple scientific databases: PubMed (http://www.ncbi.nlm.nih.gov/pubmed), Google Scholar 

(http://www.scholar.google.com), Elsevier (https://www.elsevier.com/en), Science Direct 

(http://www.sciencedirect.com), Wiley (http://www.onlinelibrary.wiley.com), Springer 

(http://www.springer.com), and Scopus (http://www.scopus.com) [R1]. 

3.2 Electrode preparation and surface modification 

Platinum-coated and gold-coated Thermanox coverslips (NUNC, Rochester, NY, USA) were 

used as the primary substrates. Platinum sputter-coating was performed using a Q150R rotary-

pump sputter coater (Quorum Technologies, UK), resulting in 78–84 nm thick metallic layers 

with a conductivity of 4.3 × 10⁵ S m-1. Gold sputtering process was done using Emitech K650Xt 

sputter coater with the operating parameters of 25 mA, 1 × 10-3 mbar and time 210 s [R2, R3, 

R4, R5]. Prior to use, substrates were cleaned with deionized water and dried under air. 
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Electrografting of aryldiazonium salts was performed by preparing 3 mM solutions of the 

selected aryldiazonium salt (4-nitrobenzenediazonium (DAZ 1), 4-methoxybenzenediazonium 

(DAZ 2), and 3,5-dichlorophenyldiazonium (DAZ 3)), in 0.1 M tetrabutylammonium 

tetrafluoroborate/acetonitrile (tBu₄NBF₄/ACN) solution. The electrochemical grafting was 

conducted in a three-electrode configuration using a CHI 660C potentiostat (CH Instruments, 

USA), or PalmSens4 (PalmSens, Netherlands) with a platinum wire as the counter electrode, 

Ag/AgCl (3M KCl) as the reference electrode, and coated Thermanox coverslips as the working 

electrode through cyclic voltammetry by applying potential between −0.9 V and +0.5 V (vs. 

Ag/AgCl) for 5 CV cycles at a scan rate of 50 mV s-1 [R2, R3]. Reduction of 4- 

nitrobenzenediazonium salt (DAZ 1) to 4-aminobenzenediazonium salt (DAZ 4) was done in 

the above mentioned three electrode setup in 0.1 M KCl/water:ethanol (9:1 v/v). Cyclic 

voltammograms were collected from 0.2 V to 1.0 V for 5 CV cycles with a scan rate of 50 mV 

s-1 [R2, R3]. 

For the electrografting of diaryliodonium salts, four iodonium derivatives were used: iodonium 

hexafluorophosphate (Salt A), (4-nitrophenyl)(2,4,6-trimethylphenyl)iodonium triflate (Salt 

B), diphenyliodonium chloride (Salt C) and bis(4-methylphenyl)iodonium 

hexafluorophosphate (Salt D) [R4]. Three salts (Salt A, Salt B, Salt D) were dissolved in 

acetonitrile (3 mM of salt in 0.1 M tBu4NPF6/ACN), while diphenyliodonium chloride (Salt C) 

was dissolved in water containing 0.1 M KNO3 as a supporting electrolyte. CV was performed 

for specific potentials for individual salts at 50 mV s-1 under ambient conditions using the same 

electrochemical setup as described previously. 

 
3.3 Functional coating strategies 

Diazonium coated Pt surfaces were coated with Poly-L-lysine (PL) and Laminin (LM) via 

drop-casting PL solution (0.1% w/v, 20 μl - 40 µl) or PL/LM solution (0.1% w/v, 40 µl) on 

diazonium-modified surfaces. In EDC (1-ethyl-3-(3-dimethylaminopropyl)carbodiimide) 

coupling method, the electrodes were submerged into a solution containing 6 mM EDC in a 

phosphate buffered saline (PBS) (one tablet providing a buffer solution containing 0.01 M 

phosphate buffer, 0.0027 M potassium chloride, 0.137 M sodium chloride when dissolved in 

200 ml ultrapure water) in 30 µl of either PL or PL/LM solution [R2, R3]. After 1 hour of 

incubation at room temperature, the electrodes were rinsed and air-dried. Poly(3,4-

ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) films were applied onto 
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iodonium-modified Pt surfaces by drop-casting 200 µl 1.1% PEDOT:PSS water dispersion 

followed by drying at 60°C for 30 min [R4]. 

Thiol-based self-assembled monolayers (SAMs) were prepared by immersing gold-coated 

Thermanox coverslips in binary mixture solutions of 2-thiophenethiol (TT) and 2-

mercaptoethanol (ME) with different composition as shown in Table 1. After 24 hours, surfaces 

were rinsed thoroughly with deionized water and air dried [R5]. 

Sample name 1:0 1:0.5 1:1 0.5:1 0:1 

TT volume, ml 3 2 1.5 1 0 

ME volume, ml 0 1 1.5 2 3 

Table 1. Encoding of investigated samples. 

 

3.4 Electrochemical characterization 

Electrochemical characterization was carried out using cyclic voltammetry (CV) and 

electrochemical impedance spectroscopy (EIS). CV was used to monitor the electrodeposition 

process and determine redox features, while EIS was employed to assess surface impedance 

and capacitive behaviour across 0.1 Hz – 100kHz frequency range, at a DC potential of 0 V to 

0.2 V with an AC amplitude of 50 – 100 mV in PBS solution [R2, R3, R4, R5]. The impedance 

spectra were fitted to equivalent circuit models using the EIS Spectrum Analyzer software16. 

The optimization was performed with Nelder-Mead simplex (NM simp) or Powell algorithms, 

which minimized the χ² error between experimental and simulated spectra, enabling extraction 

of parameters such as RS, RCT, and capacitance. 

The electrochemical studies were performed by means of a potentiostat equipped with a three-

electrode system mentioned earlier. Cyclic voltammograms were collected with a scan rate of 

100 mV s-1 in 0.1 M of a corresponding electrolyte. Charge storage capacity (CSC, mC cm-2) 

was calculated with the use of the following equation:  

𝑪𝑺𝑪 =
𝟏

𝑨 ⋅ 𝒗
න 𝑰(𝑽)𝒅𝑽

𝑽𝟐

𝑽𝟏

 

where: A is electrode area (0.283 cm2), v is a scan rate (V s-1), V is the potential (V) and I is 

current (A). V1 and V2 represent the potential range of a single scan. 
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Capacitance (C, F) of a constant phase element, which works as a pseudo capacitor in the EIS 

circuit [R3], was calculated by the following equation: 

𝑪 =
(𝑸 ⋅ 𝑹𝑪𝑻)

ቀ
𝟏
𝒏ቁ

𝑹𝑪𝑻
 

where Q is the CPE parameter, RCT is the charge transfer resistance (Ω) and n is the CPE 

exponential parameter. 

Electrogravimetric investigations were performed via a time resolved electrochemical quartz 

crystal microbalance (EQCM, CHI 400C, CH Instruments, Texas, U.S.A) using CHI 125 gold 

crystal electrodes. Mass change was correlated with frequency change by the following 

equation:   

∆𝒇 = −
𝟐𝒇𝟎

𝟐

𝑨ඥ𝝆𝒒𝝁𝒒
∆𝒎 

where: ρq means a density of quartz (2.648 g cm-3), µq is a shear modulus of quartz (2.947∙1011 

g cm-1 s-2), A is an electrode surface (0.205 cm2), f0 is a resonant frequency of the fundamental 

mode (Hz), Δm is a mass change (g). For f0 = 7.995 MHz, the mass change correlated to a 

frequency change of 1 Hz is equal to 1.4 ng [R2, R4]. 

3.5 Physicochemical characterization 

Surface morphology was characterized using optical profilometer (Filmetrics Profilm 3D, CA, 

U.S.A) by arithmetic mean height (Sa) parameter according to ISO 25178 [R2, R3] and atomic 

force microscopy (AFM), and particularly CoreAFM Nanosurf, Switzerland with the 

application of a phase contrast (tapping mode) using Tapping Mode HQ:NSC15/AlBS AFM 

Probe (MikroMasch, CA, U.S.A.) [R4], Dimension 3100 AFM operated by NanoScope IIIa 

controller in a tapping mode with the use of a TESPA silicon probe (tip height 10–15 μm, tip 

radius cantilever force constant of 42 Nm-1) [R5]. Surface roughness (Sa) values were 

calculated from 3D images using ImageJ software [R4, R5]. Wettability of the surface coatings 

was analysed by goniometry performed at 20 °C via an optical goniometer (OCA15 

Dataphysics) by suspending 1 µl drop ultrapure water droplets on the investigated surfaces [R2, 

R3, R4, R5]. FTIR spectroscopy (PerkinElmer Spectrum Two IR spectrometer) was conducted 

using ATR mode with a spectral range between 500-4000 cm⁻¹ and resolution of 2 cm⁻¹ to 

confirm surface chemistry [R2, R3]. Additionally, Raman spectroscopy (Renishaw InVia, 
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Renishaw, Wotton under Edge, UK) was used to identify molecular features of aryl and peptide 

coatings [R2, R3, R4].   

