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Thesis abstract 

Over recent decades, there is increasing interest in implantable devices that interact with 

neural tissue in the human body. Applications are broad, ranging from cardiac 

pacemakers to cochlear implants and beyond. The emergence of microelectronics and 

microfabrication has led to the miniaturization of these neural implants. Small devices 

are safer to implant but a number of challenges need to be addressed before very small 

devices are routinely deployed.  

For instance, it is difficult to transfer sufficient power to small implants wirelessly, and 

difficult to fabricate small neurostimulation microelectrodes with high enough charge 

injection capacity to operate safely. Compounding this, the immune system of the body 

can react to the implant. Unfavourable interactions of the electrode with tissue/neurons 

leads to a sharp drop in performance caused by scar tissue surrounding them. These 

challenges, among others, must be overcome in order to reduce the size of implants into 

the low millimeter dimensions. Devices at this scale will be insertable with minimal 

trauma and will hence be deployable in a greater range of circumstances. Here we 

investigate the use of diamond as a biomaterial with the potential to mitigate or 

ameliorate some of these challenges.   

In this work, a novel technique for microcoil fabrication is introduced. Trenches were 

milled into a diamond substrate and filled with silver active braze alloy, enabling the 

manufacture of small, high cross-section, low impedance microcoils capable of wireless 

power transmission of 10 mW over 6 mm. The coils were encapsulated in a second 

layer of diamond, characterized, and accelerated ageing was performed to verify the 

longevity of the construct.   
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Building on previous work, a method was developed to grow conducting diamond films 

on platinum foil. A laser roughening method was used to increase adhesion of the 

diamond to the platinum. This approach enables the superior properties of diamond to 

be integrated into devices constructed using traditional fabrication methods such as wire 

bonding or laser welding. Laser roughened platinum was coated with nitrogen induced 

ultra-nanocrystalline diamond (N-UNCD) films and the electrochemical performance of 

these films was measured relative to platinum. Stronger attachment of N-UNCD to 

platinum substrates of higher roughness was observed. Diamond on platinum electrodes 

were found to be more capacitive and stable compared to platinum controls, a favorable 

characteristic for neural stimulation.   

Finally, an extracellular matrix protein (laminin) known to be involved in inter-neuron 

adhesion and recognition, was covalently coupled to diamond electrodes. Biologically, 

active interlayers have the potential to increase neural adhesion to electrodes and/or 

reduce the immune response, thus increasing longevity. Electrochemical analysis found 

that covalently coupled films were robust and resulted in minimal change to 

electrochemical properties of the electrodes. Neurons cultured on laminin coated 

surfaces exhibited improved adhesion. 

 

This thesis demonstrates that diamond is a versatile material for use in medical 

implants. It can be used as a construction material and as an encapsulant containing 

electrically active elements. It can be made electrically conductive and possesses 

suitable electrochemical properties for neural stimulation. Finally, it can be employed as 

a chemically active substrate for attachment of additional chemistries, including 

biomolecules.  
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Thesis overview 

CHAPTER 1: Background and General Literature Review  

A general overview on inductive power transfer systems, electrode materials and their 

electrochemical properties and biomolecular coating on electrodes as well as research 

problems have been described in this chapter.   

 

CHAPTER 2: Wireless Inductive Coils Embedded in Diamond for Power 

Transfer in Medical Implants  

The design, fabrication, electrical characterization of microcoils and their long-term 

functionality through being hermetically encapsulated in diamond have been described 

in this chapter.         

Aims:  

i) To make embedded microcoils in diamond, manipulating their shape and 

geometrical dimensions to evaluate their inductive power transfer efficiency. 

ii) To establish how a metallic braze line for hermetic sealing impacts on power 

transfer efficiency of the adjacent microcoils.  

iii) To develop a method to grow diamond over embedded coils encapsulating 

them and permitting the use of non-biocompatible metals such as silver or 

silver alloys.  
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CHAPTER 3: Diamond Coating Improves the Electrochemical 

Characteristics of Platinum Electrodes   

Fabrication of functional electrodes of platinum roughened platinum and nitrogen 

introduced ultra-nanocrystalline diamond (N-UNCD) grown on roughened platinum 

foils. Electrochemical characterizations of electrodes using standard electrochemical 

techniques is presented. Mechanical, electrical and electrochemical stability assessments 

of the electrodes are described. 

Aims:  

i) To develop N-UNCD films grown on laser roughened platinum (Pt) foil.  

ii) To evaluate the mechanical and electrochemical stability of N-UNCD 

compared to conventional electrode materials.  

iii) To evaluate and compare N-UNCD electrodes with other electrode materials 

(platinum and roughened platinum) using standard electrochemical 

techniques. 

 

CHAPTER 4: Protein Coating Improves Neural Adhesion on Diamond 

Films Preserving Electrochemical Properties   

Extracellular matrix protein (laminin) coating by electrochemical and chemical methods 

on N-UNCD films grown on roughened platinum is described. Electrochemical 

characterization of laminin-coated N-UNCD electrodes and the stability of the laminin 

layer onto N-UNCD electrodes are presented. 
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Aims:  

i) To couple laminin onto N-UNCD films through an electrochemical process. 

ii) To establish the impact of covalently coupled films on the electrochemical 

properties of N-UNCD electrodes.  

iii) To evaluate electrochemical stability of covalently coupled laminin layer on 

N-UNCD electrodes.  

iv) In vitro biocompatibility assessment through neuronal cell adhesion and 

neurite growth analysis   

 

CHAPTER 5: General Discussions and Conclusions 

Discussion of the major research outcomes of the work, potential applications, and 

future work. 
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water window provided the total charge on the electrode surface and the charge 

per unit area is CSC (D). EIS conducted at 10 mV and the magnitude of 

impedance (|Z|) of Pt (n=12), rPt (n=12), N-UNCD (n=11) and N-UNCD-O 

(n=3) electrodes were obtained with respect to frequency (E and F).           

Fig. 3.13 Typical voltage excursion (A) recorded during the current pulses (B) for a 

pulse duration of 400 µs, interphase gap 25 µs and frequency of 4 Hz. C) The 

Qinj (mC/cm2) of Pt, rPt and N-UNCD at Emc = -0.6 V, where six electrodes 

(n=6) of 1000 µm diameter were tested for each material. D) The Qinj of N-

UNCD and N-UNCD-O (n=3) at Emc = -1.0 V compared to Pt and rPt.   

Fig. 3.14 Representative CVs of Pt (A, n=2), rPt (B, n=2,), N-UNCD (C, n=2) and N-

UNCD-O (D, n=3) electrodes for as-grown (green) and after 5 days continuous 

pulsing (red) and after 10 days stimulation (black). The change in CSC values 

of Pt, rPt, N-UNCD, and N-UNCD-O was obtained from CV using Garrett et 

al.  method (E). Electrochemical impedances at 1 kHz were determined from 

EIS measurements (F).  

Fig. 3.15 Comparison of the Qinj values obtained from voltage transient measurements 

before and after long-term stimulation. Representative electrodes of Pt (n=2), 

rPt (n=2,), N-UNCD (n=2) and N-UNCD-O (n=3) were stimulated using long-

term pulsing. The stimulation was performed at 61, 112, 186 and 509 µC/cm2 

for Pt, rPt, N-UNCD, and N-UNCD-O respectively. 

Fig. 3.16 From voltage transient measurements, the change in Qinj of Pt, rPt, N-UNCD 

and N-UNCD-O were 60% (increase), 31% (decrease), 18% (increase) and 

14% (increase) were obtained respectively due to long-term stimulation. The 

minimal change was for diamond electrodes. 
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Fig. 3.17 Representative SEM images of electrodes for as grown, 1 h stimulation (after 

first electrochemistry) and after 5day stimulation conditions are presented here 

for the electrode materials. The top images A-C (scale bar 10 µm) are for Pt in 

three different cases respectively. Similarly, images are presented for rPt (D-F, 

scale bar 10 µm), N-UNCD (G-J, scale bar 10 µm) and N-UNCD-O (K-L, 

scale bar 2 µm) respectively. The images for Pt were taken from the border of 

electrodes. Images (50000X) for N-UNCD-O electrodes were taken at a 45-

degree tilting angle with respect to the electrode surface (flat stage).  

Fig. 4.1 A) Three consecutive CV (I (red), II (green) and III (black)) from 0.3 - 0.6 V in 

a 0.1M solution of tetrabutylammonium tetrafluoroborate and 4-

nitrobenzenediazonium tetrafluoroborate recorded at a sweep rate of 0.2 V/s at 

a Ag wire reference electrode. B) Five consecutive CVs from 0.5 - 1.5 V in 1 

mM sulfuric acid (H2SO4) solution at a scan rate of 0.2 V/s were recorded at 

the Ag/AgCl reference electrode. CVs were indicated by I (red), II (yellow), III 

(green), IV (gray) and V (black) respectively. The first CV both in A and B has 

a greater reduction peak than that of other CVs.           

Fig. 4.2 XPS spectra on as grown diamond films, and aminophenyl grafted on diamond 

films (after reduction of nitrophenyl): high-resolution C (1s) spectra of N-

UNCD films (A), N-UNCD-O films (B), aminophenyl on N-UNCD films (C) 

and aminophenyl on N-UNCD-O films are presented here.  

  

Fig. 4.3 XPS spectra on diamond films after laminin grafting: high-resolution C (1s) 

spectra of N-UNCD films (A), N-UNCD-O films (B) and thick laminin layer 

(C) are presented here. 

 

Fig. 4.4 Electrochemical characterization of N-UNCD films: A) CVs of N-UNCD 

electrodes at a scan rate of 50 mV/s recorded at a Ag/AgCl reference electrode 

in 0.9% saline. CVs for as-grown (black dash line), laminin coating (red), after 

120 min sonication (green) and 48 h stimulation (yellow), B) CSC values 

obtained using CV for similar conditions as in A, C) The magnitudes of 

impedance were measured at 1 kHz using EIS for similar cases and D) Qinj 

values of the electrodes obtained from voltage transient measurements, 

indicated by black sphere (as grown), red square (laminin coating), green solid 

triangle (120 min sonication) and yellow square (48 h stimulation) 

respectively. 

Fig. 4.5 A) Voltage waveforms for as-grown (black), laminin coating (red), 120 min 

sonicated (green) and 48 h stimulation after sonication (yellow) at Emc = -1.0 V 

in 0.9% saline, B) Applied current waveforms (cathodic first) with various 

amplitudes with same color identity as in A for various conditions of 

electrodes. The phase duration and interphase gap of the current pulses were 

400 µs and 25 µs respectively. Current pulses were applied at 4 Hz frequency. 

Fig. 4.6 Electrochemical characterization of N-UNCD-O electrode before (red) and 

after laminin coating (green) compare to as grown N-UNCD (black). A) 

Typical CVs of different electrodes (O-ring electrode, n=3) at a scan rate of 50 

mV/s recorded against a Ag/AgCl reference electrode within a water window 

limit of -1.0 to 1.0 V in 0.9% saline, B) The obtained CSC values from cyclic 

voltammetry for as grown N-UNCD (black), N-UNCD-O (red), laminin coated 
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N-UNCD-O (green), C) The measured electrochemical impedances at 1 kHz 

using EIS, D) The Qinj of as-grown N-UNCD (black), N-UNCD-O (red) and 

laminin coated N-UNCD-O (green) electrodes obtained using voltage transient 

measurements.  

 

Fig. 4.7 Typical recorded voltage waveforms for as-grown N-UNCD (black), N-UNCD-

O (red) and laminin coated N-UNCD-O (green) were at Emc = -1.0 V in 0.9% 

saline (A), against different applied current pulses (cathodic first) identified 

with same color identity respectively (B). The phase duration and the 

interphase gap were 1600 µs and 25 µs respectively. Current pulses were 

applied at 4 Hz frequency.  

Fig. 4.8 Typical images of primary rat cortical neuron culture: A-C without any 

precoating for CS (n=3), N-UNCD (n=3) and N-UNCD-O (n=3) respectively 

and D-F with laminin coating for CS (adsorbed, n=3), N-UNCD (covalently 

coupled, n=3) and N-UNCD-O (covalently coupled, n=3) respectively. Red: 

beta-III tubulin and blue: DAPI.      

Fig. 4.9 The average cell density of primary rat cortical neurons per square mm. In the 

figure without any precoating samples were CS (control, green), N-UNCD 

(black) and N-UNCD-O (red) respectively, and laminin coated samples were 

CS-LC (laminin coating by adsorption), N-UNCD-LC (laminin coating by 

covalent coupling) and N-UNCD-O-LC (laminin coating by covalent 

coupling). Statistically, the cell densities on the laminin coated samples were 

significantly higher than that of uncoated samples (p = 0.004 < 0.05, two-way 

ANOVA) which were not significantly different within each category (p > 

0.05).      
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Abbreviations 

 

 

AMD    age-related macular degeneration   

ANOVA  analysis of variance  

Ag|AgCl    silver | silver chloride  

Au    gold 

ABA    active braze alloy 

AC   Alternating current  

AIROF                        activated iridium oxide 

BDD     boron-doped diamond   

BDNF    brain-derived neurotrophic factor  

Ca+2    calcium ions 

Cu   copper  

C    carbon 

C    capacitance (= I/ (dV/dt)) 

CNTs    carbon nanotubes  

CVD    chemical vapour deposition  

CP    conductive polymer  

CH    conductive hydrogel  

CSC    charge storage capacity    
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CE    counter electrode  

CV    cyclic voltammogram   

Cdl    electrochemical capacitance  

CPE    constant phase element 

CS    coverslip  

CSs            coverslips   

DI    distilled water  

DBS    deep brain stimulation  

DMF    N, N-dimethylformamide 

EEG    electroencephalographic  

EPI-RET   epiretinal  

EDS    Elemental analysis 

EDC    1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride 

EIS    electrochemical impedance spectroscopy  

Emc    maximum cathodic polarization   

FWHM   full width half maximum  

GDNF    glial cell-derived neurotrophic factor 

H   hydrogen  

H.M.D.S   hexamethyldisilazane  

HA    hyaluronic acid  
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HPHT    high-pressure high temperature 

IrOx    iridium oxide  

IGF-1   insulin-like growth factor- 1 

IPA    isopropyl alcohol 

I    current amplitude  

K+    potassium ion 

LC    inductance-capacitance  

MEMS   microelectromechanical systems  

MES   2-(N-morpholino)ethanesulfonic acid  

Na+    sodium ion  

NGF    nerve growth factor 

N-UNCD   nitrogen induced ultra-nanocrystalline diamond  

NT-3    neurotrophin-3 

N-UNCD-O   oxygen plasma activated N-UNCD 

NHS    N-hydroxysuccinimide  

OR    operating room 

OTS    octadecyltrichlorosilane  

PENS    percutaneous electrical nerve stimulation  

PEDOT   poly (3,4-ethylenedioxythiophene) 

Pt-Ir     platinum-Iridium  
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Pt    platinum  

PDGF-BB    platelet-derived growth factor-BB  

PEG    poly (ethylene glycol) 

PEG-PLA   poly (ethylene glycol)-poly (lactic acid) 

PCD    polycrystalline diamond  

PBS    phosphate buffer solution 

Qinj    charge injection capacity  

Q-factor   quality factor  

RF    radio frequency  

R    resistance 

RP    retinitis pigmentosa  

RE    reference electrode  

Rct    charge transfer resistance  

Rs    resistance (in series)  

SEM    scanning electron microscopy  

SLIP    structured laser interference patterning  

TNF    tumour necrosis factor 

TiN    titanium nitride  

TENS    transcutaneous electrical nerve stimulation 

UV    ultraviolet  
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V    voltage  

W    tungsten  

WE    working electrode  

XPS    X-ray photoelectron spectroscopy 

Zn    zinc  

αMSH     alpha-melanocyte-stimulating hormone   
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CHAPTER 1 

 

Background and General Literature Review 

 

Medical implants are becoming a common means for the treatment of intractable and 

incurable health issues. Total joint replacement prostheses, heart valves, cochlear 

implants, intravascular stents, intraocular lenses, and other ophthalmological devices are 

commonly used. As well as passive devices, the development of active implants such as 

artificial neural prostheses is a rapidly expanding field. Electrodes used in neural 

prostheses are chronically interfaced to the central and/or peripheral nervous systems 

for neural stimulation and/or recording. Stimulation can be employed to produce the 

sensation of feeling, hearing, or vision [1]. Neural prostheses address spinal cord injury 

and stroke, bladder control, essential tremor associated with Parkinson’s disease, 

epilepsy, dystonia, depression, and outer retinal degenerative diseases like age-related 

macular degeneration (AMD) and retinitis pigmentosa (RP) etc. [1-5].  

 

More than 737,500 new pacemakers were implanted worldwide in 2009 [2] and 250000 

people have received cochlear implants worldwide since 2013 [6]. Over 2000 people 

with Parkinson’s disease already have deep brain stimulators in the United States [3]. 

Various types of implantable sensors are being used to measure and/or monitor blood 

glucose, intravascular and intraocular pressures. Medical implant usage is increasing 

rapidly and is poised to improve human health. [7, 8].  
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The development of microelectronics has provided opportunities for the miniaturization 

of neural implants [9-12]. Very small implants may be able to be implanted by injection 

or through safe laparoscopic procedures and hence technologies will be able to be 

deployed in a wider range of situations. Many microfabrication technologies have 

emerged to enhance the degree of miniaturization [13-19]. Miniaturization, however, 

creates several big challenges that need to be overcome. Aspects of some of these 

challenges are discussed in this chapter.  

 

1.1 Wireless power transmission and hermetic packaging   

1.1.1 Power delivery approaches 

Sufficient and permanent power delivery to medical implants is one of the most 

important requirements for future miniaturized implants. Wires that penetrate the skin 

are an immediate and persistent infection risk thus, there is a strong desire to provide 

power to and communicate with implants via wireless technologies (which provide the 

ability to communicate between two or more entities/devices over distances without any 

wires/cables and uses radio frequency as well as infrared waves). Various power 

transmission approaches for medical implants have been investigated. Different 

batteries/biofuel cells  [20-29], thermocouples [30], piezoelectric transducers [11, 31, 

32], electrostatic and electromagnetic  [33-36], mechanisms are capable of powering  

implants. Power delivery systems with external units have also been investigated [37]. 

Among them, the optical charging method [38], ultrasonic transduction [39] and 

inductive coupling [40] are well known.  
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For large implants (e.g. pacemaker) the use of a rechargeable or replaceable battery is 

feasible and commonplace. This technology has existed since pacemakers were 

introduced in 1972 [41-45]. Many different types of batteries have been developed over 

the years [20-29]  including lithium-based batteries with high energy density and 

compact size [24, 46, 47], and some are with long lifetimes (5 to 10 years) [48]. A 

number of approaches to long life or miniaturized batteries have been examined. For 

instance glucose or amylum fuel cells [26, 47] or enzyme base biobatteries [23, 33, 49, 

50] and different type of nuclear battery using radioisotopes [37]. In practice, these 

approaches are difficult to implant because of biofouling and biocompatibility issues 

[28, 29, 51]. For large implants, lithium-ion batteries are commonly used in today's 

devices. 

 

Many other methods of producing or transferring power to the medical implants have 

been investigated including thermoelectric methods where the temperature gradient 

across the skin is harnessed [52, 53], kinetic harvesters using piezoelectric materials 

[11, 31, 32], ultrasound  and microelectromechanical systems (MEMS) technology [54] 

that move relative to a magnetic field. All such approaches are difficult to miniaturize, 

render biocompatible and tend to have poor power output [30]. Optical transfer of 

power is a method that has promise for certain applications [33]. The Pixium and 

iBionics retinal prosthesis, for instance, will be entirely powered by infrared laser. For 

these applications, the laser can be directed through the clear tissue of the cornea. In 

other parts of the body however, devices need to be close to the skin surfaces otherwise 

the required laser power may damage skin due to heating [55].   
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By far the most popular method of transmitting wireless power is magnetic induction, 

invented by Michael Faraday in 1831. An alternating current in a primary coil 

(connected to a source) produces a varying magnetic field resulting in a voltage across a 

secondary coil (fig. 1.1). Wireless power and data transfer based on magnetic induction 

between two coil-loops was initially reported in 1914 by Nikola Tesla [128]. Wireless 

power transfer re-emerged in the late 20th century when portable electronic devices 

developed and became very easily usable. Furthermore, the enormous development of 

electric and plug-in hybrid vehicles in the auto industry, nano- and wireless-

technologies in medical diagnosis, monitoring and e-health care [13, 56, 57] produced a 

great demand for wireless power and data transfer.  

 

                              

 

Fig. 1.1 The principle of inductive power transfer describing Faraday’s law [58].  

 

For power transfer to medical implants, the primary or transmitter coil is located outside 

the body while the secondary or receiver coil is integrated with the implanted device. 

Voltage is induced in the receiver coil due to the variation of the electromagnetic field 

in the external transmitter coil as in fig. 1.1. This technique has been used for several 

decades to power cochlear implants [59, 60]. More recently, an epiretinal prosthesis 

namely EPI-RET-3 (conceptual view in fig. 1.2) consists of an extraocular and an 

intraocular part. The extraocular part contains transmitter unit, attached to an eyeglass-
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like frame. The intraocular part (fig. 1.3) is 45 mm long included an integrated receiver 

coil of diameter 10.5 mm, electronic components and 25 iridium oxide coated 

stimulation electrodes of diameter 100 µm. The implant remained in the patient eye for 

28 days when the inductive power system was able to provide a maximum 500 µA 

stimulation current. The maximum allowed distance between the transmitter and 

receiver coil was 25 mm for wireless power delivery [61]. Several examples where 

inductive coupling was used for wireless power transfer are available elsewhere [42, 62, 

63].  

 

             

               

 

Fig. 1.2 Concept of the EPI-RET-3 wireless retina implant system [61].       

   

 

 

 

 

 



 

36 
 

 

 

Fig. 1.3 Drawing of the EPI-RET-3 wireless retina implant [61].  

 

Wireless power delivery is dependent on the resonant frequency, distance, alignment, 

and coupling matching between the transmitter and receiver coils [13, 19, 64-67]. In 

practice, the complex relationships between these parameters cause significant and 

unavoidable challenges. For instance, without making proper arrangement of the outer 

devices to the implant based on these parameters, power and data transfer efficiency 

would be very low.  Human organs are soft hence there is a strong movement towards 

flexible electronic devices. Bending of an induction coils, however, changes inductance, 

varying the resonant frequency of the inductance-capacitance (LC tank) circuit in the 

implant. Thus, power transfer can be reduced dramatically. This requires an adaptive 

mechanism to ensure the resonant frequencies are matched well on both sides of the 

transceiver unit [68, 69] which is challenging to implement for many implants.  

 

Misalignment is another practical issue [19, 47, 70]. For instance, in the case of medical 

implants attached to moving organs such as the stomach, positional and angular 

misalignment becomes critical, in particular for planar coils. Spiral coils, however, can 

help to mitigate these issues. [71], misalignment is case-dependent and unavoidable. 

Therefore, case by case calibration and investigation are required for real-life usage of 
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inductive method for implants [33]. Table 1.1 lists the main approaches to power 

storage, generation or transfer and lists their chief advantages and disadvantages.   

 

Table 1.1: Power delivery capacity of different approaches for medical implants   

Energy 

harvesting 

method  

Approaches  Generated 

power 

References  Advantages  Disadvantages 

Independent 

system 

Lithium batteries 210 W-h/kg  

300 W-h/kg 

[23] 

[72] 

Compatible with 

flexible electronics 

Size  

Toxicity  

Bio-fuel cells 2.4 µW [73] Recycle materials 

Biocompatible in the 

human body 

Lifetime 

Low output power  

Nuclear batteries  50 µW [23] Longer service life 

(>15 years) 

Stable output energy  

Radioactive 

danger   

Expensive  

Thermoelectricity  5.8 µW 

1 µW 

180 µW/cm2 

 [74] 

 [75] 

 [30] 

 

Unlimited lifetime 

Low output power 

Piezoelectricity  0.33 µW  

 

1 W 

 [76] 

 

 [32] 

High output power  

No additional voltage 

source   

 

Biocompatibility 

issues 

Electrostatic 36 µW 

58 µW 

80 µW  

[77, 78]  

[77, 78]  

[79]  

High output power Additional voltage 

source required 

High output 

impedance  

Electromagnetic  40 – 200 µW 

1.1 mW 

400 µW 

[80, 81]  

[82] 

[83] 

Unlimited implantable 

locations  

Complexity in 

fabrication 

technologies  

Systems 

with 

external  

unit  

Optical charging  22 mW/cm  [84] High output power  Large dimension   

Ultrasonic 

transducer 

1.5 mW/cm2 [85, 86] Data transfer 

May be used for 

different depths  

Low output power 

Side effects  

Inductive 

coupling 

19 mW 

150 mW 

50 mW 

6.15 mW 

[87] 

[42]  

[62, 63]  

[88]  

High data rate and  

Power transmission  

No batteries needed  

Limited carrier 

frequency  

Due to tissue 

absorptions 

Side effects  
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1.1.2 Hermetic packaging of medical implants  

In a physiological environment, implants may suffer from leakage and electrochemical 

corrosion due to sodium ions. Normally the increased sodium ions facilitate the 

movement of electrons among the electrodes, which speeds up the corrosion process. 