3.6 Stability testing 

To assess the impact of iodonium treatment on PEDOT:PSS adhesion, modified electrodes 

were immersed in 2ௗml of PBS and stored in sealed containers for 30 days in the dark to 

minimize evaporation. After ageing, the PBS solutions were analysed via UV-Vis spectroscopy 

(HP 8453, Hewlett Packard), and cyclic voltammetry was performed before and after ageing to 

determine CSC [R4]. To evaluate adhesion strength of PEDOT:PSS films, tape peel test was 

conducted by covering the PEDOT:PSS modified surfaces with a tape, which was removed 

after 30 s, maintaining 90° angle for each sample [R4]. 

3.7 Biological characterization 

Cell-based evaluation was performed using either SH-SY5Y neuroblastoma cell lines [R2, R3], 

U87 derived from glioblastoma cells [R3] or primary mesencephalic cultures from rat embryos 

[R5]. SH-SY5Y cells were seeded at 5×10⁴ cells per cm² on modified electrodes and cultured 

in DMEM/F12 with 10% FBS and 1% penicillin/streptomycin at 37ௗ°C in 5% CO₂. U87 were 

seeded at 5 × 104 cells per cm2 on modified electrodes and cultured in EMEM with 10% FBS 

and 1% penicillin/streptomycin at 37ௗ°C in 5% CO₂. Primary mesencephalic cultures from the 

ventral mesencephalon of rat embryos were dissected from embryonic 14 day rat brains and 

then mechanically dissociated with a pipette, until the tissue was dispersed. Cells were grown 

in a humidified atmosphere of 5% CO2 at 37 °C and cultured in medium (DMEM/F12, 0.033 

M D-glucose, 1% L-glutamine, 1% penicillin/streptomycin , 1% fetal calf serum, supplemented 

with 2% B27). After incubation, cell morphology and coverage were assessed by confocal 

microscopy and automated cell imaging systems (JuLI™ FL, NanoEnTek) [R2,R3]. For 

primary cultures, astrocytes and neurons were differentially labelled using 

immunofluorescence and visualized using confocal microscopy. Fractal dimension analysis 

was performed on neurons and astrocytes using ImageJ and fractal box count method [R5]. 
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4. Results and discussion 

4.1 Surface modification strategies for tunable cell adhesion and neural interface 

biointegration 

4.1.1 Affecting cell adhesion through surface functionalization 

Aryl diazonium salts have emerged as powerful tools for tailoring surface chemistry of 

conductive materials through electrografting, forming covalently anchored, stable, and 

tuneable organic interlayers17. Prior studies have explored diazonium-functionalized surfaces 

for applications such as corrosion resistance, biosensing, and electrochemical tuning18,19. For 

instance, poly(ethylene terephthalate) (PET) surfaces that were functionalized with diazonium 

salts provided a stable platform for covalent grafting of bioactive layers. Coatings such as 

poly(2-hydroxyethyl methacrylate) and fibronectin could be firmly anchored to the modified 

surface of PET, resulting in surfaces that not only supported biosensing functions but also 

improved cell adhesion and facilitated muscle cell differentiation.20. Separately, poly-L-lysine 

(PL) is widely used as a pro-adhesive agent to promote neuronal cell adhesion due to its 

positively charged amine groups, which interact favourably with negatively charged cell 

membranes21. So far, PL has been extensively studied for enhancing neural cell adhesion, 

though typically via simple physisorption or adsorption onto oxide or polymer surfaces22,23. 

However, there is a marked gap in the literature where these two strategies are integrated, 

specifically the use of electrografted diazonium monolayers as covalent anchoring platforms 

for PL in neural electrode interfaces. This interface design could offer not only improved neural 

adhesion and long-term coating stability, but also a platform to investigate how surface-bound 

PL affects both electrochemical and biological performance. 

To address this, I employed three diazonium salts with distinct electronic characteristics 4-

nitrobenzenediazonium (DAZ 1), 4-methoxybenzenediazonium (DAZ 2), and 3,5-

dichlorophenyldiazonium (DAZ 3) chosen to represent electron-withdrawing (NO₂, Cl) and 

electron-donating (OCH₃) substituents, enabling a comparative analysis of how the choice of 

substituent influences electrochemical behaviour and cell–surface interactions on platinum 

electrodes. Among the three salts, DAZ 1 could be further reduced to 4-aminobenzene (DAZ 

4) by cyclic voltammetry. The electrodeposition of aryl diazonium salts was performed to 

create robust, covalently anchored organic layers on platinum substrates intended for 

biointerface applications [R2]. These processes were monitored using CV and EQCM, which 

revealed deposition rates differing among the tested diazonium species. 
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Using potentiodynamic electroreduction in an acetonitrile-based electrolyte, I observed 

irreversible cathodic peaks characteristic of diazonium reduction, confirming the generation of 

aryl radicals and their subsequent grafting onto the metal surface (Figure 1 (A, B, C)). 

Corresponding CV curves show a broad, irreversible cathodic peak observed during the first 

scan, which is characteristic of diazonium salt reduction via one-electron transfer process. The 

disappearance of the cathodic peak in subsequent cycles indicates rapid passivation of the 

surface due to formation of a compact organic layer that blocks further electron transfer. DAZ 

1 and DAZ 3 show complete peak attenuation by the third scan, reflecting high surface 

reactivity and fast saturation shown in Figure 1 (A) and (C). In contrast, CV of DAZ 2 shows 

the reduction occurring slower with subsequent cycles that in turn reflects to lesser surface 

coverage which was supported by EQCM results.  

Among the three electroreduced diazonium-derived moieties, DAZ 1 could be further reduced 

to 4-aminobenzene. The reduction of nitro group to amino group and forming DAZ 4 was 

performed in 0.1 M KCl/water:ethanol (9:1 v/v). A CV curve was collected from the potential 

of 0.2 V to -1.0 V (vs. Ag/AgCl) for 5 CV cycles demonstrating the reduction process occurring 

on the surface of the electrode (Figure 1(D). Reduction of 4-nitrobenzene proceeds via two 

main steps: firstly, a reduction of 4-nitrobenzene to 4-phenylhydroxylamine (PHA) takes place 

through a four-electron exchange, forming 4-nitrosobenzene (NSB) intermediate. Following, 

the PHA converts to 4-aminobenzene via a two-electron reduction process. NHB remains 

undetected due to its rapid conversion to PHA, and unstable PHA swiftly converts to 4-

aminobenzene24.  

Electrode coated with DAZ 1 derivative exhibited the highest mass gain (203.63 ± 5.69 ng) 

and rapid film formation (within 260 sec), indicating efficient reduction and grafting under the 

applied conditions. Although the highest currents were noted during the deposition of DAZ 2, 

it was DAZ 1 that resulted in the formation of the heaviest deposit. It could be partially derived 

from the difference in molecular mass of the formed diazonium radicals, namely DAZ 1 - 

123.11 g mol-1, DAZ 2 - 108.14 g mol-1, DAZ 3 - 147 g mol-1. Although the electrode covered 

with DAZ 3 had the highest molar mass (147 g mol-1), the deposition of DAZ 1 occurred more 

efficiently, probably due to the resonance effect of NO2 group in contrast with inductive effect 

of Cl. While -NO2 and -Cl are both electron withdrawing groups, they could destabilize the 

ring leading to the spontaneous electrochemical deposition. On the contrary, -OCH3 is an 

electron donating group able to stabilize the aromatic ring that in return shows slow increase 

in electrochemical deposition vs. number of cycles (Figure 1 (E)). 
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Figure 1 - Cyclic voltammograms of electroreduction for DAZ 1 (A), DAZ 2 (B), and DAZ 3 

(C), and DAZ 1 further reduction to DAZ 4 (D) along with the EQCM data showing the mass 

deposition of DAZ 1, DAZ 2, and DAZ 3 with each successive cycle for 5 CV cycles (E).  

 

Post-deposition, the modified surfaces were functionalized with poly-L-lysine (PL) to improve 

cellular adhesion. Two strategies were employed. First, a physical adsorption method was 

A) B) 

C) D) 

E) 
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implemented using drop-casting of 0.1% (w/v) PL solution. This led to uniform film coverage 

but with presumed limited long-term stability. In contrast, covalent immobilization was carried 

out on surfaces modified with amino-functionalized diazonium species using 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC) as a coupling agent. This method enabled amide 

bond formation between carboxylic acid groups of PL and primary amines presented by the 

diazonium-modified surface, producing highly stable, bioactive films as shown in Scheme 1 

[R2]. 

 

Scheme 1 – Chemical structure of poly-L-lysine (A) and Laminin (B). EDC coupling mechanism 

(C). 

 

Surface changes following modification were confirmed by spectroscopic and morphological 

analysis. FTIR and Raman spectra (Figure 2 (A, B)) showed successful disappearance of 

diazonium-specific peaks (2000-2500 cm-1) and emergence of new vibrational bands related to 

PL, C-C-N stretching (1280 cm-1) and C=O stretching (1727 cm-1). Furthermore, profilometry 

(Figure 2 (C)) revealed a noticeable increase in surface roughness after PL coupling, with DAZ 

4 showing highest Sa values increasing from ⁓0.5ௗµm (bare diazonium layer) to ⁓2.1ௗµm for 

covalently grafted PL layers, which suggested film formation with increased texture. 

Wettability measurements supported these observations, with contact angle values decreasing 

from ⁓83° (bare platinum) to ⁓44° after PL deposition, confirming the hydrophilic nature of 

the peptide-rich coatings. 

Poly-L-lysine Laminin 

A
) 

B
) 

C
) DAZ4/Pt 



22 
 

 

 

Figure 2 – Representative FTIR spectra of DAZ 1 showing the disappearance of a diazonium 

peak after electroreduction (DAZ 1/Pt) (A). Raman spectra of DAZ 4/Pt (black) and PL/DAZ 

4/Pt (Red) with the marked peaks for DAZ 4 and PL (B). Surface roughness comparison for all 

samples before and after PL functionalization (C). 

 

In vitro experiments with SH-SY5Y neuroblastoma cells demonstrated enhanced cell adhesion 

on the biofunctionalized electrodes. Platinum electrodes modified with electrografted 

diazonium salts supported markedly SH-SY5Y cell adhesion (between 250 and 550 cells mm-

2) compared to unmodified Pt surfaces (from 100 to 200 cells mm-2) (Figure 3 (A)). Cells 

exhibited improved attachment and more uniform surface coverage on diazonium-coated 

substrates, especially those bearing terminal amine groups with the 3-fold increase in the cell 

attachment for DAZ 4 modified Pt surface (524 ± 19 cells mm-2). This enhancement is 

attributed to increased surface hydrophilicity and nanoscale roughness introduced by the aryl 

layers, which favour integrin-mediated adhesion25,26. Nevertheless, cell morphology remained 

partially rounded and clustering was still observed (Figure 3 (C)), indicating that while 

diazonium grafting improves baseline biocompatibility, additional biochemical cues are needed 

to fully support neuronal spreading and network formation27. 

A) B) C) 
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Figure 3 - Number of SH-SY5Y cells per mm2 of sample attached to DAZ/Pt (A) and number of 

SH-SY5Y cells per mm2 attached to PL-coated electrodes (B) with the box showing the range 

with standard error, with a square in the box representing the mean value. Representative cell 

culture images for the Pt, PL/Pt, DAZ 4/Pt and PL/DAZ 4/Pt samples (C).  

 

To further enhance cellular adhesion and overcome the limitations of diazonium-only surfaces, 

poly-L-lysine (PL) was covalently immobilized onto the functionalized electrodes. PL 

promotes neuronal attachment through electrostatic interactions between its positively charged 

amine groups and negatively charged membrane components such as phospholipids and 

glycoproteins28. Following PL grafting, SH-SY5Y cells exhibited enhanced spreading, more 

homogeneous distribution, features that were not observed on diazonium-only coatings (Figure 

A) B) 

C) 

Pt  

DAZ 4/Pt  

PL/Pt  

PL/DAZ 4/Pt  
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3 (C)). Quantitative cell imaging showed increases in cell number per mm² on the PL-modified 

electrodes compared to the untreated platinum, with PL/DAZ 4 showing the highest number of 

cells (700 ± 38 cells mm-2) when compared to PL/Pt (418 ± 26 cells mm-2) as shown in Figure 

3 (B). Notably, PL coatings prepared via covalent coupling showed significantly higher 

confluency and individual cell spreading than those prepared via physical adsorption (Figure 3 

(C)). These results demonstrated that diazonium-based modification, followed by site-specific 

peptide coupling, constitutes a powerful platform for tuning the cell-material interface of 

platinum electrodes29 [R2]. 

The concept of applying diazonium salts coupled with bioactive molecules as biomedical 

coatings has been a subject of a patent application submitted into the Patent Office of the 

Republic of Poland under the title Biofunctionalized organic coating, method of its preparation 

and application; registration no. P.442508. 

In this chapter, I demonstrated that combining electrografted diazonium monolayers 

with covalently immobilized poly-L-lysine enables the construction of a chemically stable 

and biologically responsive neural interface. Unlike conventional physisorbed coatings or 

polymer blends, this molecularly engineered platform offers precise control over 

interfacial functionality, allowing reproducible modulation of neuronal adhesion, 

morphology, and surface coverage. The results show that even bare diazonium layers 

improve cell adhesion over platinum, and that subsequent PL functionalization 

significantly amplifies this effect transforming the surface into a highly instructive and 

bioactive landscape. By systematically linking diazonium substituent chemistry, 

electrochemical behaviour, and cell response, this study delivers a transferable 

framework for designing advanced neural interfaces. It contributes broadly to materials 

science by bridging molecular-level surface engineering with functional neurobiological 

outcomes paving the way for next-generation implantable electrodes, biosensors, and 

bioelectronic platforms with tuneable biointegration and long-term performance. 
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4.1.2 Advancing neural selectivity through poly-L-lysine/laminin co-immobilization  

To complement the broad electrostatic adhesion provided by poly-L-lysine, laminin was 

incorporated to introduce biological specificity into the surface design. While PL enhances 

initial attachment by interacting non-specifically with negatively charged cell membrane 

components, it does not engage cell-specific signalling pathways and may lead to 

heterogeneous or glial-like phenotypes. In contrast, laminin is an extracellular matrix protein 

that binds directly to neuronal integrins initiating intracellular signalling cascades that regulate 

cytoskeletal organization, neurite extension, and neuronal differentiation30,31. These ligand–

receptor interactions provide positional cues that promote axonal polarity and synaptic 

development, which are critical for forming functionally mature neurons32,33. Co-immobilizing 

PL and laminin (LM) is expected to create a synergistic interface where PL promotes strong 

initial attachment, and laminin directs lineage-specific adhesion and outgrowth. This dual-

function surface thus better mimics the native neural extracellular environment and enables 

enhanced neural selectivity34, improved morphological maturation, and reduced astrocytic 

spreading compared to PL alone35. While drop-casting was initially considered for LM 

immobilization, I shifted to EDC-mediated coupling to achieve more stable and chemically 

anchored layers. 

To achieve covalent immobilization of peptides, aminobenzene-functionalized electrodes were 

immersed in a 6ௗmM EDC solution prepared in PBS, containing either PL alone or a PL/LM 

mixture. After 20ௗminutes of incubation, the samples were rinsed with ultrapure water and air-

dried. This procedure facilitated amide bond formation between surface-exposed amine groups 

and the carboxyl moieties of the peptides, resulting in stable and biofunctionalized surfaces 

[R3]. 

Surface characterization confirmed the successful conjugation of both PL and LM. FTIR 

spectra of PL-modified surfaces (Figure 4 (A) inset) exhibited a distinguished CH2
 stretching 

modes in the range of 3050 cm-1 – 2800 cm-1. Upon laminin addition, additional peaks appeared 

at 1645ௗcm⁻¹ (C=O stretching) and 3380ௗcm⁻¹ (N–H stretching) (Figure 4 (B)), confirming 

successful co-immobilization of the ECM protein [R3]. Surface topography assessed by 3D 

optical profilometry (Figure 4 (C)) revealed a clear trend of increasing roughness: from 

6.0ௗ±ௗ1.7ௗnm on bare platinum to 19.1ௗ±ௗ2.9ௗnm after aminobenzene modification, followed by 

28.1ௗ±ௗ2.6ௗnm and 35.3ௗ±ௗ3.8ௗnm for PL and PL/LM functionalized electrodes, respectively. 