 In addition, solder-attached components fail due to solder oxidation [89]. 

Biocompatibility of materials is critical so that implants do not expose the body to any 

undesirable local or systemic effects due to their toxicity or corrosion. Thus, 

biocompatibility of the packaging is the first thing to consider during design and 

fabrication of an implant, as this makes direct contact with the body.  

 

Wireless communication can also be affected by the encapsulation of the implant, 

especially for metallic packaging or when the receiver coil and the electronic 

components are close to one another.  Proper hermetic encapsulation of the implants is 

important to reduce the power and for the safety of the patients [90-92]. In addition, 

encapsulation is certainly needed when non-biocompatible materials are used as coil 

wire material.   

   

There are a number of commonly used encapsulation processes including polymers, 

glass-to-metal seals, ceramic-to-metal seals, fusion welding [93, 94]. For some 

applications the encapsulation needs to be low weight and miniaturized (such as for 

retinal and spinal stimulation). Hermetic encapsulation of medical implants is still very 

difficult in practice. However, integration of the components of an implant in one 

package including receiver coil is necessary for miniaturization of the implant, which 

has made the hermetic sealing of an implant more challenging.       
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1.2 Electrode materials for neural stimulation  

1.2.1 A brief history of neural stimulation 

The long history of electrical stimulation is first referenced as far back as 2750 BC 

where depictions of the Nile electric catfish (fig. 1.4) being used to treat pain appear in 

artifacts from the period of the predynastic Egyptian ruler, Narmer [95]. An adult 

electric catfish is capable of producing a potential as high as 350 V and an average of 50 

volts which it can rapidly discharge to stun prey or predators [96]. Separate reports from 

ancient Romans and Greek artifacts also exist. The Roman physician Scribonius Largus 

(AD 47) was the first to prescribe ray/torpedo fish for pain relief in patients with gout, 

arthritis or headaches (fig. 1.5) [95, 97]. The torpedo fish generates discharges from 8 V 

to 220 V, depending on the species. 

 

                                          

                       

                             

Fig. 1.4 Image of an adult Nile electric catfish used to treat pain appear in artifacts from the period of the 

predynastic Egyptian ruler. 
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Fig. 1.5 Artist's impression of the use of the electrical torpedo fish in the treatment of gout (a) and 

headache (b) [95]. 

 

 

Natural electricity production was replaced in the 18th and 19th centuries by man-made 

devices. The first phase, called Franklinism, was static electrical current produced by a 

friction generator, characterized by a high voltage and low currents (mA) to induce 

sudden shocks and sparks. Christian Kratzenstein was the first to apply such a device in 

a medical application in Europe during in 1744. A few years later in 1752, Benjamin 

Franklin, used a simple form of a condenser capable of making strong shocks for the 

treatment of various illnesses in America [95].  

 

The second phase is known as Galvanism. A dynamic electricity was discovered by 

Galvani in 1780 which originated from electrochemical potential and was named 

Galvanic current. Galvani stimulated the nerves and muscles of deceased frogs with 

electrical charges making them move (fig. 1.6) and believed that animals can develop 

electricity spontaneously [95, 96].   
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Fig. 1.6 Galvani connects the lumbar nerves to the crural muscle of a frog through a bimetallic circuit of 

zinc (z) and copper (c): the leg kicks outwards [96].  

 

 

                                   

Fig. 1.7 Lindstrom's Electro Medical apparatus was widely used in the Midwest USA around 1894 [96].  

 

 

The third phase is called Faradism. Electrical current is induced intermittently in 

alternate directions during and is the foundation of inductive coupling for wireless 

power and data transfer. In Faradism it was possible to control the strength and polarity 

of the alternating current manipulating inductive coils and input power for medical 

applications [96]. For instance, the use of Lindstrom's Electro Medical apparatus for 

pain relief (fig. 1.7). The discovery of high-frequency currents in 1888 known as 

d’Arsonvalisation enhanced the use of electricity for muscle stimulation. Thus,  
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Table 1.2 A timeline of electrical stimulation [98] 

 

Year        Researcher                                            Remarks                                                          Reference 

 

15 AD Scribonius           Torpedo fish shock used for pain treatment                   [99] 

1774  Benjamin Franklin           Electrical shock causes muscle contraction                  [100]  

1800        Allesandro Volta              Electric current used to stimulate inner ear                                   [101] 

1780  Galvani            Electrical contraction of frog muscle    [102]  

1816  Mary Shelly           “Frankenstein” animation by electricity in novel              [98] 

1870  Fritsch and Hitzig            Muscle contraction on stimulating dog motor cortex     [103]  

1874  Bartholow           Muscle contraction on stimulating human motor cortex  [104]  

1884 Horsley            Stimulation of encephalocele---eye movement   [105]  

1886  Horsley            Motor cortex stimulation in epilepsy surgery   [105]   

1902             Electreat skin stimulation for pain and illness 

1908  Horsley and Clarke          Introduction of stereotaxis, including lab stimulation     [106] 

1947  Hess and Hassler              Chronic animal stimulation     [107] 

1948  Pool            Stimulation of frontal tracts for psychiatric surgery                  [108] 

1953  Heath            Behavior changes in deep brain stimulation                                  [109] 

1954  Olds and Milner           Septal stimulus seeking behavior in rats                  [110] 

1954  Heath            Septal stimulation for pain relief                   [111] 

1957        Djourno, Eyries                Excitation of auditory nerve                                                          [112] 

1960  Hassler and Riechert        Motor effects on brain stem stimulation in OR   [107] 

1964  Spiegel and Wycis           Oculomotor localization in campotomy    [113] 

1965  Alberts et al.            EEG changes on subcortical stimulation                   [114] 

1965  Melzack and Wall            Gate theory introduced                     [115] 

1967  Wall and Sweet           Analgesia on stimulation of infraorbital nerves                       [116] 

1967  Shealy and Mortimer        Implantable spinal cord stimulator    [117] 

1967  Gol             Chronic septal stimulation for pain relief                   [118] 

1968  Sweet and Wepsic            Implantable peripheral nerve stimulator                    [119] 

1968  Medtronic           Commercial implantable stimulator 

1969  Reynolds           Analgesia on periventricular stimulation in rats   [120] 

1971  Gildenberg           Spinal cord stimulation for torticollis    [121] 

1972  Bechtereva           Chronic basal ganglia stimulation for Parkinson’s         [122]  

1973  Hosobuchi           Somatosensory thalamic stim for denervation pain                  [123] 

1976  Cook and Dooley           Spinal cord stimulation improvements spasticity   [124, 125]  

1976  Dooley            Spinal cord stimulation improves blood flow   [123] 

1977  Richardson and Akil        Periventricular stimulation for pain relief                        [126, 127]  

1982  Tasker et al.            Atlas of thalamic stimulation     [128] 

1985  Augustinsson et al.         Spinal cord stimulation for peripheral vascular disease    [129] 

1987  Murphy and Giles            Spinal cord stimulation for angina    [130] 

1996  Hautvast et al.            Increased coronary flow on spinal cord stimulation                  [131] 

1991  Tsubokawa et al.           Motor cortex stimulation for pain relief    [98] 

 

EEG - electroencephalographic; OR - operating room. 

 

            

19th century was the golden age to develop electrotherapy using electrical stimulation 

[98, 132, 133], which was the foundation of the gradual development of neuromuscular 

stimulation. For instance, electroacupuncture, transcutaneous electrical nerve 

stimulation (TENS), percutaneous electrical nerve stimulation (PENS), dorsal column, 

and spinal cord stimulation processes; and electrical muscle stimulation for prevention 
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and treatment of muscle wasting etc. table 1.2 (adapted) summarizes a historical 

timeline of electrical stimulation [98].  

 

 

                         

 

Fig. 1.8 An implantable single lead pacemaker is about 4 cm long and 3 cm wide. The electric device 

consists of two main parts, a thin metal box, and wires. A generator in the thin box which creates an 

electrical impulse powered by a battery. The number of wires varies from one to three which are 

connected to the generator and little electrodes for stimulation are placed on their tips (source: 

nordcardio.com).  

 

 

 

                                 

 

Fig. 1.9 An image of a typical cochlear implant showing its different parts including stimulation 

electrodes (source: Med-EL).    

 

 

The gradual advancements (table 1.2) in the field of biomedical engineering, medical 

bionics, and microelectronics have made it possible to develop various implantable  
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medical devices. As a result, neural stimulation has been successfully employed to treat 

a wide range of neural disorders using pacemaker (fig. 1.8), deep brain stimulation 

devices, cochlear implants (fig. 1.9), visual prosthetics, motor prostheses and drug 

delivery systems. Different neural stimulation electrodes with different geometry are 

being used in various neural prostheses such as deep brain stimulation device (fig. 1.10 

A), cochlear implant (fig. 1.10 B) and suprachoroidal electrode array for retinal implant 

(fig. 1.10 C).  

 

 

 

 

Fig. 1.10 Images of stimulation electrode arrays for deep brain stimulation device (A, source: Medscape), 

cochlear implant (B, source: MED-EL) and retinal implant (C, [134]).   

 

 

1.2.2 Electrochemistry of stimulation electrodes 

The branch of chemistry which deals with the interaction of chemistry and electricity is 

known as electrochemistry. Electrochemistry is the science of changes/reactions caused 

due to electric current passing through chemical solutions. This includes different 

phenomena such as electrophoresis and electrochemical corrosion, electrochromic 

displays, electro analytical sensing, electroplating of metals and so on. Electrochemical 
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measurements on chemical systems can be performed for a variety of reasons. In this 

thesis, electrochemical methods are employed to investigate the efficacy of electrode 

materials for charge transfer as well as to measure their electrochemical impedance and 

stability.  The application of electrochemistry requires an understanding of the 

fundamental principles of electrode process/reactions and the electrical properties of 

electrode-solution interfaces. In the following, subsections entitled as charge transfer 

process, charge injection capacity and electrochemical impedance of electrode materials 

are discussed briefly. While the basic principles of electrochemistry, detailed 

considerations of methods with rigorous mathematical calculations for studying 

electrode processes and reactions are described elsewhere [135, 136].  

 

1.2.2.1 Charge transfer process of electrode materials  

At the surface of an electrode, the electrical current that flows by the movement of 

electrons through the electrode material can be accommodated in a number of ways. 

When an electrical charge is injected into an electrode surface, the surrounding ionic 

environment can adjust to try and accommodate or balance that excess charge. This 

process is typically referred to as capacitive charging or double layer charging. The term 

double-layer refers to an inner and outer layer of dissolved ions that can diffuse or 

change orientation to accommodate charge on the electrode surface (fig. 1.11 A). 

Charge injection into an electrode can result in electron transfer in electrochemical 

reactions (Faradaic reactions) with chemical species either on the electrode surface or 

dissolved species in the nearby solution.  
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Fig. 1.11 The interface of electrode and electrolyte, illustrating Faradaic charge transfer (top) and 

capacitive redistribution of charge (bottom) as the electrode is driven negative: (A) physical 

representation; (B) two-element electrical circuit model for mechanisms of charge transfer at the 

interface. The capacitive process involves reversible redistribution of charge. The Faradaic process 

involves a transfer of electrons from the metal electrode, reducing hydrated cations. Faradaic charge 

injection may or may not be reversible [137].  

 

 

Faradaic processes with the solution or the membranes of neurons may produce toxic 

products [137]. These products may diffuse away from the electrode-tissue interface, 

cause pH changes [138] and tissue damage [139]. Some metal has pseudocapacitance 

(reduction of protons and plating of monatomic hydrogen onto the metal electrode 

surface due to Faradic reactions) properties where electron transfer occurs by Faradic 

reactions, but the products remain bound to the metal surface and the reactant may be 

recovered provided the current direction reverses. Platinum (Pt) for instance has the 

property of pseudocapacitance [1, 129, 137]. Charge transfer from the electrode to the 

electrolyte or extracellular fluid can be controlled by user-defined current 

(galvanostatic) or voltage (potentiostatic) which described in details elsewhere [137].             
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1.2.2.2 Charge injection capacity 

Charge injection capacity (Qinj) is an empirically derived quantity of charge that defines 

safe operating limits for a specific neural stimulation material. Simply, it is the amount 

of charge that an electrode can transfer per unit surface area of the electrode material 

during a stimulation pulse. The Qinj can be determined relative to either the geometric or 

electrochemical surface area which includes electrode roughness. The electrochemical 

surface area [129] increases with the porosity and/or roughness of the surface and is 

variable. Thus, the geometric surface area is normally used for better comparison of 

electrochemical properties of electrode materials [1]. Typical charge injection capacities 

of several electrode materials are provided in table 1.3.     

 

The process of deriving Qinj begins with establishing the maximum and minimum safe 

operating voltages that the electrode is permitted to experience. Typically, this limit is 

defined as the potential limits after which hydrolysis of water occurs. Hydrolysis (or 

electrolysis) is where water molecules are separated into gaseous hydrogen (reduction 

of water: 2H2O + 2e- = H2 (gas) + 2HO-) and oxygen (Oxidation of water 2H2 = O2 

(gas) + 4H+ + 4e-). The potential limits are specified as positive and negative voltages 

against a reference electrode, most often silver-silver chloride but other reference 

systems are also employed. The use of a reference electrode is important in biological 

systems because electrochemical reactions occur at specific absolute energies, therefore, 

the system voltages must be chemically referenced. The hydrolysis limits are also 

known as the water window of a material. For example, the water window of Pt is -

0.6–0.8 V indicated in table 1.3 [1, 140].   
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When a charge is stored on an electrode surface, the electrode voltage relative to the 

solution will change. The Qinj can be used to estimate safe parameters of current 

amplitude and pulse duration such that the amount of total charge injected during the 

pulse does not result in the voltage excursions exceeding the water window. The 

traditional safe charge injection limit of Pt is 300 - 350 μC/cm2  for a biphasic pulse 

width above 600 μs in length (cathodal first) [129] and 50 –150 μC/cm2 for 200 μs pulse 

width [141] in voltage transient measurements where the voltage is recorded against the 

user-controlled current. The longer pulse widths provide more time for reactions at the 

electrode surface to occur. For instance, hydrogen plating and redox reaction of Pt 

results in an increase in Qinj [141, 142]. Porosity increases this limit as the effective 

surface area increases [129, 143]. Within the same electrode surface, the current density 

can vary due to localized high current density [71]. For instance, flat electrodes have a 

higher current density near the edges. Electrode corrosion can occur after long-term 

exposure and/or active stimulation [1]. Larger electrodes typically have a lower charge 

density whereas microelectrodes (<10,000 μm2) have higher charge density [1]. 

Additionally, constant current pulsing reduces the electrode polarization at higher 

temperatures and consequently Qinj increases.  
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Table 1.3 Charge-injection limits of electrode materials for neural stimulation  

 
Material Mechanism  Maximum Qinj 

(mC/cm2) 

Potential 

Limits  

V versus 

Ag|AgCl 

Comments  References 

Pt and PtIr alloys   Faradaic/ 

Capacitive 

0.05–0.15 −0.6 to 0.8  [141] 

Activated iridium 

oxide 

Faradic 1-5 −0.6 to 0.8  Positive bias 

required for high 

Qinj. Damaged by 

extreme negative 

potentials (<−0.6 

V)  

[144, 145] 

Thermal iridium 

oxide 

Faradic  ̴ 1 −0.6 to 0.8 Positive bias 

required for high 

Qinj 

[146] 

Sputtered iridium 

oxide 

Faradic 1-5 −0.6 to 0.8 Benefits from 

positive bias. 

Damaged by 

extreme negative 

potentials (<−0.6 

V) 

[147] 

Tantalum/Ta2O5 Capacitive  ̴ 0.5  Requires large 

positive bias  
[148, 149] 

Titanium nitride  Capacitive  ̴ 1  -0.9 to 0.9  Oxidized at 

positive potentials 
[150] 

PEDOT Faradic 15 -0.9 to 0.9 Benefits from 

positive bias 
[151] 

Diamond  

(A-N-UNCD20%) 

Capacitive ̴ 0.16 -1.1 to 1.1  Hard, and 

soldering 

difficulties due to 

lack of ductility 

[152] 

Oxygenated 

diamond  

(N-UNCD-O) 

Capacitive ̴ 1.18 -1.1 to 1.1  Hard, and 

soldering 

difficulties due to 

lack of ductility   

[153] 

 

 

1.2.2.3 Electrochemical impedance  

Electrochemical impedance is an important electrochemical property of an electrode 

material. When an electrode is placed in an electrolyte and/or extracellular fluid electric 

charges accumulates at the electrode surface in order to accommodate any mismatch 
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between the energy (voltage) of the material and the electrolyte. When a charge is 

driven into the electrode surface, the applied current at the electrode activates Faradic 

charge transfer at the interface and the ionic conductivity starts in the electrolyte 

because of the activation of chemical reactions. Thus, the impedance is introduced due 

to the polarization resistance (at a lower frequency) and charge transfer and/or 

electrolyte resistance ( at a higher frequency) arising from the ionic conductivity [1, 

154]  (a model circuit, fig. 1.11 B). Impedance is non-linear by its character.  

 

In electrochemical impedance spectroscopy, a low-amplitude sinusoidal voltage (10 - 50 

mV) is swept over a wide range of frequency (<1 Hz to 105 Hz) and the resulting 

electrochemical current frequency response is analyzed. At high frequency, the 

impedance is dominated by the resistivity of the tissue. At high frequencies the 

frequency dependent impedance of the double layer capacitance is negligible. 

Conversely, at very low frequencies, the double layer capacitance dominates because 

the surface needs sufficient time to fully charge. Normally, recording electrodes are 

compared using their impedance magnitude at 1kHz [1]. The characteristic impedance 

of an electrode is a parameter that is most useful to engineers designing electronics for 

implants, the impedance of the electrodes impacts heavily on the power consumption of 

a stimulation device and the voltage compliance required from the electronics for 

effective stimulation [155].   

 

1.2.3 Miniaturization of electrodes for neural prosthesis   

Macroelectrodes (with larger area than 100,000 μm2) can be placed near or around their 

target tissue in some sensory applications [1] but microelectrodes (with less area than 

10,000 μm2) are commonly used for motor, and visual  prostheses [156, 157], where 
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more selective and high-resolution stimulation is required. Due to advances in 

manufacturing technology smaller neural prostheses as well as smaller electrodes for 

high-density electrode array fabrication are possible [158, 159]. However, the 

miniaturization of electrode size requires higher charge density at the electrode surface 

for similar safe neural stimulation [160]. It is mentionable that light perception by 

electrical stimulation of the retina in a visually impaired subject requires a charge 

density, between 48 and 357 μCcm-2 [161]. On the other hand, the charge injection limit 

of Pt is from  50 -150 µCcm-2 [1, 141]. This reveals that Pt electrode size can be 

reduced up to a certain limit but, below that limit, Pt cannot be used. Roughening of the 

electrode surface area may increase charge storage capacity and lower the impedance in 

vitro compared to smooth Pt but this effect does not remain during long-term in vivo 

implantation [162], possibly because of protein fouling of the electrode lowering the 

effective roughness. Thus, new electrode materials are needed for further 

miniaturization of electrodes in neural prostheses.  

 

1.2.4 Historical progression and emergence of new electrode materials  

The early investigators of neural stimulation used metals such as zinc (Zn), copper (Cu), 

carbon (C), Pt, Au, Ag, Ir, tungsten (W), stainless steel during the 1930s to make 

electrodes [129, 163-165]. Along with the metals, their alloys comprising any one or 

more of other metals such as palladium, chromium, nickel, manganese, silicon, iron, 

cobalt, beryllium, tungsten, molybdenum, rhodium and /or ruthenium have been used 

[166] for decades. Most metal electrodes react with physiological electrolytes and cause 

corrosion resulting in instability and biocompatibility issues for long-term usage. Metals 

also have higher Young’s modulus than biological tissue which makes a mechanical 

mismatch at the electrode-tissue interface producing inflammation. All these reveal that 
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the chemical, physical, and mechanical properties of implanted electrodes are very 

important factors. With increasing miniaturization, the need for improved 

electrochemical properties became the driving force in the search for new materials. 

This has led to the testing of several novel materials including iridium oxide (IrOx), 

Titanium nitride (TiN), carbon materials, conductive polymers, and their hybrid 

materials.  

 

IrOx has been under investigation for several decades as an alternative to Pt because of 

its exceptionally high Qinj [1, 167] [168]. It is stable using charge densities up to 0.93 

mC/cm2 [169], but large delamination and material deposits in the tissue were observed 

at a pulse charge density of 3 mC/cm2 (fig. 1.12) [156]. Iridium oxide is a soft chalky 

substance that easily succumbs to physical damage and adhesion of IrOx to the 

underlying substrate can be unreliable. [170].  

 

 

                                  

 

Fig. 1.12 SEM of an AIROF microelectrode pulsed at 3 mC/cm2 for 1600s showing a fracture of the 

oxide film [156]. 

 

 



 

53 
 

TiN is chemically and mechanically stable with high conductivity and Qinj [1]. Typical 

values of Qinj are reported around 0.9 mC/cm2 with a hydrolysis limits of -0.9V to 0.9V 

for 4000 µm2 electrode at 0.5 ms pulse width [1, 150]. The electrochemical resistance is 

lower than Pt due to the very high electrochemical surface area of this material. TiN 

delivers charge to neural tissue through a purely capacitive charge injection mechanism 

[1, 150]. Electrodes can be fabricated by sputtering TiN onto other materials [171]. It 

may be patterned by photolithography and may be a candidate for retinal electrode 

arrays and some nerve cuffs designs [1]. Its long-term biocompatibility, however,  is 

still uncertain [150]. Tantalum/tantalum oxide (Ta/Ta2O5) was thought to be a good 

capacitive electrode material and has been extensively explored for nerve stimulation 

but it has disadvantages. Such as due to pore resistance its Qinj cannot be increased and 

relatively high bias voltages (> 4 V) is required during the interpulse period [1].  

 

Conductive polymers may be suitable alternatives to a metallic electrode for neural 

prostheses and have been studied in the last decade initiated since the 1970s [133] 

showing evidence of better electrochemical performance in vitro [172] and in vivo 

[170]. Among the conductive polymers Poly (3,4-ethylenedioxythiophene) (PEDOT) is 

considered as the most promising due to its suitable electrochemical properties and 

biocompatibility [173] for neural interfacing. In vitro testing shows that it has a charge 

injection limit of 2.3 mC/cm2 and charge storage capacity of 76 mC/cm2 [174-176]. 

Also, the acute in vivo evaluation reports that PEDOT has increased impedance than 

that of in vitro but has higher Qinj than metal electrodes [177, 178]. However, the 

structural stability of PEDOT is low as a stimulating electrode and may crack and lose 

all of its advantages in vitro or in vivo [174, 176]. Blending with different materials may 

improve its mechanical properties but have little possibility of sticking onto substrate 
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materials and may crack too [172, 179-181]. On the other hand, the blending 

mechanism of two polymers is not yet understood well, therefore it is not easy to have 

the proper ratio of blending materials for desired characteristics of the composite [161].    