This progressive increase reflects sequential peptide layer formation and surface structuring. 
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Similarly, water contact angle measurements (Figure 3 (D)) showed a shift toward greater 

hydrophilicity, decreasing from 77ௗ±ௗ2° for bare Pt to 60ௗ±ௗ1° following aminobenzene grafting. 

Upon peptide conjugation, contact angles dropped further to 64ௗ±ௗ1° for 

aminobenzene/Polylysine/EDC (AB/PL/EDC) and 59ௗ±ௗ2° for 

aminobenzene/Polylysine/Laminin/EDC (AB/PL/LM/EDC), which supported the formation of 

highly hydrophilic peptide coatings [R3].   

 

Figure 4 – FTIR spectra of AB and AB/PL with the inset of appearance of PL specific peak 

after functionalization (A) and LM specific peak (B), along with the change in roughness (C) 

and wettability (D) of the samples comparing the difference between drop casting and covalent 

immobilization of the polypeptides (PL and LM).  
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Next, I assessed adhesion of SH-SY5Y and U87 cells on the diazonium-modified electrodes. 

Cell density (Figure 5 (A, C)) on nitrobenzene (NB) and aminobenzene (AB) coatings 

increased to ~550 and ~750 cells mm-2, respectively, which was significantly higher when 

compared with the tissue-culture plastic control (~300 cells mm-2). Adding polypeptides by 

drop-casting increased attachment further: AB/PL/Drop and AB/PL/LM/Drop supported ~800 

and ~850 cells mm-2, respectively. The biggest gains came from covalent co-immobilization: 

both AB/PL/EDC and AB/PL/LM/EDC approached ~1000 cells mm-2, with AB/PL/LM/EDC 

reaching ~1100 cells mm-2. Morphology analyses (Figure 5 (B)) showed that SH-SY5Y cells 

on AB/PL/LM/EDC displayed an N-type, neurite-bearing phenotype in ~60% of the 

population, while drop-cast coatings yielded only ~0-1.5% N-type cells. For U87 (Figure 5 

(D)), the fraction of elongated (migratory) cells was high on AB alone (~63%) but fell to ~8% 

on AB/PL/LM/Drop; most cells there remained rounded and less motile. 

Even without polypeptides, AB supported more attachment than NB (~750 vs ~550 cells mm-

2), consistent with the higher biological affinity of amine-terminated aryl layers in buffered 

media (partial protonation, increased hydrogen-bonding capability) that favor early cell 

anchoring. Layering PL and laminin on AB amplified that effect; drop-cast films likely formed 

patchy, weakly adsorbed layers that can re-arrange or desorb, which explained why they lifted 

counts modestly (~800-850 cells mm-2) yet did not strongly shift phenotype. In contrast, EDC 

coupling created dense, covalently tethered “brush-like” polypeptides with many accessible 

binding motifs, boosting total adhesion (~1000-1100 cells mm-2) and selectively enriching 

neuronal features in SH-SY5Y. Mechanistically, PL contributed abundant cationic sites for 

electrostatic interaction with the negatively charged cell membrane36, while laminin added 

integrin-binding domains37 together and especially when immobilized via EDC these cues 

synergized to stabilize focal adhesion formation and neurite initiation.  
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Figure 5 - Cell density of SH-SY5Y (A) and U87 cells (C) as number of cells per mm2 for 

modified electrodes, compared to a tissue culture plastic control sample (CTR); a box 

represents a standard error with a mean value as a square in the centre of the box. Percentage 

of SH-SY5Y cells with a round and N-type phenotype (B). Percentage of U87 cells with elongate 

or round morphology (D). Representative optical images of SH-SY5Y cells cultured on a control 

sample and an electrode modified with AB/PL/LM/EDC (E). Representative optical images of 

U87 cells cultured on a control sample and an electrode modified with AB (F). 

A) B) 

C) D) 

E) F) 
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The increase from ~1.5% to ~60% SH-SY5Y N-type cells on AB/PL/LM/EDC indicated that 

stable, oriented laminin presentation together with PL’s charge-based priming did more than 

just “stick” cells; it biased differentiation toward a neuron-like state with visible neurites as 

shown in (Figure 5 (E)). That is the most desirable phenotype for neural interfaces because it 

correlates with better neuronal contact and signal transduction38. In parallel, U87 behavior 

shifted in the opposite, beneficial direction: the elongated (migratory) fraction was high on AB 

(~63%) but strongly suppressed on AB/PL/LM/Drop (~8%), pointing to reduced glial motility 

on laminin-containing coatings (likely due to strong, focal adhesion–stabilizing binding that 

discourages polarization and migration) (Figure 5 (F)). Together, these outcomes higher overall 

adhesion, more SH-SY5Y N-type cells, and fewer elongated U87 supported the central claim: 

EDC-mediated co-immobilization of PL/LM on diazonium-modified Pt improved biochemical 

presentation and surface microenvironments in a way that promoted neuron-specific 

attachment/differentiation while dampening glial motility key features for stable, functional 

neural interfaces. 

Collectively, these results confirm that EDC-mediated co-immobilization of poly-L-lysine and 

laminin onto diazonium-modified platinum electrodes substantially improves surface 

biochemical and morphological properties. More importantly, it promotes neuron-specific 

adhesion and differentiation while suppressing glial cell mobility key features for the 

development of functional, biocompatible neural interfaces. 

The concept of applying diazonium salts coupled with bioactive molecules as biomedical 

coatings has been a subject of a patent application submitted into the Patent Office of the 

Republic of Poland under the title Polypeptide pro-adhesive coating and method of obtaining 

it; registration no. P.444427. 

In this chapter, I expanded the molecular engineering strategy established in the previous 

section by incorporating laminin, a biologically specific extracellular matrix protein 

alongside poly-L-lysine to create dual-functional neural biointerfaces. While PL 

enhanced general adhesion through electrostatic attraction, laminin introduced  integrin-

mediated binding, triggering signalling pathways that drive neuronal differentiation and 

morphological maturation. Covalent co-immobilization of these peptides onto diazonium-

grafted surfaces resulted in the formation of a hybrid coatings with both robust adhesion 

and high bioselectivity. The combined interface not only enhanced SH-SY5Y neuronal 

adhesion and neurite extension, but also reduced the migratory phenotype of U87 
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astrocytes, suggesting selective cellular guidance at the bioelectronic interface. By 

integrating synthetic surface chemistry with native extracellular signalling motifs, this 

work offered a versatile and biologically tuned strategy for constructing next-generation 

neural electrodes capable of modulating specific cellular behaviours and minimizing 

adverse glial responses. It further established a modular framework for customizing 

electrode interfaces at the molecular level to meet the complex demands of long-term 

neural integration. 

 

4.2 Enhancing PEDOT:PSS adhesion and charge transfer by surface modification (R4) 

Poly(3,4-ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS) is one of the most 

widely adopted conducting polymers in bioelectronic applications due to its excellent electrical 

conductivity, mechanical flexibility, and compatibility with soft tissues39,40. It has been 

successfully used for neural electrodes, biosensors, and organic electrochemical transistors that 

require efficient charge transfer and low inflammatory response41,42. However, stabilizing 

PEDOT:PSS on metallic substrates such as platinum remains a major challenge: films often 

delaminate or crack under physiological conditions or during prolonged electrical stimulation 

due to weak interfacial adhesion43,44. Prior strategies to enhance adhesion have included 

substrate roughening to increase mechanical interlocking, silane-based self-assembled 

monolayers, and diazonium-derived anchoring layers45,46. Despite these efforts, most methods 

suffer from limitations such as harsh processing conditions or lack of long-term chemical 

stability.  

Building on the insights from the previous chapters where electrografted diazonium layers were 

shown to improve cellular adhesion and interface stability, I hypothesized that a similar surface 

modification strategy could be applied to address the long-standing challenge of poor 

PEDOT:PSS adhesion to metallic substrates. In contrast to biological systems, where cell–

surface interactions depend on biochemical cues, polymer–electrode interfaces require 

physicochemical compatibility, mechanical robustness, and long-term stability under 

electrochemical conditions. Diazonium salts have been widely applied to improve adhesion 

and long-term stability of polymer coatings on metal electrodes by forming robust, covalently 

bound aryl layers that resist delamination and degradation under physiological or 

electrochemical stress. Their electrografting can be performed under mild conditions, avoiding 
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the harsh thermal or chemical treatments required by some silane or plasma-based methods, 

while offering chemical versatility for further functionalization18.  

Iodonium salts, on the other hand, offer additional benefits over diazonium ones, including 

higher stability, broader functional group tolerance, and efficient surface coupling without the 

need for in situ diazotization47. Notably, electrografted iodonium salts have yet to be explored 

as adhesion-promoting layers for conducting polymers.  Therefore, in the next part of my work, 

iodonium-based interlayers were chosen to provide a more stable and controllable adhesion-

promoting platform for PEDOT:PSS on platinum, enabling durable coatings without 

compromising electrochemical performance. By combining organic surface chemistry with 

conducting polymer integration, my study aimed to develop a modular and scalable platform 

that enhanced the structural and electrical performance of neural bioelectronic interfaces.  

Consequently, I selected four commercially available iodonium salts with distinct structural 

features to investigate their effect on PEDOT:PSS adhesion and electrochemical performance. 

These included: bis(4-tert-butylphenyl)iodonium hexafluorophosphate (Salt A), (4-

nitrophenyl)(2,4,6-trimethylphenyl)iodonium triflate (Salt B), diphenyliodonium chloride (Salt 

C), and bis(4-methylphenyl)iodonium hexafluorophosphate (Salt D). Each salt was chosen to 

represent different steric and electronic environments at the aryl iodide core, which influenced 

the grafting efficiency, interfacial stability, and compatibility with conducting polymers. Salt A 

bears bulky tert-butyl groups that introduce steric hindrance; Salt B includes a strong electron-

withdrawing nitro group, which may modulate the reactivity of the aryl radical formed during 

electrografting. Salt C, being water-soluble and unsubstituted, allowed electrografting to be 

performed in an aqueous medium, which is more environmentally friendly, cost-effective, and 

safer than conventional organic solvent systems typically required for diazonium or iodonium 

salts which served as a simple benchmark for comparison, while Salt D, with para-methyl 

substituents, introduces mild electron-donating effects, offering insight into how small alkyl 

groups affect polymer interface performance. This structural diversity enabled a systematic 

evaluation of how aryl substitution influences electrografting behaviour and PEDOT:PSS 

anchoring properties. 

The selected salts were electrografted onto platinum-coated Thermanox substrates using cyclic 

voltammetry. The conditions were tuned based on each salt’s solubility and redox potential; for 

instance, Salt C was deposited in aqueous KNO₃, while others used tBu₄NPF₆ in acetonitrile. 

During CV, a cathodic peak indicated the electrochemical reduction of the iodonium cation, 
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leading to homolytic cleavage of the I-C bond and formation of reactive aryl species that 

covalently attached to the platinum surface (Figure 6 (A, B, C, D)).  

 

Figure 6 - Cyclic voltammograms of the process of electroreduction of iodonium salts: (A) 

bis(4-tertbutylphenyl) iodonium hexafluorophosphate (Salt A), (B) (4-nitrophenyl)(2,4,6-

trimethylphenyl)iodonium triflate (Salt B), (C) diphenyliodonium chloride (Salt C) and (D) 

bis(4-methylphenyl)iodonium hexafluorophosphate (Salt D), changes in mass deposited on the 

electrode with respect to CV cycles for Salt (A, B, C, D) derived by EQCM results (E). 

A) B) 

C) D) 

E) 
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Different potential windows were applied for Salts A–D to achieve efficient electrodeposition, 

with electroreduction occurring at −1.2 V vs. Fc/Fc⁺ for Salt A, −0.8 V vs. Fc/Fc⁺ for Salt B, 

−0.4 V vs. Fc/Fc⁺ for Salt C, and −1.1 V vs. Fc/Fc⁺ for Salt D. Salt C displayed the least negative 

reduction potential, which was attributed to the aqueous medium used for its deposition and 

the presence of an unsubstituted aromatic ring. For Salt B and Salt C, electroreduction was 

completed within a single CV cycle, as no reduction peak appeared in subsequent scans. This 

behaviour was consistent with rapid electrode passivation, in which an organic film formed on 

the surface prevented further electrochemical reaction. In contrast, reduction peaks for Salt A 

and Salt D persisted in later cycles, though they shifted slightly toward more negative potentials 

and exhibited lower current intensity. This suggested that the aryl radicals generated during 

electroreduction could undergo further reduction to yield aryl anions, as previously reported48. 

The reduction potentials for iodonium salts were approximately 0.5 V more negative than for 

their diazonium analogues, reflecting the greater intrinsic stability of the I-Ar bond. Iodine’s 

larger covalent radius and more diffuse electron density stabilize the positive charge on the 

iodine center, making the bond less susceptible to cleavage49. While this stability required 

higher overpotentials for electrografting, it also improved handling safety by avoiding the 

rapid, uncontrolled decomposition that can occur with some diazonium salts19. Iodonium salts 

underwent one-electron electroreduction process similar to that of diazonium salts: the cation 

was reduced to form an aryl radical, which covalently bound to the electrode surface while the 

counter fragment was released into solution. High reactivity of iodonium species led to 

multilayer growth, especially when more than one CV cycle was applied. For the 

unsymmetrical Salt B, cleavage could occur at either aromatic ring, although steric hindrance 

meant that only the nitro-substituted aryl group could be deposited effectively50,51. Asymmetric 

iodonium salts in general can generate radicals from both aryl groups, which may compete for 

surface attachment. High regioselectivity can be achieved using methods such as plasmon-

assisted transformations52; in the case of Salt B, regioselectivity was promoted by methyl 

substituents at the 2, 4, and 6 positions of one phenyl ring, which steered the reaction toward a 

single attachment pathway as shown in Scheme 2.  
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Scheme 2 - Mechanism of bond cleavage, aryl radical formation and attachment of the radical 

to the Pt electrode for Salt B. Mechanism pathway 2 shows the actual process taking place 

during the electroreduction. 

 

To evaluate the efficiency of surface grafting, I performed electrochemical quartz crystal 

microbalance (EQCM) measurements during the electrografting of each iodonium salt onto 

EQCM gold resonator (Figure 6 (E)). The electroreduction was carried out via cyclic 

voltammetry at a scan rate of 50ௗmV s-1 within salt-specific potential ranges. EQCM revealed 

distinct mass gains reflecting differences in grafting efficiency: Salt A showed the highest 

deposition mass (778.3 ± 55.1ௗng), followed by Salt D (340.6 ± 20.8ௗng), Salt C (270.7 ± 

56.1ௗng), and Salt B (81.3 ± 7.8ௗng). These disparities were attributed to the differing reactivity 

and steric accessibility of the generated aryl radicals during electroreduction. Notably, Salt B, 

containing a para-nitrophenyl substituent, yielded the lowest mass due to the deactivating effect 

of the electron-withdrawing nitro group53.  
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The differences in roughness (Figure 7 (A)) and wettability (Figure 7 (B)) that I observed 

between the iodonium-modified electrodes were closely related to the molecular structure of 

the grafted salts and their packing behaviour on the platinum surface. The substantial increase 

in roughness for Salt A (Sa = 0.35 ± 0.07 µm) was consistent with the bulky tert-butyl 

substituents, which introduced steric hindrance during film growth. I believed that this steric 

effect disrupted uniform packing of the aryl radicals, producing a more irregular and textured 

surface. Such a morphology was likely advantageous for PEDOT:PSS adhesion, as the 

increased surface area and micro-scale asperities could promote mechanical interlocking of the 

polymer film54. In contrast, the extremely low roughness for Salt D (Sa = 0.04 ± 0.01 µm) 

suggested that the smaller methyl groups allowed for closer packing and more compact, 

uniform layer formation. While smoother surfaces generally reduced opportunities for 

mechanical anchoring, I considered that the more ordered organic layer from Salt D could 

improve chemical compatibility and electronic coupling with the polymer55. 

 

Figure 7 - Roughness (A) and wettability (B) analysis of electrode surfaces modified with 

electrodeposited iodonium salts compared with a bare Pt electrode. 

 

The wettability results (Figure 7 (B)) supported this interpretation. All grafted surfaces 

displayed improved hydrophilicity compared to bare platinum (contact angle 78 ± 1°), 

indicating that the introduction of the organic layer altered the surface energy. The lowest 

contact angle for Salt D (61 ± 1°) suggested that its compact, possibly more polarizable film 

presented a surface chemistry highly favourable to the aqueous PEDOT:PSS dispersion, 

enabling uniform wetting and film formation. Salt B, which contained a strongly electron-

A) B) 
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withdrawing nitro group, also reduced the contact angle (63 ± 2°), likely due to increased 

surface polarity; however, its lower grafting mass may have limited the long-term adhesion 

improvement. I considered improved wettability to be critical for PEDOT:PSS deposition, as 

it minimized void formation at the interface and facilitated better polymer chain alignment 

during drying. 