 

Carbon nanotubes (CNTs) consist of rolled-up single or multi-walled graphite sheet(s) 

[182, 183]. CNTs have the high mechanical strength and excellent thermal conductivity 

(3000 W m-1 K-1) [184]. They have a high ratio of electrochemical surface area to the 

geometrical surface area, which provides a large double-layer charge capacity [185] and 

hence Qinj. The safe charge injection limit of CNT containing coatings have been 

reported to be between 1.6 and 2.5mC/cm2 [186, 187]. However, without chemical 

modification or embedding in a polymer matrix CNTs do not adhere to substrate 

materials.  

 

Diamond has long been recognized as a material with a number of extraordinary 

properties [188]. During the 1950s, high-pressure high temperature (HPHT) synthesis of 

diamonds meant that the extraordinary properties of diamond were made available in a 

number of industries, chiefly in cutting tools where the extreme hardness of diamond is 

advantageous [189, 190]. It was not until the 1980s that chemical vapor deposition 

(CVD) became a popular method to produce diamond [191-194]. One advantage of this 

method over HPHT is that films of diamond could be grown on substrates. Due to the 

high hardness and low chemical reactivity, these films are often used as wear resistant 

or anti-corrosion coatings [195-198]. Wear-resistant coating for artificial hip joints was 

the first medical use of diamond and the first proof of diamond’s high bioactivity  [198-

202]. For the various forms of diamond have been developed gradually including 

microcrystalline films (1-3µm grain size), nanocrystalline (10-100 nm grain size), ultra-
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nanocrystalline (3-7 nm grain size) diamond based on gas mixture (recipe) in CVD [92, 

203-206].  

 

Doping of diamond, in particular with boron leads to a material with useful levels of 

electrical conductivity. [152, 207]. Boron-doped diamond electrodes show an 

electrochemical interface with very low double layer capacitance [208, 209] and hence 

are not suitable for neural stimulation. 

  

Various groups have developed methods to fabricate macroelectrode and/or 

microelectrode arrays of boron doped diamond for recording or electrochemical sensing 

applications [210-213]. Bergonzo et al. patterned the diamond seed layer before 

diamond growth and thus patterned synthetic diamond films on silicon were directly 

obtained from CVD  [2, 208, 214]. In practice, most common, multi-electrode arrays 

were built by removing material from a continuous conducting diamond films to 

produce isolated single electrodes [215-219]. An alternative method was performed by 

Ganesan et al. to fabricate a nitrogen-induced ultra-nanocrystalline diamond (N-UNCD) 

electrode array of 256 microelectrodes in which electrodes were separated by removing 

the film between electrodes by laser milling [220]. In that work, diamond also formed a 

hermetic electrical feedthrough in conducting diamond and a method was described to 

fill the back of the array with a metallic braze, making the array suitable for direct 

bonding to microelectronics (shown in fig. 1.13 A). This group also proposed to 

fabricate penetrating diamond electrodes by growing narrow diamond films in an etched 

silicone mould (fig. 1.13 B) [221]. Hadjinicolaou et al. first demonstrated neural 

stimulation with diamond using single N-UNCD electrodes (200 × 200 µm) brazed onto 



 

56 
 

a 100 mm thick tantalum foil shank (fig. 1.14 a). An extended view of an electrode of 

diameter 600 µm (fig. 1.14 b) was used to assess electrochemical stability [222].  

 

                    

Fig. 1.13 A) A flat N-UNCD high-density microelectrode array isolated by laser milling (left). B) 

Templated diamond spikes produced by Ganesan et al. (Right) [220, 221].  

 

                                   

Fig. 1.14 (a) SEM image of a 200 × 200 mm square N-UNCD electrode that has been used as a 

stimulating electrode on excised rat retina. Inset is a micrograph of the electrode before insulation with 

epoxy and silicone. (b) An SEM image of a 600 mm diameter N-UNCD disc electrode used to assess 

electrochemical stability. Inset is a micrograph of four such electrodes attached to a flexible circuit board 

and isolated with epoxy resin [222].  

  

 

1.3 Biomolecular coating on the electrode surface 

1.3.1 Electrode tissue interaction   

The physical properties of an electrode surface play a vital role in its efficacy. Along 

with the interfacial energy, wettability, charge distribution and available contact area on 

the surface for neurons are correlated to the surface roughness which directly influences 
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protein adsorption as well as cell attachments on the surface [223]. Thus, an optimum 

surface roughness is important for a cell attachment and subsequent axonal proliferation 

[224, 225]. Proteins and other organic compounds may adsorb to the electrode surface 

in vivo depending on the electrode surface chemistry. Adverse tissue reactions reduce 

charge transfer from the electrode to the tissue and increase the electrochemical 

impedance of electrodes [168] which impedes efficient chronic stimulation. Chronic 

electrical overstimulation can also cause tissue damage [226]. Addressing these 

problems chronic stimulation of nervous system using neural prostheses is a pressing 

issue. However, intimate interfacial contact of electrodes to tissue is expected to 

improve the efficacy of electrodes and help to achieve selective stimulation and 

recording chronically with higher resolution. Therefore, preserving structural, 

mechanical and electrochemical properties and non-toxicity of electrode materials by 

electrode surface coating of organic molecules may be promising to improve the 

biocompatibility and consequently the neural interaction at the electrode-tissue 

interface. 

 

1.3.2 Biomolecules for coating 

The degree of freedom for biomolecular coatings is wide. Anti-inflammation agents and 

neurotrophins and adhesion molecules are widely used on electrode materials to 

improve their biological interactions. In vitro and in vivo investigations on electrode 

coatings to enhance biocompatibility through cell growth, proliferation, differentiation, 

neurite growth rate and histopathological studies have yielded promising results. A 

range of biomolecules investigated for coating are presented in table 1.4 [160].  
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Table 1.4 Combinations of coatings and biomolecules to investigate the improvement 

of electrode-neuron interfacing [160] 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

HA, hyaluronic acid; αMSH, α-melanocyte stimulating hormone; NGF, nerve growth factor; PDGF-BB, platelet 

derived growth factor-BB; IGF-1, insulin-like growth factor- 1; BDNF, brain derived neurotrophic factor; GDNF, 

glial cell-derived neurotrophic factor; NT-3–neurotrophin3; PEG, poly (ethylene glycol); PEG-PLA, poly (ethylene 

glycol)-poly (lactic acid); and CNT, carbon nanotube 

  

 

Application Coatings on electrode 

surface 

Biomolecules attached on 

coatings 

Reference  

Cell attachment PEDOT DCDPGYIGSR and 

DEDEDYFQRYLI 

[227] 

PEDOT Fibronectin fragments 

DCDPGYIGSR 

[228] 

PPY Fibronectin fragments 

Nonapeptide 

CDPGYIGSR 

[229] 

Carbon nanotube (CNT)  Collagen type IV [230] 

Anti-

inflammatory  

PPY HA [231] 

PPY Dexamethasone  [232] 

PEDOT electrodeposited 

on PLGA nanofibers  

Dexamethasone  [233] 

Polyterthiophene   Dexamethasone phosphate  [234] 

Nitrocellulose  αMSH [235, 

236] 

Silicon αMSH [88] 

Multiwalled CNTs Dexamethasone  [187] 

Growth factor (to 

improve cell 

adhesion) 

 

 

Methylcellulose  

PDGF-BB and IGF-1 [237] 

Poly (ethylene-co-vinyl 

acetate) (EVA) (EVA 

rods)  

NGF, NT-3, BDNF and GDNF [238-240] 

Agarose NGF and Laminin  [241] 

Collagen  NT-3 [242] 

PPY Laminin fragments 

RNIAEIIKDI (p20) 

[243] 

Multiwalled CNT NGF [244] 
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These approaches have limitations as anti-inflammatory molecules deplete from the 

coating on the electrodes and thus it is hard to maintain desired lower inflammation at 

the interface. Utilization of neurotrophins, such as brain-derived neurotrophic factor 

(BDNF) [245] and nerve growth factor [245] within electrode coatings, promotes an 

initial burst of neuronal process growth towards the electrode interface. Some groups 

have shown that neurite growth rate reduces after the depletion of nerve growth factor 

[245, 246]. Blending of biomolecules with conducting polymer, CNT and/or hydrogel 

for coating onto electrode interface is also suffering from different limitations 

diminishing the desired electrical and mechanical properties of the composites [227, 

228, 231, 247].   

 

 

 

 

Fig. 1.15 Schematic diagram of the extracellular matrix (source: Rose L. Hamm, McGraw-Hill 

Education).   
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Fig. 1.16 Schematic diagram of laminin molecule structure and function (source: Pearson education. Inc. 

publishing as Benjamin Cummings, 2003).  

 

 

Extracellular matrix components (fig. 1.15) that promote cellular attachment, cell 

growth, homeostasis, differentiation, and cellular motility. Each of the molecules and 

their relevant peptide sequences have a role in mechanical, biological and chemical 

stimulation to enhance neural growth and development [53, 248-250]. Collagen 

provides structural strength but also resists pulling forces against the cell. Fibronectin 

promotes cellular movement and branching through cell binding on the interacting 

substrates in the direction of its pathway.  

 

Laminin is a heterotrimer assembled from α, β, and γ chain subunits (fig. 1.16), secreted 

and incorporated into cell-associated extracellular matrices. Laminins self-assemble, 

bind to other matrix macromolecules, and have unique and shared cell interactions 

mediated by integrins, dystroglycan, and other receptors. Through these interactions, 
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laminin contributes to cell growth and differentiation, cell shape and movement, 

maintenance of tissue phenotypes, and promotion of tissue survival and protection. 

Chan et al. proposed that extracellular matrix molecules could provide structural and 

chemical cues to regenerate neural functions at neural interfaces [217].  

 

Laminin has multiple cell binding sites [224] (fig. 1.16) and initiates receptor-mediated 

cell binding with focal adhesions for intra and extra cellular signal transfer [251]. 

Laminin and laminin peptides can be incorporated in CNT, conductive polymer (CP) or 

conductive hydrogel (CH) coatings or in their composites by simple adsorption, 

entrapment or covalent binding. Adsorption does not produce a stable interface under in 

vivo conditions as the surrounding proteins can displace the adsorbed molecules due to 

competitive binding processes. Entrapped molecules, however, can diffuse away 

through coatings or become obstructed within the coating due to coating porosity and 

thus the molecules may not be accessible for cell growth or attachments. Covalent 

bonding of these molecules or their components is preferable to coat onto an electrode 

surface, as it is relatively stable [160, 251]. Therefore, in the present work, laminin is 

coupled to diamond films/electrodes covalently.  

 

1.4 Diamond is the material of choice in this study  

The miniaturization of implants will reduce space constraints to implant the devices into 

the body of patients, expecting more safety and comfort. The background of three major 

research problems which impede the developments of miniaturized medical implants 

has been discussed earlier sections in this chapter. Diamond has several extraordinary 

properties and at present different forms (conductive and non-conductive) of diamond 
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can be synthesized and/or coated on substrates in CDV reactor system (section 1.2.4). 

Therefore, this technology along with other advanced fabrication facilities could be used 

to develop hermetically sealed microcoils embedded in diamond. This attempt could 

create the opportunity to use higher conductive materials for coil wire even though they 

are not biocompatible. This technology can also be used to coat Pt electrode surface 

with conductive diamonds expecting to increase their Qinj. In addition, biomolecules 

like laminin (protein) attachment on the diamond coating could improve the electrode-

tissue interactions.  

 

The utilization of diamond in biomedical implants is still very limited, which reflects 

that intensive investigations are required for the usage of the diamond along with the 

transitional platinum-technology for biomedical implants. Therefore, in the present 

work diamond was the choice of material to investigate the followings:  

 

a) Fabrication of miniaturized coils hermetically embedded in diamond for continuous 

wireless power transfer to the implants efficiently and the use of silver active braze 

alloy (Ag ABA) as a wire material. 

 

b) Fabrication of electrodes from diamond films deposited on roughened platinum and 

oxygen plasma activated diamond films to evaluate and compare them with traditional 

platinum electrodes.  

 

c) Biomolecular (laminin, a protein from the extracellular matrix) coating on to the 

deposited diamond films as well activated diamond films to observe its impact on the 

electrochemical properties of diamond electrodes and the cell adhesion on the films.  
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CHAPTER 2 

 

Wireless Induction Coils Embedded in Diamond for Power 

Transfer in Medical Implants 

 

ABSTRACT 

Wireless power and data transfer to medical implants is a research area where 

improvements in current state-of-the-art technologies are needed. This is primarily 

driven by the strong desire to miniaturize implants. At present, lithographic patterning 

of evaporated metals is widely used for miniature coil fabrication. This method 

produces coils that are limited to low micron or nanometer thicknesses leading to high 

impedance and thus limited power transfer efficiency.  In the present work, we describe 

a novel technique, whereby trenches were milled into a diamond substrate and filled 

with silver active braze alloy, enabling the manufacture of small, high cross-section, 

low impedance microcoils capable of transferring up to 10 mW of power up to a 

distance of 6 mm. However, a continuous metal loop simulating a metallic braze line 

used for hermetic sealing, when placed parallel and close to the coil surface, reduced 

power transfer efficiency by 43%.  The effect was not significantly high when the loop 

was placed perpendicular to the microcoil surface. Encapsulation of the coil by the 

growth of a further layer of diamond was achieved with minimal impact on power 

transfer efficiency. Accelerated ageing tests after encapsulation showed that these coils 

are long-lasting. Our results demonstrate the feasibility of fabricating a high-cross 
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section, biocompatible and long lasting miniaturized microcoil that could be used in 

either a neural recording or neuro-stimulation devices. 
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2.1 Introduction 

Medical bionics is the branch of medical science and technology that deals with 

intractable and incurable medical conditions to reduce their severity or provide 

therapeutic treatment using prosthetic and neuromodulation devices. The field has 

significant market potential owing to a wide range of diseases that the technology can 

target [7, 8, 252]. A number of medical implants are very commonly used, such as 

cochlear implants, intravascular stents, deep brain stimulators, and visual prostheses. 

One notable trend is the increase in the emergence of artificial neural implants that 

either record from, or electrically stimulate, peripheral or central neurons.  

 

In order to perform this function, implants require a continuous, efficient power supply 

[253] that would preferably transmit power wirelessly, thus minimizing the risk of 

infection, patient discomfort, pain, health care costs and the need for implantable 

batteries. Inductive power transfer is, therefore, a necessary technology in developing 

safer, more robust devices with a lower risk of tissue damage caused by long periods of 

continuous transcutaneous connections [67, 253-255].  

The efficiency of wireless power-transfer strongly depends on a variety of parameters 

such as the materials used, coupling and distance between the transfer and receiver coils 

and their geometrical dimensions, for example, the length and cross-section of the coil 

wire. Besides the outer and inner diameter of the coils, properties of the encapsulation 

materials influence the overall efficiency of the implant system [58, 253]. The 

efficiency of coils is measured by their quality factor (Q-factor), which is defined as the 

ratio of the electromagnetic energy transmitted (Etr) to the receiver coil and energy 

dissipated (Edis) through it according to Equation (2.1).  
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        𝑄 =
𝐸𝑡𝑟

𝐸𝑑𝑖𝑠
= 𝜔°

𝐿

𝑅𝑠
   … … … … … … … … … … … … … … … … … … … … … (2.1)       

Where 𝜔° is the operating frequency, L is inductance and Rs is series resistance  

 

In cochlear and retinal implants, while inductive power transfer systems are being used, 

the receiver coils are large in dimension (in the centimeter range) and implanted 

subcutaneously behind the ear anchored to the skull [2, 253, 254]. In recent decades, the 

development of microelectronics has provided opportunities for the miniaturization of 

neural implants. Recently, very small devices designed to be implanted within small 

body structures such as the eye [152, 220, 222, 256, 257], or inside cortical blood 

vessels [258] have been developed.  The recent surge in interest in electroceuticals for 

treatment of a range of disorders has led to a myriad of neuromodulation targets, such as 

the vagus nerve, for regulation of tumor necrosis factor (TNF) associated with 

autoimmune diseases of the digestive system (Crohn’s disease) and rheumatoid arthritis 

[259, 260]. Many of these diseases are chronic and neuromodulation devices to treat 

them or restore sensation would ideally be implanted for long time periods. Such 

devices have the potential to offer significant quality of life improvements but there are 

a major power delivery challenges when devices are small and implanted distant from 

the skin surface. For these devices, it is necessary to develop a miniaturized receiver 

microcoil.  

 

Most commonly, microcoils are fabricated by photolithographic methods. For very fine 

structures, methods such as X-ray lithography, electron-beam lithography, and ion-

beam lithography can be employed. Features in the range of 10 nm can be achieved 

[261]. Microcoils fabricated using these methods, however, are extremely thin in cross-
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section resulting in high electrical resistance and the inability to deliver sufficient power 

inductively to the implant. Li et al. designed and fabricated a two layered (each layer 

consisted of 10 turns) gold coil of 3 µm thickness with an outer diameter of 9 mm and 

an inner diameter of 5mm on a Parylene C coated silicon substrate via 

photolithography. The maximum power of about 43 mW could be delivered at a 

distance of 1 mm using an inductive link but the power was reduced by 62% at 2 mm 

distance due to divergence of the electromagnetic field and  the delivered power 

reduced to 10 mW, where  the maximum detectable range was only about 4 mm [2].  

 

In addition to the coil design and fabrication, the material used for coil wire is also very 

important. The coil wire material should have high conductivity for efficient power 

transmission [67, 253, 262]. Various materials are being used to make coils such as gold 

[2, 263], gallium or gallium alloys [263] and aluminum [253, 264]. In this study, we 

considered the use of silver-based active brazing alloy (ABA) for coil fabrication. Silver 

ABA is currently being used for interconnections in the electronic packaging industry 

for their solderability [265] and can also serve as a metal film conductor having a low 

electrical resistivity of 2.2 × 10-8 ohm.m, only 38% higher than that of pure silver (1.59 

× 10-8 ohm.m). Silver ABA also produces low porosity films and has excellent film-

substrate adhesion to diamond [265]. These properties make silver ABA an attractive 

choice of material to fabricate a coil. However, whilst the material has some excellent 

properties it is unsuitable for use in medical implants without encapsulation as it 

exhibits very poor biocompatibility [256].  

 

Effective power transfer not only requires an efficient inductive link but also requires 

that losses due to parasitic inductive currents induced in the encapsulation, for instance, 
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be minimized. Interactions of the hermetic encapsulation of the implants with the 

inductive coils, therefore, is a design consideration for maximizing clinical effectiveness 

and safety over the long-term [90-92]. Various materials have been investigated for 

encapsulation of medical implants such as parylene C [2, 253, 266], polyimide [2] [11], 

rigid titanium boxes, silicone [267], gold ABA [256] and diamond [256]. Generally, 

metals are preferable for hermetic sealing of electronic packages, as polymers can 

degrade and become porous while brittle materials such as glasses are at risk of 

breakage. Metals, however, are electrically conductive effectively forming a ‘short-

circuited turn' adjacent to the coils when inductive power is transferred to the implants. 

This, in turn, can affect the efficiency of the inductive power link due to eddy currents 

in the magnetic field [268]. Thus, it is preferred to encapsulate the coil and electronics 

package using a non-conductive material. Even if a non-conductive material can be used 

for encapsulation, however, hermetic sealing may still require a metallic braze line to be 

incorporated in the device. For example, Lichter et al. employ a gold ABA braze line as 

a method of sealing two halves of a diamond hermetic capsule together [256] in a 

similar fashion as shown in fig. 2.1  

 

In order to respond to the above limitations, we have developed a new fabrication 

method of planar square spiral microcoils made using silver ABA completely embedded 

within the non-conductive diamond. The coils have a large rectangular cross-section 

thus reducing resistance and increasing Q-factor. The microcoils in this work are 

capable of providing about 10 mW of transferred power across 0.51 kΩ at a distance of 

6 mm which should be sufficient to power an implanted device for neural stimulation 

and/or recording. As the toxicity of silver ABA is an issue, we also describe a method to 

encapsulate the microcoil with an additional layer of diamond and test its effects on 



 

69 
 

power transfer efficiency. In addition to this, an accelerated aging test is conducted on 

the encapsulated microcoils. Finally, since the work described here extends upon the 

work of Lichter et al., it was important to evaluate the impact that an adjacent braze ring 

might have on inductive power transfer efficiency of a microcoil embedded in diamond. 

While a theoretical study for an adjacent metallic braze line is described by Donaldson 

[268], the impact on power transfer efficiency due to the braze line adjacent to the 

receiver coil, has not been empirically studied to our knowledge.       

 

                                                           

Fig. 2.1 The schematic diagram of an embedded coil in a diamond where the coil is hermetically sealed 

using laser welding of gold ABA braze lines.  

 

 

2.2 Materials and Methods 

2.2.1 Materials  

Silver ABA was used for the microcoil containing silver, copper, aluminum, and 

titanium (Ag 92.75%, Cu 5%, Al 1%, Ti 1.25%, Wesgo Ltd.). Gold ABA containing 
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gold, nickel, and titanium (Au 96.4%, Ni 3%, Ti 0.3%, Wesgo Ltd.) was utilized as the 

braze line material. Microcoils were embedded in polycrystalline diamond (PCD) 

substrates (Element 6 T100 grade). A mixture of sulfuric acid (95-97% reagent grade, 

ISO) and sodium nitrate mixture was used to clean PCD substrates.  Probe connection 

wires were made of platinum (A-M systems, Pt-Ir, 0.005ʺ bare) and/or copper (Cu) and 

attached to the coils for measurement purposes. PCD was grown on the exposed surface 

of microcoils from a mixture of methane and hydrogen gas (BOC Australia) for full 

encapsulation. Araldite epoxy was used to cover the connection wires during the ageing 

test.  

 

2.2.2 Design and fabrication method of microcoils embedded in diamond 

A flow chart of the design and fabrication process of microcoils is shown in fig. 2.2 (a). 

Planar square spiral coil trenches with different width, depth, and separation between 

two adjacent turns were laser milled into PCD substrates to compare different coil 

versions. At the two ends of the spiral trench, holes were laser milled right through the 

PCD substrate for each sample such that the microcoils ended up as pads on the under-

side of the substrate during silver brazing for connection of wires. The laser milled PCD 

substrates were acid boiled in a mixture of 97% sulfuric acid (5 ml) and sodium nitrate 

(25-50 mg) for one hour. After acid boiling substrates were cleaned sequentially in 

acetone and distilled water. The width and height of the microcoil trench and the 

separation between two consecutive coil turns were measured by scanning electron 

microscopy (SEM; FEI Quanta, FEG 200, fig. 2.2(b)) and optical profilometry (fig. 

2.2(c)). Silver ABA paste was poured into the coil trench and melted using an MTI 

vacuum furnace. The furnace was evacuated to a pressure of 5 - 6×10-6 Torr and the  
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temperature ramped up to 960 ºC. The samples were held at 960 οC for 10 min and then 

the temperature was ramped down to room temperature gradually. Excess silver ABA 

was polished out mechanically using a Coborn PL3 planetary lapping machine. SEM 

images were taken post cleaning. Finally, connection wires were laser welded onto the 

pads on the under-side of the microcoils (fig. 2.2(d)).  

 

                            

 

Fig. 2.2 (a) Sequence of microcoil fabrication process, (b) SEM of microcoil trench, (c) Optical 

profilometer image of microcoil trenches (bottom of the trench is in blue) and (d) SEM image of a 4.6 × 

4.6 mm coil with 20 turns of silver ABA after fabrication   

 

 

2.2.3 Electrical characterization method 

The electrical characterization of microcoils is the measure of its Q-factor, DC resistance, 

and inductance. A frequency response analyzer (AP Instruments Inc., Model 300) was 
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used for microcoil characterization. This analyzer had a frequency range from 0.10 Hz to 

30 MHz. The above electrical parameters were measured with respect to frequency.  

 

2.2.4 Wireless power transfer and braze line effect measurement method 

Power transfer and power receiver units were constructed according to the schematic 

diagram shown in fig. 2.3. A power transfer unit was connected to a DC power supply 

(model TPS-4000). A 3 cm circular transmitter coil (Nucleus patient coil Z209880 

manufactured by Cochlear Ltd, fig. 2.3) was attached to the power transfer unit. This 

unit consists of a tuned circuit and integrated RF coil driver. The DC input supply 

voltage of the power transfer unit was 3.3 volts and the input current was approximately 

135 mA (135 mV measured across 1 Ω). Radio frequency (RF) waves of 4.82 MHz 

were generated and tuned near to self-resonance of the receiver microcoils by a RF 

generator (HP Hewlett Packard, 33120A). In order to measure inductive power transfer, 

the microcoils were placed 6 mm away along the axis passing through the center of the 

transformer coil. The eight best fabricated microcoils were tested separately using the 

same receiver unit.  A rectifier circuit was used to obtain output power across various 

loads. Input current and the output voltage at different load resistances (R, fig. 2.3 (a)) 

were measured with a multimeter (RPG, DM8100). To assess effects of brazing on 

efficiency, a gold braze line (5.1 × 5.1 mm) fabricated on a separate diamond substrate 

was introduced either directly on the surface of the microcoil in a parallel orientation 

(fig. 2.3 (b)) or in a perpendicular position 0.2 mm away from the outer diameter of the 

microcoils (fig. 2.3 (c)) whilst connected to the measurement circuit.       
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Fig. 2.3 Schematic diagrams: (a) circuit of the transceiver unit, (b) parallel position of gold braze line to 

the plane of microcoil and (c) perpendicular position of gold braze line to the plane of the microcoil.  