Electrochemical impedance spectroscopy (EIS) was used to evaluate the effect of 

electrodeposited iodonium salts on the conductivity and capacitance of Pt electrodes. Bode 

plots (Figure 8 (A)) revealed that all modified electrodes exhibited impedance profiles similar 

in shape to bare Pt, confirming that the coatings did not compromise conductivity. Phase angle 

plots (Figure 8 (B)) showed a single peak between 1–10 Hz for all samples, indicative of 

capacitive behaviour dominated by a single time constant. The experimental data were fitted 

using a modified Randles circuit consisting of solution resistance (Rs), constant phase element 

(CPE), charge transfer resistance (RCT), and Warburg diffusion element (W). Compared with 

bare Pt (RCT = 12.3 ± 0.7 kΩ; C = 42.2 ± 0.1 µF), all coated electrodes exhibited increased RCT 

values, confirming the formation of an organic barrier layer that partially blocked electron 

transfer. The most pronounced increase was observed for Salt C (RCT = 450.9 ± 78.8 kΩ) and 

Salt D (RCT = 61.7 ± 1.4 kΩ). The CPE exponent (n) approached 1 in all cases, consistent with 

nearly ideal capacitive behaviour. Capacitance values calculated from CPE parameters varied 

significantly between coatings, with the highest for Salt B (693.5 ± 0.1 µF) and the lowest for 

Salt D (30.4 ± 0.2 µF), the latter being slightly below the bare Pt value (42.2 ± 0.1 µF), 

indicating that the specific iodonium salt chemistry strongly influenced interfacial charge 

storage characteristics. 

EIS analysis after PEDOT:PSS coating (Figure 8 (C, D)) further revealed the functional 

significance of these surface modifications. The charge transfer resistance (RCT) of 

PEDOT:PSS-coated electrodes decreased markedly after iodonium grafting, from 100 ± 8.9 Ω 

for unmodified Pt to 16.8 ± 0.6 Ω for Salt D and 8.1 ± 1.0 Ω for Salt A. I attributed this 

improvement to the enhanced physical and electronic contact between the polymer and the 

modified surface. For Salt A, the increased roughness and favourable electronic effects from 

its substituents may have provided additional pathways for charge transport. For Salt D, the 

smoother, highly wettable interface likely supported the formation of a continuous PEDOT:PSS 

layer with fewer defects, leading to lower impedance. These findings were consistent with 

previous studies reporting that interlayers with optimized surface energy and morphology could 
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simultaneously improve mechanical stability and electrochemical performance of conducting 

polymers in bioelectronic applications56,57. 

 

Figure 8 - EIS data in the form of Bode plots of Pt electrodes modified with iodonium organic 

layers: impedance module vs. frequency (A) with the circuit as a inset, phase angle vs. 

frequency (B). EIS plots after PEDOT:PSS deposited on Pt electrodes modified with organic 

layers: impedance module vs. frequency (C), with the circuits Pt/Salt/PEDOT:PSS [1], 

Pt/PEDOT:PSS [2]; phase angle vs. frequency (D). Experimental data are presented as dots, 

while simulated spectra are presented as solid lines. 

 

After electrografting the iodonium salts, I deposited PEDOT:PSS onto the modified platinum 

electrodes and found clear evidence that the underlying interlayer chemistry influenced the 

polymer’s electrochemical properties. The substantial increases in charge storage capacity 

(CSC) for Pt/Salt B/PEDOT:PSS (67.0 mC cm-2) and Pt/Salt D/PEDOT:PSS  (70.9 mC cm-2), 

compared with 45.8 mC cm-2 for unmodified Pt/PEDOT:PSS, suggested that the grafted aryl 

A) B) 

C) D) 
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layers improved both the effective electroactive surface area and the efficiency of ion 

penetration into the PEDOT:PSS network. I considered that this enhancement arose from the 

improved film continuity and reduced interfacial defects achieved when the polymer was cast 

onto a chemically compatible, covalently bound organic layer. The wettability gains measured 

earlier, particularly for Salt B and Salt D, likely promoted better spreading of the aqueous 

PEDOT:PSS dispersion, ensuring more uniform coating and tighter interfacial contact. A 

denser and more conformal polymer layer would increase the number of accessible redox sites, 

thereby elevating CSC. 

To assess the long-term stability of the PEDOT:PSS coatings, I performed a 30-day aging study 

in PBS at room temperature, followed by UV-Vis analysis of the incubation solutions (Figure 

9 (A)). For unmodified Pt/PEDOT:PSS electrodes, the UV-Vis spectra showed pronounced 

absorbance peaks at 268 nm and 325 nm, corresponding to the leaching of PSS and PEDOT 

chains, respectively. In contrast, electrodes modified with iodonium salts, particularly Salt B 

and Salt D, exhibited markedly lower absorbance intensities at both wavelengths. 

Quantitatively, the 325 nm peak intensity was reduced by approximately 50% for Pt/Salt 

B/PEDOT:PSS and 70% for Pt/Salt D/PEDOT:PSS compared to the control, indicating 

significantly less PEDOT loss during immersion. This suppression of polymer release 

demonstrated that the covalently bound iodonium interlayers effectively anchored the 

PEDOT:PSS film, limiting chain detachment and dissolution under physiological conditions58. 

Ageing studies on PEDOT:PSS-coated electrodes demonstrated that iodonium-derived 

interlayers enhanced the long-term capacitance stability of polymer (Figure 9 (B, C)). The 

unmodified Pt/PEDOT:PSS electrode exhibited the highest CSC loss (53.5%), confirming its 

poor stability, whereas the presence of organic layers particularly those formed from Salt C and 

Salt D significantly reduced capacitance degradation, consistent with UV-Vis stability results. 

Notably, Pt/Salt D/PEDOT:PSS showed a 20% increase in capacitance after ageing, likely due 

to microstructural crystallinity and morphological changes during aqueous immersion. Tape 

test observations further supported the stabilizing role of these interlayers, with improved 

adhesion of PEDOT:PSS on all modified surfaces except Pt/Salt C/PEDOT:PSS, where 

localized delamination occurred at the immersion site during electrografting, indicating weaker 

interfacial bonding59,60. 
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Figure 9 - UV-Vis spectra of PBS solution after 30 days of ageing in the spectral region from 

230 nm to 310 nm; inset: UV-Vis spectra of PEDOT:PSS in the range from 220 nm to 500 nm 

(A); CV curves for samples after ageing (solid lines) and before (dashed lines) at scan rate = 

100 mV s-1 (B); Decrease in CSC values at scan rate = 100 mV s-1 for samples after 30 days of 

ageing test (C). 

 

The mechanical robustness of the coatings was further evaluated by tape adhesion tests. On 

bare Pt/PEDOT:PSS electrodes, the polymer layer was visibly removed upon peeling, 

confirming weak interfacial adhesion. In contrast, PEDOT:PSS films deposited on Salt B- and 

Salt D-modified electrodes remained intact, with no visible detachment. Raman spectroscopy 

performed after tape removal supported these observations: the characteristic PEDOT 

vibrational modes, such as the Cα=Cβ symmetric stretching at ~1446 cm⁻¹ and the C–O–C 

deformation at ~1256 cm⁻¹, were still present for Pt/Salt B/PEDOT:PSS and Pt/Salt 

D/PEDOT:PSS samples but were largely absent in the unmodified control. 

I interpreted these results as evidence that the iodonium interlayers improved coating stability 

through both chemical and physical mechanisms. The formation of strong Pt–C covalent bonds 

provided a robust chemical anchor, while the tailored surface chemistry of Salt B and Salt D 

enhanced polymer wetting, reducing microvoids at the interface where delamination could 

initiate. Salt D’s combination of high wettability and compact, defect-minimized grafted layer 

likely explains its superior retention of PEDOT compared to Salt B, even though both 

significantly outperformed the control.  

The concept of improved adhesion of PEDOT:PSS is a patent gained and registered to the 

Patent Office of the Republic of Poland under the title Method for obtaining pro-adhesive layer; 

registration no. P.447109. 

A) B) C) 
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This chapter established a new paradigm in conducting polymer-electrode integration by 

introducing electrografted aryl iodonium salts as molecular anchoring layers for 

PEDOT:PSS. Through systematic electrochemical, spectroscopic, and mechanical 

analyses, I showed that these ultrathin organic interlayers drastically improve 

PEDOT:PSS adhesion, stability, and charge transport overcoming one of the most 

persistent limitations in organic bioelectronics. Unlike conventional surface treatments, 

which often suffer from poor reproducibility, chemical instability, or substrate specificity, 

iodonium-based grafting offers a modular, chemically controlled, and substrate-

compatible strategy for building high-performance interfaces. The results not only 

demonstrated that interfacial adhesion can be molecularly engineered using iodonium 

precursors but also provided mechanistic insight into how surface chemistry dictates 

polymer cohesion, degradation resistance, and electrochemical function. This work 

expanded the utility of iodonium chemistry from surface patterning to polymer 

anchoring, and marks a critical advancement toward durable, electrically efficient, and 

biologically stable neural electrodes bridging the gap between molecular interface design 

and functional device reliability. 

 

4.3 Mixed thiol self-assembled monolayers for neural interface engineering (R5) 

To complement my electrografted coatings, I investigated an alternative, self-assembling 

surface modification method based on thiol-gold chemistry. Self-assembled monolayers 

(SAMs) of alkanethiols on gold are well-established platforms for tailoring interfacial 

properties at the molecular level, offering precise control over surface chemistry, wettability, 

and charge all critical factors for modulating neural cell behaviour13. In this part of my work, I 

selected two structurally distinct thiols, 2-thiophenethiol (TT) and 2-mercaptoethanol (ME), to 

create mixed SAMs with tuneable biointerface properties. TT, featuring an aromatic thiophene 

ring, is relatively hydrophobic and π-conjugated, providing a planar, electron-rich scaffold that 

may influence protein adsorption and electrochemical interactions61. In contrast, ME contains 

a hydrophilic hydroxyl group, promoting hydrogen bonding and increased surface wettability, 

which can enhance neuronal adhesion and reduce astrocytic activation. By varying the TT:ME 

ratio, I aimed to explore how hydrophilic–hydrophobic balance and functional group diversity 

affect surface morphology, charge-transfer behaviour, and ultimately the biological response 

of mixed neuron-glia cultures. This design addresses a key knowledge gap in literature: 
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although individual thiol SAMs have been studied for biosensing and anti-fouling applications, 

the combinatorial effects of blended SAMs on neural tissue integration remain underexplored. 

The present work provides a systematic framework for evaluating such interactions on gold 

neural electrodes.  

I modified gold-coated Thermanox substrates with mixed self-assembled monolayers (SAMs) 

of 2-thiophenethiol (TT) and 2-mercaptoethanol (ME) at volumetric ratios of 1:0, 1:0.5, 1:1, 

0.5:1, and 0:1. I performed cyclic voltammetry (CV) to evaluate the electrochemical behaviour 

of bare and thiol-modified gold surfaces prepared with different ratios of 2-thiophenethiol (TT) 

and 2-mercaptoethanol (ME) (Figure 10 (A)). The bare Au control exhibited a broad anodic 

peak at approximately +1.2 V and a broad cathodic feature near 0.5 V, which were characteristic 

of gold oxidation and reduction, respectively. The disappearance of these peaks in the modified 

samples confirmed that I had successfully functionalized the gold surfaces62. The TT-only 

sample (1:0) showed reduced faradaic currents at both potentials, indicating that the bulky 

thiophenethiol groups formed a compact layer that hindered electron transfer and protected the 

gold from oxidation. The samples containing both TT and ME (1:0.5, 0.5:1, 1:1) displayed even 

lower faradaic currents, as the combination of molecules still produced a densely packed 

structure that further restricted charge transfer; although ME was smaller than TT, it still 

contributed to surface crowding. In contrast, the ME-only sample (0:1) produced the highest 

faradaic current, which I attributed to catalytic oxidation of ME at high positive potentials (1.2 

V vs. Ag/AgCl) to a sulfidoacetic acid monolayer63. Charge storage capacity (CSC) analysis 

(Figure 10 (B)) reflected these trends: the bare Au surface exhibited 10.4 ± 0.8 mC cm⁻², TT-

rich surfaces showed reduced values (1:0 = 7.9 ± 0.6 mC cm⁻²; 1:0.5 = 3.9 ± 0.4 mC cm⁻²; 

0.5:1 = 3.8 ± 0.3 mC cm⁻²), and the 1:1 mixture gave a moderate CSC (5.3 ± 0.6 mC cm⁻²). 

The ME-only surface (0:1) reached the highest CSC (21.9 ± 1.0 mC cm⁻²), consistent with its 

additional faradaic contribution. 
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Figure 10 - CV curves (A) and corresponding charge storage capacity (CSC) values (B) of bare 

Au surfaces as well as Au surfaces modified with the mixture of TT and ME in different 

proportions (1:0, 1:0.5, 1:1, 0.5:1, 0:1). CV were collected in PBS at the scan rate of 100 mV 

s-1. 

 

I conducted AFM analysis to investigate how thiol functionalization influenced the surface 

morphology of gold substrates (Figure 11 (A)). Surface roughness measurements (Figure 11 

(B)) revealed marked changes in texture following modification. The unmodified Au surface 

exhibited the highest Sa value (7.37 ± 0.61 nm) and displayed large gold particulate features 

averaging 84.58 ± 1.89 nm in diameter, indicative of substantial surface heterogeneity likely 

caused by minimal molecular organization or spontaneous aggregation in the absence of a 

stabilizing coating64. Surfaces coated solely with TT (1:0) showed similarly large particulates 

(113.43 ± 3.22 nm), reflecting pronounced aggregation from strong intermolecular interactions 

and limited lateral packing efficiency, consistent with literature reports for pure TT 

monolayers64. As the TT:ME ratio shifted toward 1:1, the roughness decreased slightly to 4.54 

± 0.38 nm, with mixed-ratio coatings (1:0.5 and 1:1) exhibiting smaller particle sizes (35.17 ± 

1.46 nm and 56.12 ± 2.34 nm, respectively) and improved packing density. This suggested that 

ME disrupted strong TT–TT interactions, reducing aggregation and enabling more compact, 

uniform monolayers. Increasing the ME content further reduced roughness to 0.34 ± 0.03 nm 

(0.5:1) and 0.32 ± 0.03 nm (0:1), eliminating visible particulates. This substantial smoothing 

effect was attributed to ME’s ability to form stable Au–S bonds while its hydroxyl group 

A) B) 
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enabled hydrogen bonding, promoting uniform deposition and multilayer organic 

structures65,66. Overall, the data showed that thiol composition critically influenced nanoscale 

morphology ranging from large, irregular particulates in ME-free coatings (Au, 1:0) to densely 

packed, uniform structures at intermediate ME levels (1:1, 1:0.5), and nearly atomically smooth 

surfaces at higher ME contents (0.5:1, 0:1). 

 

Figure 11 - AFM images (A), surface roughness Sa (B) of unmodified Au surfaces as well as Au 

surfaces modified with the mixture of TT and ME in different proportions (1:0, 1:0.5, 1:1, 0.5:1, 

0:1). 

A) 

B) 
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EIS measurements confirmed that thiol composition had a direct influence on interfacial charge 

transfer resistance and capacitance. The 1:1 TT:ME sample exhibited the highest charge 

transfer resistance (RCT₁ = 37.62 ± 2.51 kΩ) and the lowest double-layer capacitance, indicating 

a dense and defect-minimized monolayer that acted as an effective dielectric barrier. I 

interpreted these results as evidence that the TT:ME combination produced optimal molecular 

packing, where TT provided strong S–Au anchoring and ME filled the interstitial spaces, 

reducing pinholes and minimizing electrolyte penetration to the underlying Au surface. This 

dense packing likely suppressed electron tunneling pathways, leading to the highest insulating 

performance among the tested ratios. 

In contrast, ME-rich SAMs (0:1) exhibited a significantly higher CSC (21.9 ± 1.0 mC cm-²) 

and lower RCT. I attributed this to partial oxidation of ME at positive potentials, producing 

redox-active sites that contributed to pseudocapacitance in addition to double-layer charging. 

Bare Au, by comparison, had a CSC of 10.4 ± 0.8 mC cm-² and low RCT due to its conductive, 

unmodified surface allowing facile electron transfer. TT-rich SAMs progressively lowered CSC 

values by blocking active surface sites, confirming that increased molecular order and surface 

coverage were associated with greater electron-transfer suppression. These electrochemical 

trends were consistent with my morphological observations, reinforcing the link between 

monolayer order, defect density, and electrochemical barrier properties. 