 

 

2.2.5 Coil encapsulation method  

Following initial baseline measurements, an additional layer of PCD was deposited onto 

the exposed surface of the microcoils in an Iplas microwave plasma-assisted CVD 

system. Microcoils were seeded before PCD deposition with nanodiamond (Nano 

Armor) by ultra-sonication in ~3-5 nm nanodiamond/methanol solution for 5 minutes. 

Compressed air was used to dry the samples. A gas mixture of 500 sccm hydrogen and 

10 sccm methane (BOC Australia, purity 99.99%) was used. During the growth period, 

the microwave power was maintained at 900 W, gas pressure at 60 Torr and stage 

temperature at 800 ºC. The PCD layer was grown for several hours and Elemental 

analysis (EDS) of the PCD film was performed to diagnose the exposure of silver 

through the PCD layer. 
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2.2.6 Accelerated ageing method  

Samples were placed in a capped, small, clean glass bottle fulfilled with 0.9% medical 

grade sterile saline (Aerowash Sterile Sodium Chloride Eyewash Solution). The bottles 

were transferred to an environmental chamber (Micro Climate Benchtop Test Chamber 

Cincinnati Sub-Zero) kept at 85º C. Images were recorded using SEM before and after 

ageing for time periods of 30 days corresponding to approximately 30 months of real-

time equivalent at 37 oC in a saline environment. An aging factor (Q10) of 2 was used for 

all accelerated aging calculations.  

 

2.3 Results and Discussions  

2.3.1 Microcoil fabrication outcomes  

Eighteen 4.6 × 4.6 mm microcoils were fabricated using four sets of parameters 

according to the values presented in table 2.1. Table 2.1 also provides the measured 

resistance and Q-factor for each of the four sets of microcoils. In order to observe the 

effect of depth and width of microcoils the depth (h = 100 µm) of set 2 and width (w = 

80 µm) of set 3 were different from that of the set 1 while the outer dimension (4.6 mm) 

and number of turns (N = 4) were same. In case of set 4, the number turns (N = 20) was 

more than set 1 (N = 4) including much wider cross-sectional area of turns. The results 

show that the Q-factor is dependent on width, depth and number of turns. The actual 

values of width, depth, and separation between two consecutive turns presented in the 

table were obtained from optical profilometry images which were in most cases close to 

the expected values in parentheses. Generally, the separation between two consecutive 

turns was found to be lower than expected while the width of trench was found to be 

several micrometers over that of the expected values during laser milling, most likely 



 

75 
 

due to the conical shape of the laser used for milling. The depth of the coil trench, 

which also varied by several micrometers in some places, was over that of the targeted 

depth during laser milling. There was difficulty in obtaining imaging data from the 

bottom of the trench for microcoil set 2 due to the small width, so depth values for this 

set were significantly underestimated. As the eight microcoils from set 4 were superior 

to samples from the other sets in terms of lower DC resistance and higher Q-factor, in-

depth further experiments were conducted only on this microcoil set.  

 

Table 2.1 Resistance and Q-factor (average ± std. error) of four sets of coils embedded 

in diamond with several design parameters. Values in parentheses show 

targeted/expected parameters. *Difficulty in getting accurate depth data from this set of 

coils  

 

Sets and 

number 

of coils 

Outer 

diameter 

in mm 

Width (w) 

µm 

Depth (h) 

µm 

Separation 

Between 

turns in 

µm 

Numbe

r of 

turns 

Average 

resistance 

(RDC) Ω 

Maximum 

Q-factor 

Set 1 

(n=4) 

4.6 31.20±1.67 

(21) 

35.34 ±0.78 

(35) 

62.05±1.84  

(70) 

4 5.18±0.5

8  

1.21±0.08  

at ~11MHz 

Set 2 

(n=4) 

4.6 34.30±1.85 

(21) 

39.12±2.53*  

(100) 

59.80±1.53 

(70) 

4 2.38±0.1

1 

1.98±0.05  

at ~8 MHz 

Set 3 

(n=2) 

4.6 84.39±1.15  

(80) 

35.07±0.17  

(35) 

70.80±0.85 

(70) 

4 1.35±0.0

5 

2.69±0.08  

at 5.88 MHz 

Set 4 

(n=8) 

4.6 46.3±0.41  

(50) 

120.45±1.15 

(140) 

54.00±0.33  

(50) 

20 2.25±0.0

5 

3.87±0.23  

at ~3.2 MHz 

 

Fig. 2.4 (a) shows an SEM image of one of the microcoils from set 4. The bottom of the 

coil trench was found to be narrower than that of the top due to the focusing angle of the 

cutting laser. A sidewall angle was typical ≤ 11 degrees in all our samples. SEM images 

after polishing and cleaning showed instances of small cracks in the PCD between coil 
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turns as shown in fig. 2.4 (b). In our study, the cracks did not short two consecutive 

turns. However, there is an inherent risk of shorting between turns negatively impacting 

Q-factor if these cracks would fill with braze. These cracks might be reduced by 

controlling brazing temperature profiles so that PCD substrates do not bend during 

heating and by using smooth wheel surfaces during mechanical polishing. Also, lower 

speed polishing may reduce the appearance of cracks.  

    

                          

 

Fig. 2.4 (a) Top view SEM image of a microcoil from set 4, (b) SEM image of a crack in PCD between 

two turns.    

 

 

                   

Fig. 2.5 (a) Average resistance (n = 8, average ± std. error) and (b) Average Q-factor of the eight 

microcoils (n = 8, average ± std. error) from set 4. X-axes are in log scale. 
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2.3.2 Electrical characterization  

The Q-factors and AC resistance of the microcoils from set-4 are graphically depicted in 

fig. 2.5 with respect to frequency. The measured resistance of the microcoils gradually 

increased as a function of frequency (fig. 2.5 (a)). The maximum value of Q-factor of 

the microcoils was 4.05 at 3.89 MHz (fig. 2.5 (b)). The small variation (± 0.052) in Q-

factor and resistance (± 0.33 Ω) provided evidence of the reproducibility in 

manufacturing as the temperature during brazing was better controlled than that of the 

other microcoil sets 1-3.     

 

2.3.3 Wireless power transfer and braze line effects  

Fig. 2.6 (a) shows the amount of average power transfer across different load resistances 

from 0.51 -7.51 kΩ. The measured maximum output voltage was of 2.41 volts and an 

average power of 8.64±1.62 mW (n=6 coils) was obtained across a 0.51 kΩ load with 

the highest transmitted power up to 11.38 mW. The power transfer efficiency of the 

microcoils as a percentage across different load resistances is shown in fig. 2.6 (b). The 

average power transfer efficiency was 1.96 ± 0.35 % across a 0.51 kΩ load without the 

presence of any braze line. When comparing our transmitted power results to coils 

manufactured using lithographic techniques, we were able to transmit almost the same 

power with a coil of nearly half the dimensions. Also, the coils made using lithographic 

techniques were not able to send power beyond 4 mm [2] but our microcoils are capable 

to transfer power up to 6 mm away along the axis of the transmitter coil. Transmitted 

power of 10 mW would be sufficient for neural recording by a chip of 32 channels 

which consumes a total power of 5.4 mW [269].  This power could also be sufficient for  
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a neuromuscular or optogenetic stimulation device [270, 271].  

 

                      

Fig. 2.6 (a) Transmitted average power and (b) average power efficiency, plotted against load resistance 

for the 4.6 mm diameter coils (n=6) described in table 2.1 from set 4 at a distance of 6 mm between the 

transmitter and receiver coil, (c) Shows the impact of a parallel gold braze line (5.1 × 5.1 mm) on power 

transfer efficiency of the three highest Q-factor microcoils taken from set 4, The plots show the change in 

power efficiency (across 0.51 kΩ) of the microcoils with increasing distance of the braze line, (d) Shows 

a comparison of power transfer efficiency for the same three coils as (c) between a braze ring parallel to 

the coil and a braze line placed 0.2 mm away from the outer edge in a perpendicular orientation with 

respect to without any braze line.  

 

Fig. 2.6 (c) indicates the impact of a braze line on the power efficiency for three of the 

eight microcoils of higher Q - factors with increasing distance between the braze line 

and microcoils. It was observed that the effect of a gold braze line oriented parallel to 

the microcoil did not affect power efficiency when placed more than 2 mm away from 

the plane of the microcoil (fig. 2.6 (c)) but could reduce power efficiency by up to 43% 

when placed directly on the coil (0 mm). However, when the braze line was placed 

perpendicularly to the plane of the coil 0.2 mm away from the outer edge, the power 

transfer efficiency was not affected significantly compared to the power efficiency of 

the coils without any braze line.  
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2.3.4 Effects of encapsulation and accelerated ageing  

Encapsulation of microcoils was performed in two stages. Firstly, a group of 4 out of 8 

microcoils from set 4 were encapsulated by a PCD layer grown for 5 h applying the 

methodology described earlier (section 2.2.5). Secondly, a separate group of 2 

microcoils were encapsulated by the PCD layer grown for 14 h with the same 

conditions as applied to the first group. A typical mapping at four different spots of a 

Raman spectrum was observed as in fig. 2.7 where peaks were at around 1332 cm-1 as 

an indication for PCD [272]. The remaining 2 microcoils were subjected to an ageing  

                                 

Fig. 2.7 Raman spectra (λ = 532 nm) obtained from the PCD layer on Ag ABA trenches (spots 1-2) and 

on diamond islands separating two consecutive turns of the coil (spots 3-4). 

 

test without encapsulation. Microcoils were grouped in a random manner. Fig. 2.8 (a) 

and (b) show SEM images at two different magnifications for one of the encapsulated 

microcoils. As seen in the images, larger diamond crystals were found to grow on the 

space between coil turns while finer crystals grew over the trench. Elemental analysis 

(EDS) of the PCD film, revealed no silver peaks for only one of the microcoils 

encapsulated by PCD using a 5 h (fig. 2.9) growth time. In contrast, both microcoils in 

the second group encapsulated by PCD using a 14 h growth time were free of silver 

peaks (fig. 2.9). After electrical measurements on encapsulated microcoils, an ageing 
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test with the conditions described in methodology was conducted on all samples 

exhibiting full encapsulation (1 coil from the 5-hour group and both coils from the 14-

hour group).  

   

 

         

 

Fig. 2.8 (a) SEM image (top view) of a microcoil after PCD growth on the exposed surface, (b) 

Magnified (1000x) SEM image of the red box in the fig. (a). Figures c-f show the change in Q-factor for 

samples before and after PCD growth, after accelerated aging and after oxygen plasma treatment 

respectively. The PCD growth times for the samples were (c) 5 h, (d) & (e) 14 h and (f) shows the data 

corresponding to one of the two samples where the silver coil was aged without PCD growth.  
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The ageing test was conducted for 30 days at 85 ºC as described in the methods over 3 

encapsulated and 2 non-encapsulated microcoils. Plots depicting the change in Q-factors 

before and after PCD growth, after an aging test and eventually after oxygen plasma 

treatment of the samples are shown in fig. 2.8 (c), (d), (e) and (f) respectively. When 

performing measurements after encapsulation, it was observed that the equivalent AC 

resistance of the microcoils increased and consequently the Q-factor decreased by 38% 

over the 3 encapsulated samples (fig. 2.8 (c), (d) and (e)). The Q - factor of the 5-hour 

encapsulated microcoil (fig. 2.8 (c)) was found to be higher than that of the two coils in 

the 14-hour group (fig. 2.8 (d) and fig. 2.8 (e)), indicating that a thinner PCD layer may 

have less impact on the reduction of Q - factor albeit with the high risk of exposure of 

silver ABA. It is worth mentioning that the Q - factor improved to some extent after 

accelerated ageing of the encapsulated samples. Subsequent resistivity measurements 

over the grown PCD films showed that the PCD layers on the coils surface were 

conductive due the possible presence of graphitic material which may have caused the 

drop of the Q-factor. It is important that the DC resistance of the microcoils remained 

the same, which indicates that the microcoils embedded in diamond were not changed. 

On the other hand, a nonconductive oxide layer may have been formed during the 

ageing period on the PCD, reducing the conductivity of the films to some extent which 

improved the Q. To test this theory an additional oxygen plasma treatment was 

conducted on the PCD layer. After oxygen plasma treatment the Q - factor of PCD 

encapsulated coils further increased as in fig. 2.8 (c, d, and e) and PCD film surface 

became nonconductive. Hence, we conclude that the drop-in performance was due to 

unexpected conductivity in the PCD film providing a high resistance short circuit 

between coil turns. For future work, it will be important to address a fine balance 

between the risk of silver exposure and the nonconductive PCD formation by careful 
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periodic control of the encapsulation growth time and then oxygen plasma treatment for 

each layer corresponding to each periodic growth time of PCD on coil surface. 

 

              

Fig. 2.9 Typical spots for elemental analysis on PCD layer grown on Ag ABA microcoils after ageing 

test. A1-A2) Silver peaks of EDS spectrum (A1) performed on the PCD layer of growth time of 5 h (A2). 

A3-4) Only the carbon peak was observed in the EDS spectrum (A3) on the PCD layer grown for 14 h 

(A4). 

  

Somewhat surprisingly, there was no significant change in Q - factor before and after 

accelerated ageing of the microcoils without encapsulation (fig. 2.8 (f)). The most likely 

explanation for this is that since silver ABA is an alloy containing silver, copper, 

aluminum, and titanium, it may take more time to degrade compared to when using pure 

silver.  SEM images were taken after the ageing tests but no visible changes in the 

diamond encapsulated samples were observed in case of 14 h growth. There was a tiny 

spot observed on PCD layer of 5 h growth film that appeared to be damaged. EDS test 

was conducted on the PCD films over the samples. EDS test on PCD films grown for 5 
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h over microcoils after accelerated ageing did indicate silver at the surface, leading to 

the conclusion that 5 h growth time was insufficient to fully encapsulate the coils. PCD 

layers grown for 14 h did not exhibit silver peaks during EDS analysis after accelerated 

ageing. A film thickness of 2-3µm is typical after 14 h of growth under the reaction 

conditions used. Full encapsulation of microcoils in diamond is therefore possible 

provided the diamond film is grown to a sufficient thickness. Measurement of power 

transfer efficiency of fully encapsulated microcoils after ageing tests indicated that up to 

2.64 mW power can be transferred over 6 mm of air. While 10mW is ideal, 2.64 mW is 

still sufficient to power a typical neural recording device or a low power stimulator 

[273].  

 

Care should be taken to pour the silver ABA into the coil trench to make sure that there 

is no air gap which may introduce defects within the silver ABA wire in the trench. 

Optimum temperature control over time is very important to avoid bending of the 

diamond substrate which may cause fractures during polishing. The optimum speed and 

surface roughness of the polishing wheel and the proper arrangement of planar 

placement of the microcoils on the wheel reduces fractures and any other damage of the 

microcoils. For hermetic sealing the PCD growth over microcoils in CVD at well below 

the melting temperature of silver ABA is very beneficial. As the dimensions of the 

microcoil are very small, the major limitation to the power transfer efficiency comes 

from the loss of magnetic energy due to spread of the magnetic field with respect to 

distance. Therefore, the receiver coils should be as large as practical for the application. 

For instance, larger coils can be used under the skin of thickness 2–8 mm [274-276] 

depending on body parts and health for wireless sensor networking [277] and 

miniaturized drug delivery systems [278] to control externally. In these cases, a 
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significant challenge could come from the lack of RF tuning between transceiver coils 

to maximize the power transfer efficiency. Coupling of the coils is also extremely 

important. When the microcoil is out of the central axis of the transmitter coil, power 

transfer drops.  

 

2.4 Conclusions 

We described fabrication, electrical characterization, hermetic encapsulation and 

longevity evaluation of microcoils embedded in diamond for wireless power transfer to 

medical implants. The results revealed that fabrication of 4.6 mm diameter microcoils, 

embedded in diamond, was achievable and reproducible. The microcoils were able to 

transfer, 10 mW across 0.51 kΩ at a distance of 6 mm yielding a power transfer 

efficiency of approximately 2%. This is sufficient for low powered neural recording and 

neuromuscular stimulation. We demonstrated that a continuous short circuit, similar in 

diameter and close to the microcoil reduced transfer efficiency significantly. This 

impacts on devices that are sealed using a continuous conducting braze line to close the 

packaging. Microcoils, completely encapsulated in diamond were fabricated by growing 

a further layer of diamond over the embedded coils. The growth of the diamond layer 

over the coils reduced the coil Q-factor by an average of 38%. Nonconductive PCD may 

be grown using oxygen plasma treatment on PCD layers of several nanometers and 

continuing the PCD growth up to enough thickness (likely 2-3 µm) to encapsulate 

microcoils which may not change Q - factor. Encapsulated microcoils did not degrade 

further during 30 days of accelerated aging at 85 oC in saline (30 months, real-time 

equivalent at 37 oC) indicating that the diamond encapsulation would be leak free over, 

at least, 30 months in vivo. With the drop in Q-factor, fully encapsulated microcoils 
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were capable of receiving 2.64 mW of power over a distance of 6 mm yielding a 

maximum transfer efficiency of 0.65%. The outer diameter of all microcoils was only 

4.6 mm and therefore the technology is an attractive option for miniaturization of 

wireless power delivery to future implants. As diamond is a hard, hermetic, 

biopermanent and biocompatible material, these microcoils are promising for long-term 

medical implants. 
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CHAPTER 3 

 

Diamond Coating Improves the Electrochemical 

Characteristics of Platinum Electrodes   

 

ABSTRACT 

  

The aim of this study was to fabricate and characterize thin film conducting diamond 

electrodes on platinum foil. Many manufacturing techniques have been developed 

enabling the use of platinum in medical devices, but very few for diamond. By creating 

a hybrid platinum diamond material, traditional techniques, such wire bonding or laser 

welding can be used to integrate diamond materials into biomedical implants. Of 

primary interest is strong adhesion of diamond films to the foils in order to reduce the 

risk of delamination. Retention of diamond’s favorable electrochemical properties, 

however, is of equal importance. Mechanical attachment of diamond films on platinum 

was optimized by roughening the platinum foil with a milling laser. Nitrogen included 

nanocrystalline diamond films grown on platinum foil, patterned with a regular array of 

holes spaced a 20 µm intervals, exhibited the strongest adhesion. The electrochemical 

properties of these films were superior to those of bare platinum.  
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3.1 Introduction      

Electrodes are very important components of active medical devices and must be 

manufactured within very strict limits because they interact directly with tissue in the 

body. During electrical stimulation, neurons, the basic building blocks of the nervous 

system [279] are stimulated by electrical current injection. Safe stimulation requires an 

electrode material that has sufficient capacitance to inject charge safely. Pt is the 

material of choice for almost all neural prostheses [1, 167] because of its low reactivity 

in vivo and relatively high Qinj. Due to advances in manufacturing technology, small 

electrodes and high-density electrode array fabrication is possible [158, 159]. Such 

arrays are highly desired to increase the resolution of neural stimulation or recording. It 

is expected that high-resolution stimulation will be required for fine control of neural 

processes. A prime example is prosthetic vision where surviving neurons in the blind 

retina are stimulated electrically to create the synthetic vision. In this application, 

resolution of stimulation translates directly to the resolution of synthetic vision.  

However, the miniaturization of electrodes necessitates a higher Qinj than Pt can provide 

[1, 141, 160].  Thus, there is a strong international desire to develop new materials with 

a better electrochemical performance for neural stimulation. Several electrode materials 

of higher Qinj than Pt are available, such as TiN, IrOx, PEDOT etc., which are being 

tested in vitro and/or in vivo. The limitations of these materials are discussed elsewhere 

[150, 156, 174] (in section 1.2.4).      

 

To make a diamond electrode requires an electrically conducting form of diamond. Pure 

diamond has a wide band gap and is an excellent electrical insulator however several 

methods exist to create conducting varieties. Typically, this is achieved by including a 

dopant during diamond synthesis or by growing polycrystalline diamond films under 
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conditions that form electrically conducting grain boundaries. Boron-doped diamond 

(BDD, p-type semiconductor) [280, 281] is the most commonly used doped diamond 

and nitrogen-induced ultra-nanocrystalline diamond (N-NUNCD, n-type 

semiconductor) [282] the most common of the grain boundary conductor diamond 

films. N-UNCD exists in a wide range of conductivities depending on the precise 

growth conditions used [152, 207, 283].  

 

BDD electrodes almost always exhibit very low double layer capacitance which makes 

them excellent for neural recording or electrochemical sensing [208, 209] but not 

suitable for neural stimulation. For N-UNCD the amount of nitrogen incorporated into 

the CVD gas mixture strongly influences the electrical and electrochemical properties of 

the material [152, 284]. The electrochemical properties of N-UNCD are distinctly 

different from BDD but retain some diamond-like properties, for instance, a wide water 

window for electrolysis [207], unlike solid forms of graphitic carbons, such as glassy 

carbon [282, 285]. The double layer capacitance of N-UNCD is surprisingly high for a 

diamondlike material. 

 

Garrett et al. reported that N-UNCD (grown with 20% N2) exhibits a wide water 

hydrolysis limit from -1.8V to 1.3V much larger than that of other novel materials 

[152]. Electrochemical activation of N-UNCD film grown at a high concentration of 

nitrogen increased its Qinj dramatically from 11.6 µC/cm2 to 163 µC/cm2 [152]. In 

another study, the same authors reported that a charge injection limits of 0.25 - 0.3 

mC/cm2 [222] after electrochemical activation of N-UNCD was significantly higher 

than that of Pt electrodes. In addition, high biocompatibility has been demonstrated both 

in vitro and in vivo for this material. [286].  
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N-UNCD grown by CVD is H-terminated when cooled - under argon. Conversion of H-

terminated surface to O-terminated surface can be obtained by different techniques 

[287] such as boiling in acid [288], reaction with oxygen at high temperatures [289], 

photochemical oxidation [290] and exposure to oxygen plasma [291, 292]. The surface 

functionalization of diamond electrodes has a significant impact on charge storage 

capacity (CSC) as well as Qinj. For instance, H-terminated N-UNCD exhibited a CSC of 

20 µC/cm2 which was increased to 1.18 mC/cm2 within a safe water window of -1.1 to 

1.1 V after 3 h of oxygen plasma treatment. Etching of graphitic material at grain 

boundaries and oxygen functionalization were cited as possible reasons for this by the 

authors [293]. This result places N-UNCD as one of the higher charge injection 

materials and a promising candidate material for neural stimulation electrodes.    

 

Previously it has been established that electrochemically activated N-UNCD is a 

material that outperforms Pt in most electrochemical categories pertinent to neural 

stimulation [152, 222, 293]. N-UNCD is a promising neural stimulation material with a 

variety of advantages and challenges [152, 222, 286]. On the other hand, Pt is the most 

commonly used electrode material for neural prosthesis electrodes [1, 167]. Hardness 

and the lack of ductility of diamond provide challenges for welding to produce wiring 

connections. N-UNCD coating on Pt substrates may be advantageous, to connect wires 

with Pt substrate from the back to fabricate a functional electrode. Hence the material 

was used as the diamond film for adhesion experiments on Pt in this work.  

 

Diamond can adhere strongly to metals that form carbides such as titanium but does not 

typically adhere to non-carbide forming metals, for instance, Pt. Diamond films have 

been grown on Pt foil previously [160, 294, 295]. Stephen et al. reported growth of 
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diamond on Pt, no evidence of a carbide interlayer chemically bonding the materials and 

poor adhesion [194, 295]. In our preliminary investigations, we also discovered facile 

delamination of diamond films from smooth Pt substrates. Fig. 3.1 shows an SEM 

image of the delaminated diamond film grown on smooth Pt. Thus, our first challenge 

was to improve adhesion of N-UNCD films on Pt foil.   

 

 

                                              

 

Fig. 3.1 SEM image of diamond film grown for 3 h on smooth Pt foil. The film was peeled off from the 

Pt substrate.  

 

 

Adhesion of diamond films was promoted by laser roughening of the foils with small 

pits at a variety of spacing. To ensure electrochemical properties were not lost, typical 

investigations using cyclic voltammetry, voltage transient measurements and EIS were 

conducted. Mechanical and electrochemical stability assessments of the electrodes were 

performed.  
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3.2 Materials and methods 

3.2.1 Materials and equipment 

Pt foil (50 µm thick, PT000248, Goodfellow) was laser roughened using an Oxford 

Lasers Alpha series laser cutter fitted with a neodymium-doped yttrium aluminum 

garnet (Nd: YAG) laser operating at 532 nm. The roughened platinum foils were seeded 

with nanodiamond particles (Nano Armor). All gasses (N2, Ar, CH4) required for CVD 

were supplied by BOC Australia. Photoresist SU-8 2050 (Microchem) was diluted by 

cyclopentanone (Sigma Aldrich) to SU-8 2010 to fabricate electrodes using 

photolithography. In addition, acetone (Chem-supply), isopropyl alcohol (IPA) (Chem-

supply), SU-8-developer (Microchem), distilled water (DI) (RiOsTM, Millipore 

Australia), hexamethyldisilazane (H.M.D.S.) (Technic France) were used in electrode 

fabrication. Oxygen plasma cleaner (Electronic Diener, Plasma-Surface-Technology), 

spin coater (Model WS-650MZ-23NPPB, Laurell Technologies Corporation), hot plate 

(Data plate digital hot plate, PMC 732 series) and mask aligner (Q4000-6, Quintel 

corporation) were also used in electrode fabrication. Electrochemical characterization of 

the electrodes was performed using 0.9% NaCl or 154 mM NaCl solution (9 mg/ml, 

Livingstone) as electrolyte, reference electrode (1 M KCl, Ag/AgCl, CHI111, CH 

Instruments, Inc) and Corrware and Corrview software (3.1c) installed in the 

potentiostat (Solartron SI1287 electrochemical interface, Solartron SI1260 

impedance/Gain-phase analyzer).  
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3.2.2 Nitrogen induced ultra-nanocrystalline diamond (N-UNCD) film deposition    

Pt foil was roughened by laser milling. Pits with various center separations such as 20 

µm, 40 µm, and 80 µm were milled in a regular array pattern. Laser milling with a 

power of 0.09 W was used for all pits. The laser roughened Pt (rPt) foils were cleaned 

with acetone, isopropanol and DI water (3 minutes per step). Samples were seeded by 

dipping the rPt foils in a sonicated suspension of 3 nm (average) nanodiamonds in 

methanol and rapidly dried with a flow of compressed air. The rPt foils were loaded in 

an Iplas microwave plasma-assisted CVD system for three hours in a gas mixture (N2: 

Ar: CH4) of 20:79:1. A microwave power of 1000 W, stage temperature of 900 °C, a 

chamber pressure of 80 Torr and a total gas flow of 100 sccm (1% CH4, 79% Ar and 

20% N2) [152, 222] were utilized to produce for 2-3 µm thick N-UNCD film growth 3 

h. After 3 h growth time, the plasma was switched off and the system allowed to cool 

down to room temperature under argon.  

                    

 

3.2.3. Mechanical stability of N-UNCD films  

Sonication and scratch tests were employed to assess the adhesion strength of diamond 

films grown onto roughened Pt foil.    

3.2.3.1 Sonication 

N-UNCD films on roughened Pt were submerged in DI water and sonicated (Elmasonic 

P sonicator) at 80 kHz with 100% power in the sweep mode for varying lengths of time 

at room temperature. The environment and other conditions such as the weight of the 

beakers and amount of water in each beaker were kept the same. The degree of damage 

to the diamond film was assessed using microscope images.  
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3.2.3.2 Scratch test 

A Versitron Rockwell type C diamond indenter diamond tip (0089275C, Gilmore 

diamond tools, USA) with a force gauge (Mark-10, 0-50N, IDM instruments) was 

mounted on an MP-285 micromanipulator system (Sutter Instruments). The N-UNCD 

film grown on a 10 × 12 mm rPt substrate (20 µm of pits spacing, 3 h growth time) was 

placed firmly on a stage attached to a CNC actuator. The diamond intender was placed 

on the flat N-UNCD film perpendicularly. Forces of different strength were applied to 

the N-UNCD film and the diamond tip was moved 3 mm horizontally. The degree of 

damage to the diamond films was assessed by SEM and compared using an arbitrary 

scale of 0 to 5, where 0 and 5 refer no damage and heavy damage.  

 

3.2.4 Design and fabrication of electrodes   

Electrodes were fabricated from Pt, rPt, and N-UNCD grown onto rPt. N-UNCD on 

smooth Pt could not be made because the diamond delaminated during cleaning. 

Substrates were cleaned using acetone, IPA and DI water. Nitrogen gas flow was used 

to dry them. Samples were exposed to oxygen plasma cleaning at 0.8 mbar pressure for 

five minutes. H.M.D.S. was applied to each surface as an adhesion and wetting 

promoter. SU8-2010 was spun onto samples, soft baked (3-4 min) on a hot plate at 95 

°C. A chromium mask of circular solid disks of the desired diameter of 1000 µm, 

prepared on a glass slide was placed on the substrates with soft baked SU8-2010 and the 

sample was exposed to UV radiation. Samples were post-baked for 6 minutes at 95 °C, 

developed in the SU-8 developer and rinsed in IPA. Nitrogen gas flow was used to dry 

the samples. Finally, the samples were hard baked at 130-150 degree Celsius for 20-30 

min. N-UNCD-O electrodes were obtained from oxygen plasma treated N-UNCD 
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substrates (50W, 25% O2 in argon for 3 h at 0.8 mbar). Typical electrodes are shown in 

fig. 3.2. Note individual electrodes were not isolated from each other during fabrication 

but they were isolated during electrochemical characterization using a rubber O-ring. 

 

            

Fig. 3.2 Photolithographically fabricated electrodes of Pt (A), rPt (B) and N-UNCD (C) using su8 2010. 

The diameter of the electrodes was 1000 µm.    

 

3.2.5 Electrochemical characterization methods   

Electrochemical characterization was carried out using a standard three-electrode 

electrochemical cell setup consisting of a counter electrode (CE, Pt-mesh), a reference 

electrode (RE,1 M KCl, Ag/AgCl) and a working electrode (WE) using O-ring set up 

described elsewhere [296]. Briefly, in this work, the Pt side of the WEs was placed on a 

length of copper foil and pressed down with a rubber O-ring of 3 mm radius to make 

electrical contact. A purpose-built glass beaker with a hole in the base was secured onto 

the O-ring. When electrolyte (0.9% NaCl or 154 mM NaCl solution) was poured into 

the beaker, it penetrated through the hole in the base but was confined within the O-ring 

seal, making contact with the selected electrode surface. Wires with alligator clips were 

connected to the copper plate (to connect WE), CE and RE accordingly to complete the 

circuit as shown in fig. 3.3. The surface area of the CE was at least ten times higher than 

that of the working electrode, in all experiments. The experimental measurement 
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protocols and some calculation processes of electrochemical parameters using Cyclic 

voltammetry, Electrochemical impedance spectroscopy (EIS) and Voltage transient 

measurements are described briefly in this section as following. The theoretical details 

of these methods are described elsewhere [1, 135, 136]   

 

 

                      

 

Fig. 3.3 Three-electrode electrochemical cell with O-ring setup. Counter electrode (CE) was connected 

with yellow alligator clip and reference electrode (RE) was connected with black alligator clip shown 

separately at the right side of the cell. Sample WE such as NUNCD was kept on copper plate and top of it 

the O-ring was placed. N-UNCD and O-ring are separately shown in the left side of the cell. A glass 

beaker having a hole at its bottom fixed on the O-ring by screws in a steel frame such that sample surface 

was exposed to electrolyte while it was poured into the beaker. Red alligator clip was connected to 

NUNCD electrode through copper plate.  

   

 

3.2.5.1 Cyclic voltammetry  

Characteristic cyclic voltammogram (CV) responses were recorded for each disc 

electrodes at a sweep rate of 50 mVs-1 between voltage limits of -0.6V and 0.8V vs 

Ag/AgCl. A typical CV is presented in fig. 3.4. The charge storage capacity per unit 

area (CSC) of electrode materials were determined using CVs at varying scan rates of 

10, 20, 30, 40 and 50 mVs-1 respectively within the limit of -0.1V and 0.1V. The widths  
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of the CVs (in amps) at 0 V was plotted against scan rates. The gradient, dI/(dV/dt), of 

this plot for each electrode provided the electrochemical capacitance (C) of the 

electrodes. The maximum charge (Q) stored at the electrode surface was determined 

using the relation Q= C × V (in mC), where V is the maximum applied voltage. The 

CSC (in mC/cm2) of each electrode was determined by dividing the calculated Q with 

the geometric surface area of the electrode [152].  

 

                             

Fig. 3.4 Typical CV for a for a bare electrode in a redox inactive salt solution.   

 

3.2.5.2 Electrochemical impedance spectroscopy (EIS) 

EIS is an alternative electrochemical method to evaluate the electrochemical properties 

of materials. Typically conducted in potentiostatic mode, a sinusoidal voltage is applied 

to the working electrode and the amplitude and phase behavior of the resulting electrical 

current is analyzed. The typical frequency range used in this work was 0.1 Hz to 105 Hz 

and the root-mean-square magnitude of the voltage excitation was 10 mV [1].  

A relatively simple and common electrical equivalent circuit known as a Randles circuit 

(fig. 3.5) was used to model the electrochemical cell. This circuit model includes an  



 

97 
 

interfacial charge transfer resistance (Rct) connected in parallel with a capacitor. The 

capacitor is intended to model the double layer or electrochemical capacitance (Cdl) of 

the electrochemical cell and Rct the resistance to electron transfer into the electrolyte 

solution. The RC circuit was connected to a resistance (Rs) which represents the total 

series resistance in the circuit including the impedance at the electrode-electrolyte 

interface. In real-world experiments, electrodes rarely exhibit ideal capacitor behavior 

due to a variety of factors including roughness and porosity which affect electrolyte 

approach and diffusion. Thus, it is common to employ a non-ideal capacitor referred to 

as a constant phase element (CPE). The impedance of the CPE has a form of Z = A(jw)-α 

(0.5 ˂ α ≤ 1). Zplot and Zview software (3.1c) were used to model the electrode 

impedance where the starting values for the fitting of electrochemical models were α=1, 

Rs was from 600 Ω to 1000 Ω, Rct was 106 Ω and CPE was 10-6 F. A typical impedance 

curve was shown in fig. 3.6.  

 

                                

                                   

 

Fig. 3.5 Randles equivalent model circuit. An interfacial charge transfer resistance (Rct) is connected to a 

capacitor of double layer capacitance (Cdl) in parallel. A model resistance Rs instead of solution resistance 

is connected to RC circuit. 
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Fig. 3.6 A typical impedance spectrum for N-UNCD electrode of 1000 µm diameter in 0.9% saline    

 

 

3.2.5.3 Voltage transient measurements  

Voltage transient is the term used to describe the voltage behavior of an electrode 

during a typical, constant current stimulation pulse. A typical voltage transient in 

response to a symmetric biphasic constant current pulse is shown in fig. 3.7 [1]. 

Typically, electrodes are pretested using CV to establish the maximum and minimum 

voltages before water hydrolysis. Armed with this prior knowledge, the maximum, safe 

deliverable current for a given pulse length can be determined empirically, by 

increasing the current amplitude of a pulse until these predetermined electrode voltage 

limits (cathodic) are reached. The recorded voltage transients at various current 

amplitudes were analyzed for maximum cathodic polarization (Emc) across the electrode 

surface within the safe stimulation limit of test materials to determine their Qinj based on 

the following protocol [141, 145, 147, 150, 222, 297-300].    
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Fig. 3.7 A voltage transient of a microelectrode in response to a biphasic and symmetric (ic=ia) current 

pulse. The maximum cathodic polarization Emc = Eipp + ∆Ep = Eipp + (∆V-Va); where Eipp was interpulse 

potential, ∆Ep was net potential difference across electrode-electrolyte, ∆V was the total voltage transient 

and Va was access voltage includes concentration overpotential and electrolyte voltage drop icRi which 

produces uncertainty in ∆Ep. Ema was maximum anodic polarization potential [1].       

 

Electrode stimulation protocol: Electrode stimulation was carried out by constant 

current biphasic cathodic-first charge-balanced capacitively coupled (10 μF) pulses 

against a CE of a large Pt mesh wire. An in-house custom-built stimulator was used to 

stimulate the electrodes. The WE and CE were shorted at the end of the applied pulse 

and remained shorted until the next pulse firing to dissipate any charge remaining on the 

electrodes and maintain a net direct current  ̴ 0 A and thus, minimize irreversible 

reactions [139]. The interphase gap was 25 μs and pulse widths from 100 to 3200 μs 

were used. The electrodes were stimulated for one minute at room temperature. The 

stimulation current and the working electrode potential (versus. Ag/AgCl) were 

recorded using National Instruments (PXI-4072, National Instruments, USA) and 

LabVIEW software. As waveforms were stabilized within seconds of stimulation in 
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vitro, the frequency of stimulating current was kept low as 4 Hz such that the interpulse 

potential did not deviate by more than 100 mV. Emc was measured after 20 µs from the 

end of cathodic phase duration i.e., near to the end of the interphase gap [298], [301] to 

minimize the difference between the measured and actual Emc [142]. The current 

amplitude which produced Emc = − 0.6 V (the lower limit of Pt water window) or -1V 

(for N-UNCD) was used to determine the Qinj values. 0.9% saline was used as an 

electrolyte in the experiments for all test materials. Electrodes were soaked in saline 

prior to stimulation and it was ensured that there were no air bubbles adhered to the 

electrode surface. The Qinj was calculated using the following equation (3.1). 

  

 𝑄𝑖𝑛𝑗 =  
𝑃𝑢𝑙𝑠𝑒 𝑤𝑖𝑑𝑡ℎ (𝑠𝑒𝑐) × 𝐶𝑢𝑟𝑟𝑒𝑛𝑡 (𝑎𝑚𝑝) 

𝐺𝑒𝑜𝑚𝑒𝑡𝑟𝑖𝑐𝑎𝑙 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 (𝑐𝑚2)
    𝑖𝑛  (

 𝐶

𝑐𝑚2)  … … … … … … … … (3.1)       

 

3.2.6 Electrochemical stability assessment of electrodes  

Electrodes were stimulated for five days applying a charge balanced constant biphasic 

current (cathodic first) of 400 µs pulse width and 25 µs interphase at 50 Hz and Emc = -

0.6 V for Pt and rPt and Emc = -1.0 V for N-UNCD/N-UNCD-O to assess their 

electrochemical stability. Similar applied current at above condition was chosen for 

long-term stimulation which was used to determine the Qinj of the respective test 

materials following the protocol used. The equivalent stimulation charges were 61 

µC/cm2 (at 1200 µA), 112 µC/cm2 (at 2200 µA), 186 µC/cm2 (at 3650 µA) and 509 

µC/cm2 (10000 µA) for Pt, rPt and N-UNCD and N-UNCD-O respectively. The Long-

term (5 days continuous) stimulation was conducted with a similar experimental setup 

and electrolyte of 0.9% saline that used for voltage transient measurements described 
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earlier in section 3.2.5.3. Voltage transient measurements were repeated after long-term 

stimulation.                  

 

3.2.7 SEM imaging    

The signature of microcracks, delamination of coating or any corrosions due to long-

term stimulation was delineable by SEM imaging. SEM (FEI Quanta, FEG 200) images 

of electrodes under investigation were taken in different phases for as-grown condition 

and after first electrochemical characterization and long-term stimulation. Normally 10-

12 images were taken for each electrode for all the three cases separately at different 

magnifications. Images were captured in an unbiased manner for all electrodes. 

Localized damage was also imaged. Visual analysis was conducted using an arbitrary 

scale [302, 303], expressing the degree of damage or corrosion from 0 (none) to 5 

(maximum).     

 

3.3 Results and discussions 

3.3.1 Mechanical stability of N-UNCD films  

3.3.1.1 Sonication 

The top three SEM images in fig. 3.8 (A, B, C) show laser roughened Pt substrate (rPt) 

with regular arrays of pits with a spacing of 20 µm, 40 µm, and 80 µm laser milled into 

the surface. N-UNCD films grown on these rPt substrates for 3 h are shown in fig. 3.8 

(D, E, F). Three N-UNCD samples (n=3) of each category were sonicated for 0.5 h, 2.5 

h, 4.5 h and 15 h using the method described in section 3.2.3.1. Microscope images after  



 

102 
 

each sonication period are presented in fig. 3.9. Figure 3.9 shows the result of 

sonication on N-UNCD films grown on rPt. Columns A, B, and C represent samples 

grown on 20 µm, 40 µm, and 80 µm pit separation. The numbers 1, 2, 3 and 4 denote 

sonication for 0.5, 2.5, 4.5 or 15 h respectively.  

 

 

                   

 

Fig. 3.8 N-UNCD growth on rPt substrates of 4 × 4 mm: The samples in the top SEM images (A, B, and 

C, scale bar 100 µm) were for 20 µm, 40 µm, and 80 µm separations between pits respectively. N-UNCD 

films of 3 h growth time on rPt are shown in D, E, and F, (scale bar 50 µm).       
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Fig. 3.9 Microscope images (4x magnification) of N-UNCD films of 3 h growth time on rPt substrate 

showing delamination due to sonication. Peeling off the N-UNCD films from rPt substrates were 

increased with increasing the lattice distance of the pits on rPt substrates from column 1 to 3.      

  

Within 0.5 h, delamination of N-UNCD film on sample B1 (40 µm separation) was 

initiated and in sample C1 (80 µm separation) a significant part of the film had lifted off 

from the rPt substrate. Severe delamination of N-UNCD film from the rPt substrates is 

seen in B1-B4 and C1-C4, in particular for longer sonication time at 15 h sonication the 

major part of N-UNCD film was delaminated shown in image B4 and 100% N-UNCD 
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film was delaminated from rPt substrate shown in image C4.  Images A1-A4 show 

small regions of delamination around the periphery. After 15 h, only one noticeable 

white spot due to delamination of N-UNCD film was observed in image A4. The 20 µm 

and 40 µm separation samples were sonicated for a further 15 h. The noticeable 

delamination spot (white spot) in image A4 in fig. 3.9 remained the same after 30 h 

sonication shown in image A5, fig. 3.10. An extended SEM image of the spot is shown 

in fig. 3.10 (A5a). N-UNCD film on rPt substrate of 20 µm separation remained 

unaffected after 30 h sonication (fig. 3.10 (A5)) while most of the area of N-UNCD film 

on rPt substrate of 40 µm separation grid mesh was delaminated. The smaller the lattice 

of the array of pits provided the higher roughness of the Pt substrate during laser milling 

and the higher roughness made stronger attachment of N-UNCD film with Pt substrates.     

                                  

Fig. 3.10 A5) N-UNCD film deposited on rPt (pits spacing 20 µm) sonicated for 30 h and A5a) extended 

SEM image (800x magnification) of the delaminated area (white) on image A5. 

 

 

3.3.1.2 Scratch test  

A scratch test was performed on N-UNCD film to observe the damage of the film 

indicating the degree of adhesion strength of the film on the rPt substrate. Diamond is 

renowned as a hard material thus higher force was applied first followed by gradually 
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lower forces (15 N to 0.5 N, the method described in section 3.2.3.2). The delamination 

and/or damage of the film presented in the table-3.1. Applied forces of 7-15 N produced 

maximum and severe damage, where moderate and minimum damages were found for 2 

- 5 N and 0.5 N. Typical representative images for minimum, moderate and maximum 

damages are shown in B, C, and D in fig 3.11 while fig 3.11 A was for as-grown N-

UNCD films and has no damage. The minimum applied a force of 0.5 N produced 

minimum damage (fig. 3.11 B) and fig. 3.11 E is an extended view of image B shows 

the scratch clearly. At this low force, there was a considerable damage of N-UNCD 

films on rPt substrate as indicated by flattening of the laser cut structures. In case of 

severe damage condition for the image (fig. 3.11 D) the laser patterns/holes and the 

small bumps around the holes on the top surface of the film were compressed 

extensively and the film was heavily fractured.              

 

Table 3.1 Assessment of the degree of damage due to scratch test on N-UNCD films  

 

Obs. 

No. 

Images  

(Fig.3.6)  

Applied 

force (N) 

Degree of damage 

(arbitrary scale: 0-5) 

Remarks  

on damage  

1 A 0       0         as grown film 

2 B 0.5      2        Minimum 

3 C 2       2.5      

moderate  

 

 

4  3     2.5     

5  5     3      

6  7      3.5     

7  10     5      Severe 

 8  12       5       

9 D 15     5      
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Fig. 3.11 Image ‘A’ as-grown N-UNCD film (scale bar 20 µm). Damage after the applied force of 0.5 N 

(B, scale bar 25 µm), 7 N (C, scale bar 20 µm) and 15 N (D, scale bar 20 µm), and E is an extended view 

of image B.  
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3.3.2 Electrochemical characterization  

3.3.2.1 Cyclic voltammetry measurements  

Typical representative CVs of Pt, rPt, N-UNCD and N-UNCD-O electrodes within the 

water window (-0.6 to 0.8 V) of Pt performed at a scan rate of 50 mV/s are shown in 

fig. 3.12 (A). The CVs of N-UNCD (black trace) is featureless except for a negative 

inflection below -0.2 V due to the reduction of dissolved oxygen in the electrolyte 

which was also reported by Hadjinicolaou et al. [222]. A similar pattern of the CVs 

(green trace) for N-UNCD-O was observed with much higher current for redox 

reactions. By contrast, the CVs for Pt and rPt feature several small oxidation and 

reduction peaks between -0.2 and 0.3 V corresponding to the well-known Faradaic 

hydrogen plating and de-plating processes that are known to occur on this metal. [1] 

Similar CVs recorded on N-UNCD have been reported elsewhere indicating that our 

material is similar to that produced by others [152]. A series of CVs within -0.1 to 0.1V 

for an electrode of N-UNCD are shown at different scan rates (dV/dt) in fig. 3.12 (B). 

The faster voltage scans cause faster charging of the double layer capacitor and hence 

increased area bounded by the current/voltage curve. Both the area bounded by the 

curve and the current magnitude can be used to quantify the electrochemical capacitance 

of the electrode solvent system. In this instance, we used the difference between the 

magnitude of current amplitudes (I) difference at 0 V between the forward and reverse 

sweeps. This value was plotted against the scan rates as shown in fig. 3.12. (C). Given 

that the capacitance (C=I/ (dV/dt)) of the electrode surface in 0.9% saline [152].  

 

 

The capacitance multiplied by the maximum limit of water window is one way to 

numerically determine the maximum safe deliverable charge by the electrode before 
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electrolysis of solvent occurs. Charge per unit area of an electrode was the CSC (mean ± 

STD, mC/cm2) of the electrode material as shown in fig. 3.12 (D). The fig. 3.12 (D) 

showed that N-UNCD-O has significantly higher CSC (2.04 mC/cm2) than that of rPt 

(0.52 mC/cm2), Pt (0.46 mC/cm2) and N-UNCD (0.35 mC/cm2). The CSC values were 

relatively higher compared to the obtained values from a curve fitted data using Randles 

equivalent model circuit such as 0.23 approximately for Pt.   