I evaluated the cytocompatibility of thiol-based SAM coatings using a primary mixed neural 

culture derived from the embryonic ventral mesencephalon, grown on both unmodified Au 

controls and TT:ME-modified surfaces for up to 10 days in vitro. Representative fluorescence 

images (Figure 12 (A)) showed neurons (red), astrocytes (green), and nuclei (blue). On the Au 

control, the cellular composition after 10 days consisted of approximately 22% astrocytes and 

78% neurons (Figure 12 (B)), which I used as a baseline for comparison. All thiol-modified 

samples with TT:ME ratios of 1:0.5, 1:1, and 0:1 showed reduced astrocyte percentages below 

18%, with the lowest value of 10% observed for the 0.5:1 formulation. This trend indicated 

that altering the surface composition modestly promoted neuronal viability while suppressing 

astrocytic proliferation compared to bare Au. 
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Figure 12 - Fluorescent images of primary ventral mesencephalic mixed cell population 

cultured on an unmodified Au surface as well as Au surfaces modified with the mixture of TT 

and ME in different proportions for 10 days (A); neurons are visualized by anti-β III tubulin 

(red), astrocyte cells by anti-GFAP (green) and nuclei by DAPI (blue), scale bar = 20 µm. Cell 

density (%) of astrocytes and neurons (B); average neurite length, µm (C); results are 

expressed as the mean  standard error of the mean. 

 

Au A) 

B) C) 
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Neurite outgrowth analysis (Figure 12 (C)) revealed that the unmodified Au surface, with its 

relatively high roughness, supported only moderate neurite extension (525 ± 13 μm), likely due 

to disrupted cell adhesion caused by its coarse and heterogeneous topography67. Thiol 

modification enhanced neurite outgrowth across all formulations, with the extent depending on 

the TT:ME ratio. The TT-only coating (1:0) yielded modest improvement (732 ± 22 μm), 

reflecting reduced roughness but limited chemical diversity. Progressive incorporation of ME 

decreased surface roughness and further improved neurite extension, with the 1:1 ratio 

producing the longest neurites (1018 ± 24 μm), suggesting that a balanced mix of hydrophobic 

TT and hydrophilic ME created an optimal microenvironment for protein adsorption and 

neuronal adhesion13. However, higher ME content in 0.5:1 and 0:1 formulations slightly 

reduced neurite length (696 ± 25 μm and 661 ± 5 μm, respectively). 

I further evaluated neuronal cytocompatibility on functionalized gold substrates by analyzing 

the fractal dimension (FD) to assess how thiol-based SAMs influenced cell growth. Neurons 

with high FD values (Figure 13 (A)) exhibited extensive branching and connectivity, whereas 

elevated FD values in astrocytes (Figure 13 (B)) suggested increased reactivity, potentially 

associated with glial scarring68. On unmodified Au surfaces, neurons displayed an FD of 1.79 

± 0.01, indicating moderate dendritic branching, while astrocytes showed a higher FD of 1.57 

± 0.01, consistent with notable activation and possible proinflammatory signaling. The TT-only 

surface (1:0) maintained a similar neuronal FD (1.77 ± 0.01) but reduced astrocytic branching 

complexity to 1.37 ± 0.07, suggesting suppressed astrocyte activation. The 1:0.5 formulation 

slightly lowered neuronal FD to 1.69 ± 0.02 while maintaining low astrocytic FD (1.45 ± 0.03), 

supporting neuronal growth while limiting glial reactivity. The 1:1 ratio proved particularly 

favorable, producing the highest neuronal FD (1.84 ± 0.02), indicative of enhanced dendritic 

complexity, alongside a moderately low astrocytic FD (1.52 ± 0.02), suggesting a balanced 

glial response that supports neuronal network formation. In contrast, the ME-only coating (0:1) 

yielded the lowest neuronal FD (1.66 ± 0.01) and reduced astrocytic complexity (1.47 ± 0.01), 

indicating minimal support for neurite branching and limited neuronal network development. 
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Figure 13 - Fractal dimension of neurons (A) and astrocytes (B) cultured on the surface of an 

unmodified Au surface as well as Au surfaces modified with the mixture of TT and ME in 

different proportions for 10 days, with the examples of binary images for both neurons and 

astrocytes characterized by lowest and highest fractal dimensions. 

 

This chapter demonstrates that the interfacial properties of gold neural electrodes can be 

precisely tuned using binary self-assembled monolayers of structurally distinct thiols. By 

combining the hydrophobic, π-conjugated character of 2-thiophenethiol with the 

hydrophilic, hydroxyl-rich structure of 2-mercaptoethanol, I engineered surfaces that 

simultaneously optimized electrochemical stability and selective biological compatibility. 

The 1:1 TT:ME layer emerged as a high-performance biointerface, offering a favourable 

balance of surface roughness, impedance, and charge storage capacity, while dramatically 

enhancing neurite outgrowth and minimizing astrocytic activation. These findings 

establish that subtle modulation of thiol composition at the molecular level can direct 

complex multicellular responses providing an elegant, scalable strategy for tailoring 

bioelectrode interfaces without requiring polymer films or external patterning. This work 

advances the fundamental understanding of SAM-mediated neural integration and offers 

a blueprint for designing next-generation electrode coatings that combine electrochemical 

precision with targeted biological outcomes. 
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5. Summary 

This dissertation investigates ultrathin, molecularly engineered organic coatings as a route to 

reconcile electrical performance with biological integration at metal electrodes used in 

implantable biomedical devices. The work opens with a critical synthesis of the literature on 

electrode materials and surface engineering, establishing why monolayer-scale strategies are 

attractive: noble-metal electrodes remain indispensable for stability and conductivity, yet at 

small feature sizes they suffer from high interfacial impedance, while their rigid and chemically 

inert surfaces can trigger adverse tissue responses that degrade function over time. Bulk over-

coats such as conducting polymers and hydrogels can temporarily lower impedance or soften 

mechanics, but they often sacrifice long-term adhesion, chemical stability, or molecular control 

of biointeractions. This landscape motivates a shift toward coatings that preserve the 

conduction pathways of the metal while programming the interface chemistry with nanometer 

precision. 

Against this backdrop, the thesis formulates and tests the hypothesis that covalently grafted 

aryl layers formed by diazonium or iodonium electrografting and self-assembled thiol 

monolayers can be composed to stabilize charge transfer, steer neuron-glia interactions, and 

incorporate contact-active antimicrobial protection. A shared methodology underpins all 

studies: cyclic voltammetry and electrochemical impedance spectroscopy to quantify 

interfacial charge transport and capacitive behavior; AFM, profilometry and wettability to 

resolve morphology and surface energy; and quantitative biological assays to evaluate neuronal 

adhesion and differentiation and astrocytic behavior. This toolbox enables structure function 

mapping from molecular design to device-level metrics. 

The first chapter establishes diazonium electrografting as a robust covalent scaffold for neural 

biofunctionality. Aryl layers formed on platinum support stable presentation of poly-L-lysine 

and laminin; while physical adsorption improves adhesion only modestly, amide coupling via 

EDC produces dense, persistent peptide interfaces that enhance neuronal attachment and 

differentiation markers and suppress glial motility. These results demonstrate that anchoring 

chemistry and ECM-mimetic cues can be combined to bias cell-type outcomes at the interface 

while resisting wash-off properties essential for chronic devices. 

A second thread addresses a long-standing barrier in polymer-based electrodes: delamination 

of PEDOT:PSS from metallic substrates. Electrografted iodonium interlayers provide 

reproducible, mild-processing adhesion promotion that strengthens polymer cohesion without 
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compromising electrochemical performance. After PEDOT deposition, the modified electrodes 

retain low impedance and high charge-storage capacity and withstand electrochemical 

operation with reduced mechanical damage, directly improving the reliability of conducting-

polymer coatings under realistic stresses. 

To probe fine chemical control of neural responses without thick films, the thesis then examines 

mixed self-assembled monolayers on gold, blending 2-thiophenethiol and 2-mercaptoethanol 

to tune wettability, packing, and interfacial impedance. Composition-dependent 

electrochemical signatures correlate with biological outcomes: intermediate compositions 

support neurite outgrowth while limiting astrocytic branching complexity. These findings 

position SAM blending as a practical design handle for cell-type-aware interfaces that remain 

electrically efficient. 

Taken together, the results support a modular strategy for engineering metal–tissue interfaces 

with molecular precision. Covalent aryl grafting supplies durable foundations for bioactive 

ligands and conducting polymers; mixed thiol monolayers provide granular control of 

interfacial charge and wettability linked to neuron-favoring along with astrocyte-moderating 

responses. By moving from bulk films to programmed monolayers, the thesis shows that it is 

possible to simultaneously enhance electrical stability, and shape cellular behavior, key 

prerequisites for reliable, multifunctional implantable biosensors and neural interfaces. The 

concluding perspective outlines design guidelines and immediate next steps, including chronic 

stability studies in relevant environments, integration with microfabricated arrays, and 

translation of the monolayer toolkit to additional device classes where long-term 

electrochemical performance and biological integration must coexist. 
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