 

However, at a scan rate of 20 mVs-1 in phosphate buffer solution (PBS) the cathodic 

CSC of Pt (a film of 1.4 cm2) was found as 0.55 mC/cm2 reported by a previous study 

of Cogan [1] is larger than the current results. Other groups reported higher CSC of 0.81 

mC/cm2 and 0.90 mC/cm2 for Pt than that of Cogan’s value [304, 305]. Green et al. 

reported much higher CSC for Pt (9.7 mC/cm2) and rPt (13.5 – 23.0 mC/cm2) than that 

of Cogan and other reports mentioned here [160]. Garrett et al. and Tong et al. reported 

that the CSCs of N-UNCD grown on smooth silicon were 0.038 mC/cm2 [152] and 0.02 

mC/cm2 [293] respectively. Tong et al.  also showed that the CSC value for N-UNCD-

O was increased to 1.18 mC/cm2 [293]. They used a similar method to determine the 

CSC to that used in this study while Cogan, and Green et al. calculated CSC using the 

time integral of the negative current. As N-UNCD films were deposited on rPt foil in 

the present study, their effective electrochemical surface area might be much higher 

than N-UNCD grown on smooth silicon. Hence CSC of N-UNCD grown on rPt is 

higher in this study. The method used to determine the slope of the current vs. voltage 

plot shown in fig. 3.12 (C) was an approximation and provided the maximum value of 

capacitance. Consequently, this method offers the maximum value of CSC [152, 306].  
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Fig. 3.12 Typical representative CV of Pt (n=12), rPt (n=12), N-UNCD (n=11) and N-UNCD-O (n=3) 

conducted at 50 mV/s within the water window (-0.6 to 0.8V) of Pt in 0.9% saline (A). Small CVs’ within 

a voltage limit of -0.1 to 0.1V were taken at 10, 20, 30, 40 and 50 mV/s scan rates for test electrode 

materials and a typical series of small CVs for N-UNCD (B) is presented here. At 0 V the magnitude of 

the difference of positive and negative amplitude of current from each small CV at each scan rate 

mentioned in B was extracted and plotted against their respective scan rates (C). The slope of the plot in 

(C) provided the capacitance of the electrodes. The capacitance times the maximum limit of the water 

window provided the total charge on the electrode surface and the charge per unit area is CSC (D). EIS 

conducted at 10 mV and the magnitude of impedance (|Z|) of Pt (n=12), rPt (n=12), N-UNCD (n=11) and 

N-UNCD-O (n=3) electrodes were obtained with respect to frequency (E and F).           

 

 

3.3.2.2 EIS, 1 kHz impedance measurements  

The impedance of electrodes with respect to frequency was measured using EIS, as 

shown in fig. 3.12 (E and F). The bulk impedance of electrodes is an important quantity 

from an engineering point of view because it dictates the driving power needed to 
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operate the stimulating electrode. High impedance electrodes require a higher power 

device in order to be effective.  

 

The average impedances (mean ± STD) of Pt (n=12), rPt (n=12), N-UNCD (n=11) and 

N-UNCD-O (n=3) electrodes were 1004 ± 11.2 Ω, 937 ± 10.8 Ω, 954 ± 11.2 Ω and 881 

± 6.4 Ω respectively at 1 kHz shown in fig. 3.12 (F). These impedance values were 

higher compared to the simulated average values obtained using Randles equivalent 

model circuit, for instance, the impedance 799 ± 35.2 Ω for Pt. The variation of the 

magnitude of the impedance of the test materials at 1 kHz in fig. 3.12 (F) was only 

about 7 % (max) with respect to Pt electrodes. A typical impedance spectrum of test 

materials over the frequency range of 1 Hz to 106 Hz is shown in fig. 3.12 (E). At lower 

frequency, the relatively higher impedance of Pt than that of rPt, N-UNCD, and N-

UNCD-O was observed but it was similar at the higher frequency. The impedances of 

rPt and N-UNCD were similar over the frequency range which was higher at the lower 

frequency than that of N-UNCD-O. Electrochemical impedance is governed primarily 

by electrochemical surface area in contact with the electrolyte solution. The lack of 

large changes in impedance during electrochemical processes (Faradic and non-Faradic) 

indicates that the roughness or porosity of the electrodes is similar. 

 

Schuettler studied the electrochemical properties of thin film Pt electrodes with different 

surface modifications. He reported electrochemical impedance values (without any 

surface modification) of approximately 1200 Ω (extrapolated) at 1 kHz. Laser 

roughened Pt showed an impedance of 20% of thin film Pt only (̴ 240 Ω) [307]. Green 

et al. measured the impedance of rPt using different surface modification and the 
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impedance of rPt was on an average 18% - 44% of smooth Pt depending on the surface 

roughness [160]. These are conflicting with an obtained impedance of rPt (93 % of Pt) 

in the present study. Different laser patterns might produce different surface roughness. 

The reported roughness in the studies of Green, and Schuettler were potentially higher 

than those produced by our pit array method. Another report showed that the impedance 

of nano-cluster Pt electrode (deposited) and thin film Pt (deposited) were 870 ± 70 Ω 

and 2940 ± 200 Ω at 1 kHz where the area of each electrode was 0.125 mm2 (̴  400µm 

diameter) [304]. Tong et al. reported the electrochemical impedance for N-UNCD 

(grown on silicon) electrode of 5 mm diameter was about 700 Ω at 1 kHz (extrapolated) 

in PBS [134]. Due to the variation of the electrolyte, shape, and size of the electrodes as 

well as the testing protocols the impedances are not directly comparable to each other. 

However, generally, the smaller electrodes are expected to have higher impedances. The 

model data for CSC and impedance does not match well with the measured values 

reflects that there was noise during the measurements. Generally, a noise was found at 

the beginning of the measurements due to the influence of external electromagnetic field 

as the experimental set up was not shielded using Faraday cage.          

                  

3.3.2.3 Voltage transient measurements 

Voltage transients for each electrode against applied currents were measured using the 

protocol described earlier in section 3.2.5.3 to determine Qinj of the materials of test 

electrodes. Typical voltage responses of test electrodes were shown in fig. 3.13 (A) 

against their stimulation current pulse widths of 400 µs in fig. 3.13 (B). These 

waveforms represented the charging and discharging characteristics of the electrodes. 

The Qinj values of all electrode materials were determined based on Eq. (3.1) using the 
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stimulation current amplitude for different pulse widths at a lower limit of Pt water 

window (Emc = -0.6 V). In addition, the Qinj of N-UNCD/N-UNCD-O also determined 

at Emc= -1.0 V. The obtained Qinj of Pt, rPt and N-UNCD at Emc = -0.6 V were 0.04 - 

0.12 mC/cm2, 0.09 - 0.40 mC/cm2 and 0.10 - 0.12 at 100 µs - 3200 µs pulse widths 

respectively in fig. 3.13 (C). Rose and Robblee, and Cogan reported that the Qinj for Pt 

is 0.05 to 0.15 mC/cm2 [1, 141]. Another report by Schuettler stated that the Qinj values 

of 0.06 mC/cm2 and 0.10 mC/cm2 were observed for Pt and rPt respectively [307]. 

Green et al. showed that Pt had a Qinj of 0.058 - 0.098 mC/cm2 which was increased to 

0.069 – 0.364 mC/cm2 for rPt depending on the surface roughness. Garrett et al. showed 

that N-UNCD grown on plain silicon provided a Qinj of 0.01 mC/cm2 increased to 0.16 

mC/cm2 after electrochemical activation. Hence the obtained results are closely matched 

with the literature. The Qinj values increased with pulse widths in this study (fig. 3.13 C 

and D) more explicitly for Pt and rPt electrodes due to possible redox/other reactions 

that occur with long pulse times and hence higher voltage excursions. This was also 

observed previously. For instance, from 0.035 to 0.054 mC/cm2 for respective pulse 

widths of 100 to 3200 μs per phase in vitro for Pt electrodes reported by Leung et 

al.[142]. Green et al. also reported the dependency of Qinj with pulse widths for Pt and 

differently surface modified Pt electrodes [160].    

 

rPt had higher Qinj than that of Pt and N-UNCD at higher pulse widths of 1600 and 3200 

µs, reflecting higher surface roughness. The Qinj of N-UNCD was slightly higher than 

that of Pt in case of lower pulse widths but at 3200 µs it was similar. This is expected 

because diamond electrodes are purely capacitive and hence do not have a current 

storage by surface-confined Faradaic reactions at high voltage excursions. The Qinj 

values of N-UNCD at Emc = -1.0 V were 0.14 - 0.25 mC/cm2 at 100 - 3200 µs pulse 
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widths (fig. 3.13 D) which are close to the previously reported values of 0.25 mC/cm2 

and 0.30 mC/cm2 by Hadjinicolaou et al. [222]. N-UNCD had higher Qinj than rPt at 

400 to 800 µs and lower Qinj at 3200 µs pulse widths but it was equal for both materials 

at the 1600 µs pulse width shown in fig. 3.13 (D). At shorter pulse widths, rPt has 

inferior stimulation properties compared to N-UNCD and longer pulse widths seem to 

be advantageous for rPt, most likely because of platinum’s surface confined Faradaic 

reactions that occur at high magnitude voltage excursions. However, statistical analysis 

(p = 0.08 > 0.05) showed that the Qinj values of Pt, rPt and N-UNCD are not 

significantly different whereas N-UNCD-O provided much higher Qinj values (0.27 - 

1.00 mC/cm2, p = 0.002 < 0.05 (two-way ANOVA), fig. 3.13 D) than other test 

materials significantly.   

 

The impact of the water window on Qinj is most evident between smooth Pt and 

diamond. A feature of diamond films is a very wide water window. Though lower on N-

UNCD than that of BDD the window is still much larger than that of Pt with no 

electrolysis occurring between -1 and +1 V [152].  When the Pt water window limits are 

applied to diamond, the Qinj of Pt and N-UNCD are comparable (fig. 3.13 C). When 1.0 

V is set as the maximum safe limit of diamond, the Qinj is twice that of Pt. For instance, 

at the pulse width of 1600 µs, the Qinj of Pt and N-UNCD are 0.064 mC/cm2 and 0.194 

mC/cm2 respectively in fig. 3.13 (D), where N-UNCD has three times larger Qinj than Pt 

for the same circular disc electrodes of 1000 µm diameter. On average, diamond 

electrodes are capable of safely injecting three times more charge than Pt which is about 

nine times in case of N-UNCD-O. This implies that the same amount of charge can be 

injected for neural stimulation from a smaller diamond electrode of a roughened surface  
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than that of Pt. Therefore, at the present conditions diamond is promising materials for 

fabrication of small electrodes where the electrochemical properties of Pt are 

insufficient.  

 

When the voltage on the Pt surface is permitted to go past its safe limit, the charge is 

lost from the electrode to the solvent (water electrolysis). This charge is no longer 

stored on the electrode surface and therefore may not contribute to neural stimulation or 

Qinj as in capacitive mechanism. Loss of charge to the solvent on N-UNCD does not 

occur until over 1.0 V of polarization. However, therefore the material outperforms Pt 

most markedly in regimes where voltage excursions are close to 1.0 V.   

                    

                       

                    

Fig. 3.13 Typical voltage excursion (A) recorded during the current pulses (B) for a pulse duration of 400 

µs, interphase gap 25 µs and frequency of 4 Hz. C) The Qinj (mC/cm2) of Pt, rPt and N-UNCD at Emc = -

0.6 V, where six electrodes (n=6) of 1000 µm diameter were tested for each material. D) The Qinj of N-

UNCD and N-UNCD-O (n=3) at Emc = -1.0 V compared to Pt and rPt.         
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3.3.3 Electrochemical stability assessment of electrodes  

3.3.3.1 Long-term stimulation of electrodes      

Durable stimulation electrodes are required for long-lasting neural prostheses. Along 

with higher Qinj and safe stimulation limit the higher longevity of diamond electrode 

would also be demanded and thus, long-term stimulation experiments were conducted 

to establish the suitability of N-UNCD/N-UNCD-O on Pt as a long-term implantable 

electrode material. Two electrodes (n=2) of diameter 1000 µm from each test materials 

were stimulated for 5 days to assess their electrochemical stability according to the 

protocol for long-term stimulation described earlier in section 3.2.6.  

 

              

Fig. 3.14 Representative CVs of Pt (A, n=2), rPt (B, n=2,), N-UNCD (C, n=2) and N-UNCD-O (D, n=3) 

electrodes for as-grown (green) and after 5 days continuous pulsing (red) and after 10 days stimulation 

(black). The change in CSC values of Pt, rPt, N-UNCD, and N-UNCD-O was obtained from CV using 

Garrett et al.  method [152] (E). Electrochemical impedances at 1 kHz were determined from EIS 

measurements (F).  
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After long-term stimulation electrochemical characterizations were performed again to 

observe the change of electrochemical properties. CVs of the electrodes before and after 

extended stimulation are shown in fig. 3.14 (A, B, C, and D). The CVs corresponding to 

Pt and rPt exhibit substantial changes in shape after long-term pulsing compared with 

little change for N-UNCD and N-UNCD-O. Changes in the shape of the CV indicate 

that the electrode surface has been modified, either by etching of the surface, deposition 

on the surface or changes in the chemical functionalization of the surface. From fig. 

3.14 E, the CSC values of Pt after long stimulations increased from 0.19 mC/cm2 to 0.56 

mC/cm2. On the other hand, it decreased for rPt from 0.41 mC/cm2 to 0.27 mC/cm2 but 

remain higher than 0.19 mC/cm2 (for smooth Pt). CSC of N-UNCD remains unchanged 

within the margin of error (± 0.02 mC/cm2). The increase of CSC values for Pt 

electrodes were 189%. On the other hand, the CSC of rPt after long stimulation dropped 

by 34%, but no significant change (increased by 1.4% only) was observed for N-

UNCD. The CSC of N-UNCD-O was decreased to 1.5 mC/cm2 by 26% but remain 

much higher than that of other test materials (fig. 3.14 E). From fig. 3.14 (F), changes of 

the impedance at 1 kHz of Pt (increase by 21%), rPt (decrease by 6%), N-UNCD 

(increase by 1.4%) and N-UNCD-O (decrease by 13%) were not statistically significant 

(p = 0.27 > 0.05, one-way ANOVA). However, diamond has lower impedance than 

smooth Pt at 1 kHz (fig. 3.14 F), which would be advantageous for the diamond 

electrodes to use.   
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Fig. 3.15 Comparison of the Qinj values obtained from voltage transient measurements before and after 

long-term stimulation. Representative electrodes of Pt (n=2), rPt (n=2,), N-UNCD (n=2) and N-UNCD-O 

(n=3) were stimulated using long-term pulsing. The stimulation was performed at 61, 112, 186 and 509 

µC/cm2 with 400 µs pulse widths for Pt, rPt, N-UNCD, and N-UNCD-O respectively. 

 

 

Using voltage transient measurements as in fig. 3.15, the obtained Qinj values of Pt, rPt, 

N-UNCD and N-UNCD-O after long stimulations are 0.06 – 0.20 mC/cm2, 0.06 – 0.24 

mC/cm2, 0.15 – 0.27 mC/cm2 and 0.32 – 1.09 mC/cm2 at 100 – 3200 µs pulse widths 

respectively. The average increase of Qinj values at different pulse widths of Pt, N-

UNCD, and N-UNCD-O than that of their as grown Qinj values were 60%, 18%, and 

14% respectively (fig. 3.16). While it was decreased for rPt by 31% (fig. 3.16). All of 

these results revealed that the Pt and rPt electrodes underwent substantial change 

relative to diamond electrodes with prolonged use near their safe limits. The stimulation 
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charges for N-UNCD (186 µC/cm2
) and N-UNCD-O (509 µC/cm2

) were significantly 

higher than that of Pt (61 µC/cm2
) and rPt (112 µC/cm2

) electrodes. Given the known 

chemical stability of diamond, this result is somewhat expected.  

                    

Fig. 3.16 From voltage transient measurements, the change in Qinj of Pt, rPt, N-UNCD and N-UNCD-O 

were 60% (increase), 31% (decrease), 18% (increase) and 14% (increase) were obtained respectively due 

to long-term stimulation. The minimal change was for diamond electrodes.       

 

 

We also performed e electrochemical characterization of a Pt electrode (n=1) with same 

protocols after submerging it in 0.9% saline for 5 days and then after 5day long 

stimulation (at 400 µs with 1200 µA and 61 µC/cm2) to verify that only the long-term 

stimulation changed the electrode surface morphology. The CVs for as-grown and 5day 

long stimulation were found to be similar in shape. The CSC for as-grown Pt (0.198 

mC/cm2) and 5day submerged Pt (0.25 mC/cm2) were similar and was very close to 

previous observation (0.19 mC/cm2). The CSC (0.584 mC/cm2) was increased by 194% 

for long-term stimulation which is similar to the earlier observations presented in fig. 

3.14 (E). The impedances of the Pt electrode at 1 kHz (887 Ω) after long-term 

stimulation were similar as shown in fig. 3.14 F (928 Ω). Interestingly, the Qinj values 

for as-grown Pt (0.045 - 0.102 mC/cm2) and 5day submersed Pt (0.051 - 0.102 mC/cm2)  
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were similar, which was increased after 5day long-term stimulation (0.077 - 0.183 

mC/cm2) by an average of 90% at 100 - 3200 µs pulse widths respectively. These 

results clearly revealed that long-term stimulation had changed the CSC, Qinj, and 

impedance of the Pt electrode implies that the surface morphology of the electrode was 

changed. The fact that increased CSC indicates that the surface area of the electrode 

may increase due to the electrochemical etching of the surface. 

 

Brummer et al. reported that Faradic reactions at the Pt/saline interface could produce 

dissolvable chloride oxidation products ClO-, ClO3
- etc. might cause Pt dissolutions and 

hence morphological changes in the platinum surface. They recommended a charge 

injection of ≤ 300 µC/geom. cm2 per half pulse using a confined current of ≤ 300 

mA/geom. cm2 in each half pulse of a balanced biphasic pulse to avoid any dissolution 

of Pt [129]. Shepherd et al.  reported Pt electrode corrosion was observed due to in vitro 

chronic stimulation of saline [302]. In this work, the current (1.20 and 2.2 mA) and 

amount of injected charge (61 and 112 µC/ cm2) applied to stimulate the Pt and rPt 

electrodes are significantly lower than the recommended limit of Brummer et al. to 

avoid electrode corrosion/damage. Hence, the precise mechanism of corrosion/damage 

of the electrodes is unclear   

 

Laser roughening of the surface changed simple crystalline structures to the multi-

crystalline faces and develop inhomogeneity in their surface energy, high-density edge 

distribution, kink sites/fine structures, and dislocations [308]. Therefore, the surface 

feature is sensitive to electrochemical reactions and may influence the electrochemical 

behavior of the electrode [309-311]. For instance, the arrangement of atoms on the 
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electrode surface influences the interplay of reacting substances with the electrode, 

changing their energies of adsorption and the lateral forces between different adsorbed 

species, the interaction of the solvent molecules with the surface and the electronic 

distribution in the metal. Thus, roughness influences the binding efficiency of ions 

involved in the double layer [160]. In addition, Pt surface can experience some 

chemisorption of oxygen [312], which was observed from XPS performed on smooth Pt 

and the percentage of elemental contribution (% ± STD) of oxygen was 47.26 ± 1.2 %. 

Previous studies reported that laser (nanosecond) melt processes incorporate covalently 

bound oxides within the upper layer of the Pt, preventing efficient double layer charging 

at these sites [179, 227]. Thus, laser heating may have an impact on the rPt electrodes 

surface for low reactivity of Pt [311, 313], which could be enhanced after long-term 

stimulation interacting oxygen ions reducing the CSC of rPt electrodes. However, the 

Qinj values of Pt and rPt (fig. 3.15) after long-term stimulation using voltage transient 

measurements were similar but much lower than that of N-UNCD-O.  

                    

The results from cyclic voltammetry and voltage transient measurements (fig. 3.14 E 

and fig. 3.15) reflect that the CSC and Qinj of N-UNCD obtained after long-term 

stimulation were not change much which implies that the electrode surface morphology 

of N-UNCD electrodes also did not change significantly. The variations in the 

impedance of the test materials obtained from EIS measurements at 1 kHz also implies 

that minimal change of electrode surface morphology occurred for N-UNCD. This is 

supported by Howlader et al. work on the impedance vs. electrode surface roughness in 

case of Pt, Ti (Titanium) and Au electrodes [314]. Interestingly, Pt and rPt electrodes 

were stimulated for 5 days while N-UNCD electrodes were stimulated for 10 days with 

much higher stimulating current (3 times higher compared to Pt electrodes) and charge 



 

121 
 

(186 µC/cm2). Even though N-UNCD was stimulated 5 days more with higher current 

and charge than that of Pt or rPt, the electrochemical change of the N-UNCD electrodes 

was minimum. Thus, cyclic voltammetry, EIS and voltage transient measurements 

consistently showed that electrochemically N-UNCD was more stable than Pt or rPt. 

Garrett et al. also found N-UNCD electrodes electrochemically stable after performing 

500 CVs and continuous pulsing for 4 h at 10 Hz [152] and freestanding N-UNCD 

electrodes were shown to be electrochemically stable when pulsed at their limits at 50 

Hz for 7 days. [315].                   

 

Previously it was reported that electrochemical capacitance of different materials can be 

increased due to the presence of oxygen functional groups [88, 316, 317] as well as 

Tong et al. showed that oxygen contents on N-UNCD surface due to oxygen plasma 

treatment [293] increased the capacitance of N-UNCD. Tong et al. rehydrogenated the 

oxygen plasma treated samples using hydrogen plasma treatment and observed that the 

capacitance remained high and suggested that oxygen plasma treatment may not be the 

primary contributor for the higher capacitance of N-UNCD-O. They added an 

alternative explanation that the possible etching of sp2 bonded materials at the grain 

boundaries of N-UNCD can occur during oxygen plasma treatment which increased the 

roughness of the surface and consequently the effective electrochemical surface area 

was increased. Thus, the capacitance, as well as CSC and Qinj of N-UNCD, were 

increased. This group conducted oxygen plasma treatment for different periods of time 

and measured the corresponding capacitance using cyclic voltammetry. The results 

showed that the capacitance of N-UNCD increased with time of oxygen plasma 

treatment and the highest value was obtained for 3 h case, but further oxygen plasma  
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treatment after 3 h decreased the capacitance slightly [293]. The impedance of N-

UNCD was expected to be lower than that of N-UNCD-O as the H-terminated surface 

converted to O-termination due to the removal of a surface conductive layer [318, 319]. 

The fig. 3.9 (F) shows slightly opposite, though the effect is not significant statistically 

(p = 0.27 > 0.05, one-way ANOVA).  

 

Figure. 3.9 (E) shows that the CSC value of N-UNCD-O is much higher than as-grown 

N-UNCD but decreased after 5day long stimulation. The long-term stimulation may 

cause further oxygenation of N-UNCD-O samples which could lead the decrease of 

CSC slightly, as reported by Tong et al.  [293]. This was not supported by the voltage 

transient measurements (fig. 3.15) as the Qinj values of the samples remain similar 

and/or slightly increased depending on current pulse widths after long-term stimulation. 

The increase of Qinj for N-UNCD-O is not significant statistically (p = 0.64 > 0.05, one-

way ANOVA). However, the oxygen plasma treatment increases the Qinj of N-UNCD 

several times. This implies that smaller N-UNCD-O will outperform Pt electrodes of the 

same dimensions and N-UNCD-O is a promising material for fabrication of low micron 

dimension electrodes.  

 

3.3.3.3 SEM imaging  

The surface of the test electrode materials was assessed by SEM for as-grown, after first 

electrochemical characterization and long-term stimulation conditions to observe 

morphological changes. The assessment summary on the degree of damage/corrosion 

(column 3 & 5) for short stimulation (column 2) and long-term stimulation (column 4) 

of test electrode materials (column 1) is presented in table 3.2. based on an arbitrary 
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scale of measurements. The detail physical meaning (*) of the arbitrary scale was 

documented at the bottom of the table-3.2. Typical representative SEM images of Pt, 

rPt, N-UNCD and N-UNCD-O electrodes (of diameter 1000 µm) are presented in fig. 

3.17 for as-grown, 1 h stimulation and long-term stimulation conditions. 

 

No significant changes (0 – no damage/ corrosion, column 3) of electrode surface 

morphology of any material were observed for short time (1h) stimulation relative to as-

grown samples (fig. 3.17 A and B for Pt; D and E for rPt; G and H for N-UNCD). 

Localized and relatively severe (arbitrary scale of 4, column 5 in table 3.2) damage 

and/or corrosion of Pt and rPt were easily recognizable as in fig. 3.17 (C and F) after 

long-term stimulation. There were no discernable changes (arbitrary scale of 1, column 

5 in table 3.2) in the N-UNCD samples following long-term pulsing (fig. 3.17 I and J) 

and N-UNCD-O (fig. 3.17 L) with respect to as-grown condition (fig. 3.17 G and K) 

respectively. As the degree of damage/corrosion of N-UNCD test samples was not quite 

sure from 5day long stimulation, these samples were further stimulated for another 5 

days and assessed again which were 10day stimulation observations for N-UNCD in 

table 3.2 and fig. 3.17 (J). The 10day stimulation observations showed localized minor 

(arbitrary scale of 2, column 5 in table 3.2) damage and/or corrosion in a few places for 

one electrode only as in fig. 3.17 (J).       
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                 Table 3.2 Degree of damage and/or corrosion of electrode materials 

 

 

 

 

 

 

 

 

 

              
 

*n - electrode number, 0 – No damage/corrosion; 1 - possible slight damage/corrosion; 2 - localized minor 

damage/corrosion; 3 - localized moderate damage/corrosion; 4 - localized and relatively severe 

damage/corrosion, and 5 - severe and extensive damage/corrosion     

 

 

                                       

Fig. 3.17 Representative SEM images of electrodes for as-grown, 1 h stimulation (after first 

electrochemistry) and after 5day stimulation conditions are presented here for the electrode materials. The 

top images A-C (scale bar 10 µm) are for Pt in three different cases respectively. Similarly, images are 

presented for rPt (D-F, scale bar 10 µm), N-UNCD (G-J, scale bar 10 µm) and N-UNCD-O (K-L, scale 

bar 2 µm) respectively. The images for Pt were taken from the border of electrodes. Images (50000X) for 

N-UNCD-O electrodes were taken at a 45-degree tilting angle with respect to the electrode surface (flat 

stage).  

Test 

materials 

 

Short 

stimulation (SS) 

period (h) & 

electrode 

number (n) 

Degree of 

damage or 

corrosion 

for SS 

Long 

stimulation (LS) 

period (h) & 

electrode 

number (n) 

Degree of 

damage or 

corrosion for 

LS 

     

Pt 1 h, (n=6) 0 5day, (n=2) 4 

rPt 1 h, (n=6) 0 5day, (n=2) ̴ 3.5 

N-UNCD 1 h, (n=6) 0 

 

5day, (n=2) 1 

10day, (n=2) 2 

N-UNCD-O Not studied 

(n=3) 

- 5day, (n=3) 1 
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3.4 Conclusions  

Sonication and scratch tests strongly indicate that roughening of the platinum substrate 

is necessary for adhesion of N-UNCD films. Only the sample with a regular array 

spacing of 20 µm exhibited acceptable stability under sonication. Scratch testing of the 

films was not highly informative due to deformation of the platinum substrate and 

cracking of the N-UNCD film. Electrochemical tests established that N-UNCD has 

grown on platinum roughened with a regular array of 20 µm spaced pits exhibited 

comparable Qinj to Pt and rPt. Once activated with oxygen plasma, however, N-UNCD-

O showed significantly enhanced electrochemical performance compared to Pt, such 

that on average it has at least nine times greater charge injection capacity.  In addition, 

the in vitro electrochemical stability assessment showed that N-UNCD and/or N-

UNCD-O were more stable than Pt and roughened Pt.  
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CHAPTER 4 

 

Protein Coating Improves Neural Adhesion on Diamond 

Films Preserving Electrochemical Properties  

 

ABSTRACT 

Long-term biocompatibility of neural recording/stimulation electrodes is a topic 

attracting intense research. Many electrodes fail due to encapsulation of the electrode by 

the body's immune system. Coating of electrodes with extracellular matrix proteins is 

one route by which this immune system response to electrode might be suppressed. 

Concurrently, however, the electrochemical performance of the electrode must remain 

suitable for the purpose intended. In this work, laminin, an extracellular matrix protein 

known to be involved in inter-neuron adhesion and recognition, was covalently coupled 

to diamond electrodes. The electrochemical analysis found that the covalently coupled 

films were robust and resulted in minimal change to electrochemical impedance or 

capacitance. When primary rat cortical neuron cultures were performed on the 

electrodes, laminin coated electrodes showed enhanced cell adhesion and cell number 

density significantly. 
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4.1 Introduction  

Biomolecular coupling onto inorganic materials to produce hybrid bioinorganic 

interfaces is an increasing research topic. The technique has been used to modify the 

surface of a range of biomedical devices including biosensors and biomedical implants 

[205, 320-322]. Electrode surface coating using biomolecules may produce intimate 

interaction with neurons increasing cellular adhesion at the interface. The idea is that the 

organic coating will act as a bioactive interface where incoming neurons are encouraged 

to attach using their own matrix-anchoring proteins. This has the potential to reduce 

neural damage and consequently reduce inflammation and scarring. Several studies 

reported enhanced cell growth after biomolecular coating of artificial substrates. For 

instance, adsorption of bone morphogenetic protein 2 on nanocrystalline diamond prior 

to cell culture enhanced osteogenic differentiation [323-325]. Intimate cellular adhesion 

is expected to improve signal transduction and to preserve the efficacy of electrodes 

[326]. Biomolecular coupling onto diamond electrodes is also important in addition to 

higher Qinj as described in the previous chapter.  

 

Previous work has focused on silicon [320], metal oxides [321], or gold [205, 322] 

substrates due to their electronic properties and broad use in biomedical applications. 

However, the implementation of these materials is limited since the coupling strategies 

used for immobilization of biomolecular quite often suffer from long-term instability. 

For instance, Wang et al. modified the surface of silicon using two biopolymers, 

heparin and hyaluronan [68]. These polymers were covalently coupled to silicon surface 

with the self-assembled monolayer of octadecyltrichlorosilane (OTS) using ultraviolet 

(UV) -based photo-immobilization. Modified and unmodified substrates were surgically 

implanted on rat cortex for various periods of time (10, 28 and 90 days). They found 
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astrocytic gliosis was increased in animals implanted with silicon chips with or without 

surface modification. The coatings had no effect on the neuron and axon degeneration in 

the cortex and white matter except heparin coated silicon. Severe neuron degeneration 

in the cortex was observed in case of heparin-coated silicon. Furthermore, coatings on 

silicon surface were found to degrade after 90 days in  37 °C saline [68, 224].  Other 

studies reported that fibrosis and tissue scar around silicone implants limited long-term 

functionality [205, 327, 328]. Instability may not be critical for short use implants but 

medical implants that are used continuously in a harsh environment for long periods 

require a robust interface.  

 

Biomolecular coatings are not hermetic therefore it remains critical that the underlying 

substrate is also biocompatible. Diamond is a material that satisfies these desired 

properties [285, 329]. Diamond is extremely hard and has exceptional thermal 

conductivity [205]. Different studies reported that diamond is biocompatible for 

biological applications [270, 286, 330-341]. For instance, Garrett et al. implanted 

electrically conducting synthetic diamond such as boron-doped diamond (BDD), N-

UNCD films, and electrically insulating PCD films into the back muscle of a guinea pig 

for a period of 4 - 15 weeks. They reported that all diamond samples exhibited similar 

and lower levels of acute and chronic inflammatory, and foreign body responses 

compared to the silicone control [207]. Besides, electrically conductive synthetic 

diamond thin films have superior electrochemical properties such as a wide water 

window, low background current, higher morphological and electrochemical stability 

[152, 282, 285, 342-344]. It is mentionable that N-UNCD (grown on rPt) has a 

comparable Qinj to Pt, but the Qinj for N-UNCD-O is nine times higher than that of Pt. 

Electrochemically diamond electrodes are more stable than Pt electrodes.     
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Freshly grown diamond films typically bear a H-terminated surface, out of the reactor. 

H- terminated diamond is hydrophobic and prevents the stabilization of many 

biomolecules onto diamond surface [205, 326]. In addition, the scarcity of chemically 

reactive groups is not favorable for the attachment of biomolecules on the diamond 

surface. Besides, Tong et al.  previously reported that primary cortical neuron did not 

survive on activated (oxygen plasma treated by 2 h) diamond films [153]. Thus, surface 

modification of diamond substrate is necessary for biomolecular coating which could 

improve cell adhesion on them and thus increase neural interactions.  

 

Different approaches have been used for the surface modification of diamond, including 

direct chemical functionalization [205, 329, 340, 345-350] or pretreatment method that 

increase the hydrophilicity of surface [292, 319, 351, 352] by attachment of different 

functional groups (such as chloro-, fluoro-, aminoalkyl groups, etc.). The hydrophilic 

surface is coated with standard silane coupling agents [292] using appropriate 

chemistry. Covalent coupling is an immobilization method which could reduce non-

specific biomolecule adsorption, enhance biomolecular activity as well as device 

stability. Thus, electrochemical reduction of diazonium salts (4-nitrobenzenediazonium 

tetrafluoroborate and tetrabutylammonium tetrafluoroborate) could be used to 

functionalize the diamond electrode surface as shown in the scheme. 1, using cyclic 

voltammetry [186]. Diazonium salt reduction is a one-electron transfer reaction which 

forms solution-based aryl radicals that attach to the electrode surface [205]. This surface 

modification method has also been used elsewhere to modify bonded carbon materials 

[353-356], iron [306] and silicon [357], boron-doped microcrystalline diamond [358] 

and UNCD [205].  
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Scheme. 1 Covalent immobilization of glucose oxidase on amine-terminated boron doped diamond [359].  

 

  

Among different biomolecules an extracellular matrix protein, laminin, is most 

commonly used for cell attachment, proliferation and differentiation as discussed earlier 

[224, 251, 293, 360, 361]. For instance, Bajaj et al.  demonstrated that enhanced 

neuronal cell line PC12 attachment was observed on laminin-coated Pt, silicon and 

UNCD substrates than that of bare substrates. This study also revealed that bare UNCD 

is more biocompatible than silicon and Pt [88]. Another study reported that a peptide 

sequence of five amino acids, IKVAV, from the α chain of laminin which mimic some 

of the biological activities of the intact molecule. Some other laminin peptides are also 

identified for cell attachment, migration and neurite outgrowth [362]. The evidence 

strongly supports the laminin coating on N-UNCD/N-UNCD-O electrodes to improve 

electrode-neural interfacing. 

 

However, the question about whether laminin coating onto these electrodes will 

preserve their electrochemical properties is unclear. For instance, Franks et al. measured 

electrochemical impedance of laminin and poly -L-lysine coatings onto Pt bright 

macroelectrodes (1 cm2 area) and found a charge transfer resistance of 0.25 MΩ for 
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laminin and 1.24 MΩ for poly-L-lysine coatings though laminin was a thicker coating 

of ̴ 140 nm compared to poly-L-lysine ̴ 10 nm. They did not measure Qinj of coated 

electrodes [363]. Huber et al. coated glassy carbon with synthetic laminin-derived 

peptides (18-mer SIKVAV) and implanted in a chicken brain. They found better nerve 

cell attachment in vivo [360] but they did not perform any electrochemical 

characterization of the electrodes. Chong et al. showed cell adhesion and neural 

outgrowth studies in vitro on laminin-coated UNCD films but they did not investigate 

the stability of laminin coatings nor did they assess the impact of the coatings on 

electrochemical performance [236]. Thus, to our knowledge, no one group investigated 

the impact of covalently coupled laminin coating on electrochemical properties of N-

UNCD and tissue interactions in vitro or in vivo after laminin coating.  

 

Instead of glucose oxidase, laminin could be coupled onto N-UNCD electrode surface 

covalently using electrochemical process and 1-(3-dimethylaminopropyl)-3-

ethylcarbodiimide hydrochloride (EDC) and N-hydroxysuccinimide (NHS) chemistry 

described elsewhere [186, 205, 236, 251]. This process could produce stable laminin 

coating on the electrode surface [160] and thus the cell adhesion on the films/electrodes 

surface will be improved. In this chapter, we, therefore, report laminin coating on N-

UNCD and 3 h oxygenated N-UNCD films, the impact of laminin coating on their 

electrochemical properties and in vitro cell attachment on the films.              

 

 

4.2 Materials      

The chemical reagents used for laminin (protein molecule) coating and staining, 

dissection and cell culture, fixation and immunostaining of cells are mentioned here:      
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Electrochemical process for laminin coating: 4-nitrobenzenediazonium 

tetrafluoroborate (Sigma Aldrich) and tetrabutylammonium tetrafluroborate (Sigma 

Aldrich) were dissolved in acetonitrile (Sigma Aldrich) to prepare a 0.1 M diazonium 

salt solution. H2SO4 (95-97% reagent grade, WASO) was used in DI water (Milli-QR, 

direct 8/16 system) to make a 0.1 M H2SO4 acid solution. Succinic anhydride (Sigma 

Aldrich) was dissolved in N, N-dimethylformamide (DMF) (Sigma Aldrich) to prepare 

1 mM solution. 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC, 

98%) (Sigma Aldrich) and N-hydroxysuccinimide (NHS, 98%) (Sigma Aldrich) were 

used in MES buffer solution (Sigma Aldrich) to prepare 0.1 M solution to treat diamond 

films before laminin (Thermo Fisher) coating. Besides, Phosphate buffer solution (PBS) 

was used.   

Dissections and cell culture and immunostaining: Hank’s balanced salt solution (HBSS, 

no calcium, no magnesium, Gibco), Neurobasal-A medium (Gibco), B27 supplement 

(50X Life Technologies), Penicillin/streptomycin (Life Technologies), Glutamax (Life 

Technologies), Trypsin (2.5%, 10X, Gibco), DNase I (Gibco) were used to make cell 

media and other required solutions according to protocol. 70% ethanol, dissection dish 

(10cm petri dish) and 15 ml centrifugation tubes, and different pipettes and tools were 

used to harvest primary cortical neurons from neonatal rat pups (P1). Diamond films 

and coverslips (CS) were placed in 24-well plates during cell culture for four days. All 

samples were sterilized using 70% ethanol and UV exposure before laminin coating and 

cell seeding. 4% paraformaldehyde (PFA), PBS, cold (-20 οC) methanol, primary 

antibody (mouse anti-beta-III tubulin; Promega), secondary antibody (cy3 goat anti-

mouse IgG H&L, Abcam), blocking solution (of PBS) containing 2% fetal calf serum 

and 2% normal goat serum, DAPI (Molecular Probes) were used for cell fixation and 

immunostaining. 
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4.3 Methods  

4.3.1 Ethics details  

The present work was carried out according to the code of conduct for the care and use 

of the Animals for scientific research at the National Health and Medical Research 

Council of Australia. The required protocols for the project (No. 1814396) were 

approved by the Animal Ethics Committee of the University of Melbourne, Melbourne, 

Australia. 

 

4.3.2 N-UNCD film deposition 

N-UNCD thin films were grown for 3 h on laser (of 0.09 W) roughened platinum (rPt, 

with an array of pits spacing at 20 µm) from a gas mixture of Ar, N, and CH4 (79:20:1) 

in CVD with similar method as described in section 3.2.2, chapter 3 [152, 222]. N-

UNCD-O films were obtained by 3 h oxygen plasma treatment (50 W, O2 in argon at 

0.8 mbar) from N-UNCD films.  

 

4.3.3 Laminin coating on diamond films  

Tetrabutylammonium tetrafluroborate (0.9878gm) and 4-nitrobenzenediazonium 

tetrafluoroborate (0.0071gm) were mixed into acetonitrile (30 ml) to prepare a 0.1M 

diazonium salt solution. N-UNCD films were submerged into the diazonium salt 

solution conducting three consecutive CVs at 200 mVs-1 scan rate using a three-

electrode electrochemical cell (with O-ring set up) from 0.3V to -0.6V vs Ag wire 

reference electrode using Gamry potentiostats (Gamry Instruments, interface 1010E,  
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12080). The electrode was removed from the electrochemical cell and rinsed twice with 

DI water. Nitrophenyl modified N-UNCD films were submerged in 0.1 M H2SO4 

solution and subjected to five cycles of CV at 200 mVs-1 scan rate were conducted from 

0.3V to -1.5V vs Ag/AgCl reference electrode to reduce nitrophenyl to aminophenyl 

[186, 205]. Samples were rinsed with DI water twice for 5 minutes each.  

Succinic anhydride (0.10007gm) was mixed with DMF (10 ml) to prepare a 0.1M 

solution. Aminophenyl modified N-UNCD films were incubated in 0.1M succinic 

anhydride solution with gentle vortex stirring at 300 rpm, at room temperature, for 2 h. 

Succinic anhydride solution treatment introduced carboxyl groups to aminophenyl 

groups coupled onto N-UNCD surface [186, 205]. The vortexed samples were cleaned 

again twice by DI water for 5 minutes in each time. The N-UNCD films were immersed 

into 0.1M MES buffer solution (2ml) containing EDC (0.01gm) and NHS (0.01gm) for 

one hour [236] to activate carboxyl groups. Films with activated carboxyl groups were 

rinsed with 0.1 MES buffer solution twice for 5 minutes in each time and immersed into 

laminin solution of concentration 20 µg/ml for overnight (15-18 hours) at 4 °C to coat 

laminin. Therefore, laminin was coated onto the electrochemically modified N-UNCD 

film surface as described in the scheme. 1 while laminin was used instead of glucose 

oxidase [236]. Samples were rinsed twice with 0.1M MES buffer solution for 5 minutes 

in each time. Cleaned samples were stored at 4 °C in PBS for electrochemical 

characterizations and further usage. Similar electrochemical treatments were performed 

for laminin coupling onto N-UNCD-O films and stored at 4 °C in PBS for their 

characterizations.    
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4.3.4 Assessment of laminin coating  

4.3.4.1 X-ray photoelectron spectroscopy (XPS)    

The recording of XPS spectra was performed with an AXWAS Nova spectrometer 

(Kratos Ltd, Telford, UK) which was operated at the power of 150 W. A 

monochromatic aluminum source (Al kα 1486.6 eV) was used. The total pressure of the 

sample analysis chamber was set at the order of 10-9 mbar. Three different elliptical 

spots on each sample were chosen at each step of the electrochemical processes for 

laminin coating onto N-UNCD and N-UNCD-O films were assessed. The area of each 

elliptical spot was 300 µm2. The pass energies for survey and higher resolution spectra 

were 160 eV and 20 eV respectively. CasaXPS version 2.3.15 software (Casa Software 

Ltd, Teignmouth, UK) was used to analyze data. High-resolution curve fits were done 

with Gaussian-broadened Lorentzian functions by subtracting the linear background 

with respect to C–C/C–H binding energy at 285.0 eV. Peaks were restricted to the full 

width half maximum (FWHM) between 0.8 - 1.2 eV [364]. 

 

 

4.3.4.1.1 Thickness of laminin layer  

The approximate thickness (Z) of adsorbed/immobilized laminin on diamond films was 

calculated using XPS data and the overlayer equation (4.1) [365]. The laminin layer was 

assumed in dry condition.  

                      𝑍 = −𝜆𝐼𝑀𝐹𝑝 × 𝑐𝑜𝑠𝜃 × ln (1 −
𝐼

𝐼∞
) ………………………….. (4.1) 

Where, I and 𝐼∞ are the % N recorded on the laminin-coated surfaces, and the % N for 

thick laminin layer, respectively. λIMFP is the mean free path of N 1s (2.5 nm) 
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photoelectrons generated from the protein overlayers calculated according to the 

literature [366, 367] and θ ≈ 0° is the angle between the analyzer and the sample.   

 

4.3.4.1.2 Surface coverage of laminin layer  

Once the thickness of the laminin layer on the film surfaces was determined, the surface 

coverage (Θ) of laminin layer was calculated in ng/cm2 using equation (4.2) [365]. It 

was assumed that the density of dry thick laminin (being a protein molecule) was 

1.4g/cm3 [365, 366, 368] and the volume of 1cm × 1cm × Z. In the calculation, it was 

also assumed that the surface was uniformly covered with the laminin layer.  

 

                      𝛩 = 𝑍 × 1.4 × 102   ………………………………………… (4.2) 

 

4.3.5 Electrochemical characterization 

Electrochemical characterization of the electrodes was performed by determining CSC 

using cyclic voltammetry and Qinj using voltage transient measurements and 

electrochemical impedance using EIS respectively with same experimental setup and 

protocols as described in 3.2.5 chapter 3 [1, 142, 152]. In this case, the negative water 

window limit of diamond (Emc= -1.0 V) was considered to apply current and thus to 

determine Qinj in voltage transient measurements. N-UNCD films (O-ring electrode, 

n=5) and N-UNCD-O films (O-ring electrode, n=3) were characterized before and after 

laminin coating on them.  
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4.3.6 Stability assessment of laminin coupling  

The stability of laminin layer coupled onto N-UNCD was assessed through 

electrochemical characterization described in section 4.3.5 performed after both 

sonication, and long-term stimulation of laminin-coated electrodes, whether the CSC, 

Qinj values and electrochemical impedances remain same or not. Laminin coated N-

UNCD films (O-ring, n=5) were sonicated (at 80 kHz with 30% power in the sweep 

mode of Elmasonic P sonicator) for 120 min at room temperature. After sonication 

samples (O-ring electrode, n=3) were stimulated continuously for 48 h with 400 µs 

pulse width and current amplitude applied at the negative water window limit of N-

UNCD (Emc= -1.0 V) after laminin coating, with similar O-ring setup and protocol in 

section 3.2.6 chapter 3.   

 

4.3.7 Cell adhesion on diamond films   

4.3.7.1 Primary rat cortical neuron culture  

Before laminin coating and cell seeding, all diamond samples were sterilized by 

immersing in 70% ethanol for 30min and then exposed to UV (273nm) light for 30min. 

CSs (coverslips) with or without laminin absorption were used as the control. For 

laminin absorption, the CSs were first immersed in 0.5mg/ml poly-dl-ornithine for 1 

hour, rinsed with PBS for three times, and then incubated with 20 µg/ml laminin 

overnight before cell seeding. 

 

Dissection and cell culture: primary cortical neurons were harvested by isolating the 

cerebral cortices from one-day-old rat pups which were cultured as previously described 
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[293]. Briefly, the separated heads of rat pups were immersed in Hank's balanced salt 

solution (HBSS; Gibco). The skin and top of the skull were removed, and a small part 

of the cortex was pinched off using fine forceps. Meninges (thin brain membrane layers) 

were removed and the tissue was collected to dissociate primarily by chopping with a 

scalpel blade. The neurons were obtained from the dissociated tissue by protease 

digestion for 20 min at 37 οC in HEPES buffered Eagles Medium containing 10 mg/mL 

DNase 1 (Sigma) and 250 mg/mL trypsin (Sigma). Soybean Trypsin Inhibitor (Sigma) 

containing 10 mg/mL DNase 1 was used to stop trypsinization and neurons were 

centrifuged and then triturated. Cell culture medium containing Neurobasal A with 2% 

B27 supplement, 2 mM Glutamax, 100 mg/mL penicillin and 100 mg/mL streptomycin 

(Gibco) used to dilute the triturated cells and seeded onto diamond films. The cultured 

primary cortical neural cells were finally incubated at 37 οC in 5% CO2 for four days. 

Culture medium was refreshed on the second day after cell seeding. 

 

 

4.3.7.2 Fixation and immunostaining of cells 

Cells were rinsed using PBS once and fixed in 4% paraformaldehyde solution in PBS 

for 10 min at room temperature after incubation of desired time (4 days). The fixed cells 

were immersed in cold (-20 οC) methanol for another 10 min and washed with PBS 

thrice. The diamond films were incubated for 20 min with primary antibody (mouse 

anti-beta-III tubulin; Promega) at room temperature after 30 min in a blocking solution 

(of PBS) containing 2% fetal calf serum and 2% normal goat serum. The films were 

washed with PBS and incubated with secondary antibody (Cy3-conjugated goat anti-

mouse immunoglobulin; Jackson Immunolabs) and DAPI for another 20 min. The 

diamond films were rinsed with PBS thrice with the same manner. 
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4.3.7.3 Microscope imaging  

Images of the neurons on substrates were acquired using a confocal microscope (Zeiss 

LSM 780 confocal, 20x/0.5 lenses,) and Zen black software. Five spots (of 425.1 × 

425.1 µm area) on each sample of 4 mm × 4 mm were chosen randomly to image (z-

stacks, 0.42 pixel) the cells. CSs with or without laminin adsorption were used as 

control substrates. ImageJ software was used to count the cell number and cell density 

was determined in cells/mm2. 

 

 

4.4 Results and discussions 

4.4.1 Assessment of laminin coating 

Cyclic voltammograms observed during grafting of nitrophenyl group to the films are 

shown in fig. 4.1 A. The first CV (red) shows a large reduction peak at -0.2 V due to the 

reduction of the diazonium cation. On subsequent scans, this peak is greatly diminished 

indicating that the nitrophenyl coating was successful, blocking further reduction and 

diazonium reduction. Fig. 4.1 B shows the CVs recording during reduction of 

nitrophenyl film in 0.1 M H2SO4. The majority of the reduction current was observed in 

the first scan (red).   
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Fig. 4.1 A) Three consecutive CV (I (red), II (green) and III (black)) from 0.3 - 0.6 V in a 0.1M solution 

of tetrabutylammonium tetrafluoroborate and 4-nitrobenzenediazonium tetrafluoroborate recorded at a 

sweep rate of 0.2 V/s at a Ag wire reference electrode. B) Five consecutive CVs from 0.5 - 1.5 V in 1 mM 

sulfuric acid (H2SO4) solution at a scan rate of 0.2 V/s were recorded at the Ag/AgCl reference electrode. 

CVs were indicated by I (red), II (yellow), III (green), IV (gray) and V (black) respectively. The first CV 

both in A and B has a greater reduction peak than that of other CVs.           

 

 

4.4.1.1 XPS analysis   

XPS was performed on the electrochemically prepared films and following major steps 

of laminin coating process. XPS was also performed on a thick laminin layer adsorbed 

to a N-UNCD to establish the elemental percentages of the molecule without any 

electrochemically grafted layers present. The major elements and their percentile 

contribution with standard deviation (% ± STD) obtained from XPS analyses were 

presented in the table 4.1.        

 

The XPS survey data in table 4.1 shows that the difference in the percentage of 

elemental contribution of O (1s) and C (1s) for as-grown N-UNCD and O2 plasma 

treated, N-UNCD-O were 6.3 - 8.4 %. and 6.3 - 9%. Nitrogen was not traceable in case 

of N-UNCD and was very insignificant for N-UNCD-O. Similar to results reported by 

others [152]. After aminophenyl grafting on N-UNCD and N-UNCD-O film surfaces, 
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the percentage of elemental contribution of O (1s) and N (1s) were increased. The 

increase in O (1s) is expected after nitrophenyl functionalization. An increase in N(1s) 

is consistent with amino functionalization. It appears likely that a large amount of 

nitrophenyl on N-UNCD substrates was not reduced which was fairly low in case of N- 

UNCD-O films leading to a slightly increased oxygen contribution by maximum 0.8%. 

 

Table 4.1 Percentage of elemental contribution (% ± STD) obtained from XPS on N-

UNCD and N-UNCD-O films during laminin coating process 

 

Elements traced at different steps of laminin coating on N-UNCD and N-UNCD-O solid films  

Steps Films O 1s N1s C 1s S 2p 

As grown diamond films  N-UNCD 4.3± 0.9 - 95.4±1.2 - 

N-UNCD-O  11.6±0.1 0.2 ±0.1 87.5±0.1 - 

Aminophenyl group  

(R-NH2) grafting on the 

films  

N-UNCD  12.4± 0.8 2.8 ±0.3 83.6±1.4 0.8± 0.1 

N-UNCD-O  12.4±0.1 1.8±0.1 84.6±0.4 0.2±0.1 

*Carboxylic group (COOH) 

coupling to R-NH2  

N-UNCD 10.5±0.6 3.2±0.2 86.2±0.8 - 

N-UNCD-O 12.2±0.0 0.6±0.1 86.3±0.2 - 

EDS & NHS treatment (1 h) 

to activate COOH groups  

N-UNCD 13.5±0.5 5.3±0.5 79.4±0.8 1.4±0.0 

N-UNCD-O 14.9±0.7 3.0±0.2 79.4±1.7 0.7±0.1 

Coupled laminin layer  N-UNCD  20.1±0.6 8.2±0.2 63.5±1.3 1.2±0.0 

N-UNCD-O 20.2±0.2 10.3±0.1 65.7±0.6 2.6±0.1 

Thick laminin layer  

(on N-UNCD films) 

without 

treatment 

21.9±0.1 11.3±0.2 60.7±0.1 0.5±0.0 

 

 

*succinic anhydride solution treatment (2 h) of films to couple COOH groups with grafted R-NH2 groups   

 

After succinic anhydride solution treatment (2 h) of films, the amount of O (1s) reduced 

by about 2% on N-UNCD films whereas it remained almost the same for N-UNCD-O 

films. On the other hand, N (1s) was increased on N-UNCD films and decreased from 

N-UNC-O film surfaces. This revealed that the possibility of COOH coupling was 

higher on N-UNCD-O films than that of N-UNCD films. More N (1s) was traced out on 

N-UNCD films due to the presence of N, N-dimethylformamide might be lack of 



 

142 
 

clearly rinsing of films. However, the increase of C (1s) by about 2% supports 

carboxylic group coupling with aminophenyl groups on the films on both types of films. 

Using EDC and NHS chemistry the COOH groups were activated where the amount of 

O (1s) and N (1s) were increased on both types of films which were further increased 

after laminin coating. Gradually C (1s) was decreased on both types of films (table 4.1). 

On the N-UNCD films, O (1s) and N (1s) were increased by about 15% and 8.4% 

respectively which were about 9% and 10% in case of N-UNCD-O films. These 

percentages are very similar to that of the thick laminin layer (adsorbed on N-UNCD 

films). Therefore, a substantial coating of laminin on the treated samples is highly 

likely.    

 

Sulfur was detected on both types of films after aminophenyl grafting, COOH 

activation, and laminin coating, as sulfur was present in the respective solutions (table 

4.1). This is also an indicator to confirm that laminin was coated on the films. A small 

percentage of Na (1s) and Cl (2p) and P (2p) was observed which were introduced from 

the PBS solution used. Silicon (Si) might be introduced to N-UNCD from CVD 

chamber during its growth time. During the placement of the test films on the stage in 

the XPS laboratory, F and Al might be added to the films from tweezers. 

 

The percentage of N (1s) in the laminin layer on oxygen terminated N-UNCD-O films 

is higher than that of hydrogen-terminated N-UNCD films by ̴ 2%. Based on this 

information and using overlayer equation (4.1) and equation (4.2) the thicknesses and 

surface coverage of the laminin layer on the oxygen and hydrogen-terminated films 

were measured. The average maximum thicknesses were 7 nm and 3.6 nm respectively 

in table 4.2. This shows that thicker laminin layer (≈ 2 times) was grafted onto the 
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oxygen plasma treated diamond films. The similar effect was observed in the surface 

coverage on N-UNCD-O and N-UNCD films as their maximum values were 982.5 

ng/cm2 and 446.7 ng/cm2 respectively. A hydrogen-terminated surface is hydrophobic 

whereas the oxygen-terminated surface is hydrophilic [319]. The hydrophilic surface 

has a preference to adhere to the hydrophilic domain of proteins than hydrophobic 

surfaces [369] and thus, oxygen plasma treatment could enhance laminin grafting on the 

N-UNCD-O films for some reasons. Interestingly, the percentage of detected sulfur on 

N-UNCD-O films was also double than that of N-UNCD films.  The results discussed 

here agree with those of Huang et al. who reported that oxygen plasma activation 

increased laminin grafting on chitosan membrane [370]. 

 

           Table 4.2 Thickness and surface coverage of the laminin layer on diamond films   

 

Parameter Film Spot 1 Spot 2 Spot 3 Average ± Std 

Thickness 

(Z) nm 

N-UNCD 2.45 3.92 

 

3.66 

 

3.3±0.3 

 

N-UNCD-O 4.64 

 

7.89 

 

6.21 

 

6.2 ± 0.8 

 

Surface 

coverage 

(Θ) ng/cm2 

N-UNCD 344.04 

 

344.04 

 

513.63 

 

400.5 ± 46.2 

 

N-UNCD-O 650.22 

 

1105.59 

 

869.71 

 

875.2 ± 107.3 

 

 

High-resolution XPS spectra were collected between 280 eV and 300 eV binding 

energies to determine the components of carbon species on samples at different stages 

during laminin coating. High-resolution C (1s) spectra performed on as-grown N-

UNCD and N-UNCD-O films without any electrochemistry shown in fig. 4.2 and after 

laminin grafting showed in fig. 4.3. The C (1s) spectra of N-UNCD films without 

laminin show five peaks (fig. 4.2 A). Based on the binding energies attributed to the 

various carbon species in the literature [152, 306, 366, 370-372], the peak at 284.9 eV  
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Fig. 4.2 XPS spectra on as grown diamond films, and aminophenyl grafted on diamond films (after 

reduction of nitrophenyl): high-resolution C (1s) spectra of N-UNCD films (A), N-UNCD-O films (B), 

aminophenyl on N-UNCD films (C) and aminophenyl on N-UNCD-O films (D) are presented here.  

 

was attributed to the aliphatic carbon bonds or carbon-hydrogen bonds (C-H, C-C).  

Secondly, hydroxyl carbon bonds (C-O) was attributed to peak at 285.5 eV. The third 

larger peak at 286.2 eV was ascribed to the C (1s) of C-O-C. carbonyl-like species (that 

is, C=O, COO, or COOH) were found at 287-289 eV. Similar carbon species were also 

observed in the fig. 4.2 (B) for N-UNCD-O films, but the largest peak was attributed to 

C-OH and/or C-O-C species (286.9 eV). The peak for a carbon-nitrogen bond (C-N at 

286 eV) in C (1s) spectra on N-UNCD-O films was not found in case of as-grown N-

UNCD films. The C-N peak had revealed the presence of nitrogen in XPS survey on N-  

UNCD-O films. The C (1s) spectra taken after the translation of nitrophenyl to 

aminophenyl grafted on the N-UNCD and N-UNCD-O films showed amide bonds (fig. 

4.2 C and D).   A comparative picture of the high-resolution XPS spectra was presented  
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in fig. 4.3. Comparatively higher aliphatic carbon species (C-C, C-H; 284.9eV) were 

found on N-UNCD films than N-UNCD-O films while C-OH/C-O-C species were 

higher on N-UNCD-O films than that of N-UNCD films (fig. 4.3 A and B). Also, 

additional C=O species were present on oxygenated films (fig. 4.3 B). This implies that 

oxygen plasma treatment reduced C-C, C-H species on N-UNCD-O films (fig. 4.3 B). 

The observed aliphatic species and C-OH/C-O-C species in thick laminin were 

comparable. Remarkably, the presence of N-C=O (288.3 eV) and C-N ( ̴ 285.5 eV) 

 

 

 

Fig. 4.3 XPS spectra on diamond films after laminin grafting: high-resolution C (1s) spectra of N-UNCD 

films (A), N-UNCD-O films (B) and thick laminin layer (C) are presented here. 

  

 

in the C (1s) spectra from both types of diamond films (fig. 4.3 A and B) were 

comparable to the C (1s) core level spectra obtained from thick laminin layer (fig. 4.3 
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C). The elemental composition of N-C=O species increased from ≈ 3% to 14% on 

diamond films after laminin coating (fig. 4.3 A and B). This was also supported by the 

increase of O and N after laminin grafting on the films shown in table 4.1. Besides, the 

relative compositions of the carbonyl species (COO, ̴ 289.3 eV) increased after laminin 

grafting on the diamond films (fig. 4.3 A and B). The carbonyl species (COOH, 289 eV) 

was also present in thick laminin. These results strongly support the formation of amide 

bonds and hence covalent coupling of laminin on the diamond. This is supported by 

other reports where similar chemistry was used to covalently couple biomolecules on 

diamond [186, 205, 251]. For instance, Wang J et al. used similar electrochemistry to 

graft glucose oxidase [186] and dichlorophenyl/ aminophenyl groups [205] on the 

conducting diamond substrates and they reported that glucose oxidase and 3, 5-

dichlorophenyl/4-aminophenyl groups were covalently coupled onto the diamond films.  

 

 

4.4.2 Electrochemical characterization    

The CSC, Qinj and electrochemical impedance of N-UNCD (n=5) and N-UNCD-O 

(n=3) electrodes were determined before and after laminin coating for their 

characterization. The results were presented in fig. 4.4 and fig. 4.6 for N-UNCD and N-

UNCD-O films respectively. Assessment of laminin coating stability on N-UNCD films 

was performed using sonication and long-term stimulation. Electrochemical 

characterization of sonicated, and long-term stimulated electrodes was performed. The 

results were also presented in fig. 4.4 along with the results for as-grown and laminin 

coated electrodes, which were discussed in the next section 4.4.3.   
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Typical CVs for of N-UNCD before (as grown, black dash line) and after laminin 

coating (red) are shown in fig. 4.4 (A). The obtained average CSC values in fig. 4.4 (B) 

using cyclic voltammetry for as-grown N-UNCD electrodes (black, 0.051 mC/cm2) was 

much lower than that of laminin-coated (red, 0.124 mC/cm2) electrodes. The CSC for 

laminin coated electrodes were higher than as grown electrodes by 142%. From EIS 

measurements, the average magnitude of the impedance in fig. 4.4 (C) for as-grown 

(black, 729.80 Ω) and laminin coated (red, 735.10 Ω) N-UNCD electrodes at 1 kHz 

were almost similar.   

 

     

Fig. 4.4 Electrochemical characterization of N-UNCD films: A) CVs of N-UNCD electrodes at a scan 

rate of 50 mV/s recorded at a Ag/AgCl reference electrode in 0.9% saline. CVs for as-grown (black dash 

line), laminin coating (red), after 120 min sonication (green) and 48 h stimulation (yellow), B) CSC 

values obtained using CV for similar conditions as in A, C) The magnitudes of impedance were measured 

at 1 kHz using EIS for similar cases and D) Qinj values of the electrodes obtained from voltage transient 

measurements, indicated by black sphere (as grown), red square (laminin coating), green solid triangle 

(120 min sonication) and yellow square (48 h stimulation) respectively.               

 

The Qinj values were determined using voltage transient measurements against applied 

current shown in fig. 4.4 (D). The obtained Qinj values of as-grown N-UNCD electrodes 
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were 0.012 mC/cm2 - 0.032 mC/cm2 at 100 µs - 3200 µs pulse widths. The Qinj values 

of laminin-coated electrodes increased to 0.020 mC/cm2 - 0.056 mC/cm2 by 57% - 77% 

at the same pulse widths. Typical waveforms of the recorded voltage at Emc = -1.0 V 

against applied current (cathodic first) with 400 µs and an interphase gap of 25 µs from 

as-grown (black) and laminin coated (red) electrodes were shown in fig. 4.5 (A) and (B) 

respectively. As the current amplitudes applied for laminin coated electrodes were 

higher than that of as-grown N-UNCD electrodes, this also indicated that laminin coated 

electrodes had higher Qinj values.    

 

The possibility of more reactions such as hydrogen atom plating or oxidation/reduction 

at electrode surface increases with higher pulse widths [141] which could result in the 

increased Qinj compared to shorter pulse durations [142]. At the higher pulse widths, the 

contribution of oxygen reduction to the Qinj is also higher [142, 298]. Thus, Qinj could 

increase at higher pulse widths simply for a longer period of time due to occur more 

electrochemical reactions. This causes higher charge polarization to contribute higher 

capacitance at the electrode surface, which was also reported previously for Pt [142, 

300] and iridium oxide [142, 373]. A similar effect of pulse widths on Qinj was also 

observed for N-UNCD, Pt, and rPt electrodes described in the earlier chapter. However, 

the impact of the length of the pulse widths on Qinj was not observed by Brummer and 

Turner [129, 142].         

 

Both cyclic voltammetry and voltage transient measurements showed that CSC and Qinj 

of N-UNCD electrodes were increased after laminin coating. During laminin coating, 

COOH group tethered with aminophenyl group was activated. It is likely that all the 
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activated COOH group were not coupled to laminin which could introduce a net charge 

effect on the electrode surface. On the other hand, laminin is a large (900 kDa) 

heterotrimeric glycoprotein consists of many distinct domains varying structures and 

functions. These domains have different length and overall net charge are arranged in an 

                                                                                                                            

                                  

Fig. 4.5 A) Voltage waveforms for as grown (black), laminin coating (red), 120 min sonicated (green) 

and 48 h stimulation after sonication (yellow) at Emc = -1.0 V in 0.9% saline, B) Applied current 

waveforms (cathodic first) with various amplitudes with same color identity as in A for various conditions 

of electrodes. The phase duration and interphase gap of the current pulses were 400 µs and 25 µs 

respectively. Current pulses were applied at 4 Hz frequency.       

 

extended four-armed, cruciform shape [374, 375] which might have charge 

accumulation and/or polarization impact on the electrode surface mediating between 

distant sites. XPS analysis revealed that the thickness and surface coverage of the 

laminin layer on N-UNCD electrodes was less (by ̴ 50%) than that of the oxygenated 

electrode surface. The hydrophobicity of hydrogen-terminated N-UNCD electrodes has 

a chance to reduce laminin grafting and/or some sites of laminin molecules might not 
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couple which can produce addition charging effect on the electrode surface. It was 

assumed that the overall consequence of laminin coating could have an impact to 

increase the CSC and/or Qinj of the hydrogen-terminated N-UNCD electrodes.        

 

          

 

Fig. 4.6 Electrochemical characterization of N-UNCD-O electrode before (red) and after laminin coating 

(green) compare to as grown N-UNCD (black). A) Typical CVs of different electrodes (O-ring electrode, 

n=3) at a scan rate of 50 mV/s recorded against a Ag/AgCl reference electrode within a water window 

limit of -1.0 to 1.0 V in 0.9% saline, B) The obtained CSC values from cyclic voltammetry for as grown 

N-UNCD (black), N-UNCD-O (red), laminin coated N-UNCD-O (green), C) The measured 

electrochemical impedances at 1 kHz using EIS, D) The Qinj of as grown N-UNCD (black), N-UNCD-O 

(red) and laminin coated N-UNCD-O (green) electrodes obtained using voltage transient measurements.  

 

 

The Fig. 4.6 (A) shows that the CV for as-grown N-UNCD (black) was very thin with 

respect to other CVs whereas the CVs for N-UNCD-O and laminin coated N-UNCD-O 

remain almost similar. This indicated that oxygen plasma treatment of the diamond 

increased their CSC values, but laminin coating had no significant impact on the 

oxygenated diamond films to increase CSC further. The average CSC values of as-

grown N-UNCD (black), N-UNCD-O (red) and laminin coated N-UNCD-O (green) 

electrodes were 0.037 mC/cm2, 2.530 mC/cm2 and 2.745 mC/cm2 respectively (fig. 4.6 
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B). The CSC of N-UNCD-O electrodes was significantly larger than that of as-grown 

N-UNCD electrodes whereas it remained close to the laminin coated N-UNCD-O 

electrodes. The electrochemical impedance of the as-grown N-UNCD (black), N-

UNCD-O (red) and laminin coated N-UNCD-O (green) electrodes were 795 Ω, 944 Ω, 

1008 Ω at 1 kHz respectively as in fig. 4.6 (C).  

                                                           

Fig. 4.7 Typical recorded voltage waveforms for as-grown N-UNCD (black), N-UNCD-O (red) and 

laminin coated N-UNCD-O (green) were at Emc = -1.0 V in 0.9% saline (A), against different applied 

current pulses (cathodic first) identified with same color identity respectively (B). The phase duration and 

the interphase gap were 1600 µs and 25 µs respectively. Current pulses were applied at 4 Hz frequency.  

 

The impedance of N-UNCD and N-UNCD-O electrodes were increased by 4% (max) 

and 8% (max) at 1 kHz due to coated laminin layer (3 - 7 nm) shown in fig. 4.4 (C) and 

4.6 (C) respectively. Oxygen plasma treatment may etch-out some of the conductive 

non-diamond carbon and produce a thin oxide layer on the material surface and 

therefore the increase of impedance to some extent was expected for N-UNCD-O films. 

This was also reported by Liu et al. in the case of boron-doped diamond films due to 

oxygen plasma treatment [288]. On the other hand, the previous study by Franks et al. 
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reported that a laminin layer of about 140 nm coated onto the bright Pt macroelectrode 

(of 1 cm2 area which was activated by 45 min plasma treatment and incubated at 37 °C 

and 5% CO2 overnight) had a charge transfer resistance of 0.25 MΩ [363]. Besides, the 

capacitance of the electrodes-laminin interface might introduce a reactance and thus, 

laminin coating on the electrode has a certain role to increase the impedance. As the 

laminin layer on the diamond electrodes is not very thick (3-7nm) compared to Franks 

et al. report, the impact of laminin layer on the electrochemical impedance of the 

electrodes is not significant.    

 

Using voltage transient measurements, the obtained Qinj values of as-grown (black), N-

UNCD-O (red) and laminin coated N-UNCD-O (green) electrodes were 0.011 - 0.023 

mC/cm2, 0.080 - 0.849 mC/cm2 and 0.080 - 0.781 mC/cm2 respectively at 100 µs - 3200 

µs pulse widths in fig. 4.6 (D). Thus, the N-UNCD-O electrode had higher Qinj values 

than as grown N-UNCD electrodes by 7 - 38 times at 100 µs - 3200 µs pulse widths, 

whereas the Qinj values for laminin coated N-UNCD-O electrodes remained similar 

though slightly decreased at higher pulse widths. The dependence of the Qinj on pulse 

widths was discussed earlier. However, laminin coating did not have the significant 

impact on the Qinj of electrodes. The typical waveforms at 1600 µs with 25 µs 

interphase gap were presented in fig. 4.7 for voltage (fig. 4.7 A) against the current (fig. 

4.7 B), which shows that current/voltage amplitude for treated N-UNCD electrodes are 

much higher than that of as-grown electrodes. This implies that N-UNCD-O and/or 

laminin-coated N-UNCD-O electrodes have higher Qinj than that of as-grown N-UNCD 

electrodes. Thicker and higher surface coverage of laminin coating was observed on N-

UNCD-O electrodes over N-UNCD electrodes from XPS analysis. This implies that the  
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hydrophilic surface of N-UNCD-O films promoted laminin attachments on them, which 

increased the charge transfer resistance, as well as the effective electrochemical surface 

area of N-UNCD-O films, might be suppressed/reduced, leading to decrease the Qinj 

slightly. 

 

4.4.3 Stability of laminin coupling  

CVs recorded after 120 min sonication (green) and 48 h stimulation (yellow) are shown 

in fig. 4.4 (A). The traces show that the current magnitude of the laminin coated (red) 

electrodes reduced after sonication. The change in shape and water window limit of the 

CVs or any sudden change in redox reaction indicating electrode surface contamination 

were not observed. However, both anodic and cathodic currents were decreased 

reflecting lower polarization/Faradic transfer of charges at the electrode surface. 

Consequently, the CSC values of N-UNCD electrodes were decreased from 0.124 

mC/cm2 to 0.085 mC/cm2 and 0.075 mC/cm2 after 120 min sonication (green) and 48 h 

stimulation (yellow) using cyclic voltammetry fig. 4.4 (B). The average CSC value of 

the electrodes after 120 min sonication, and 48 h continuous stimulation was still higher 

than that of as-grown electrodes by 46% as in fig. 4.4 (B). Possibly, the laminin 

molecules which were physically adsorbed (not covalently) on the electrode surface 

were removed due to sonication and long-term stimulation. The charge accumulation on 

the electrode surface could be diminished due to their absence. The average impedance 

of 702.60 Ω and 756.44 Ω at 1 kHz after 120 min sonicated (green), and 48 h 

stimulation (yellow) (fig. 4.4 (C), difference ̴ 8%) which were very close to the 

impedance of as-grown N-UNCD (black, 729.80 Ω) films and laminin coated (735.10 

Ω, red) electrodes. 
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After sonication (green) and stimulation (yellow), the Qinj values of the electrodes were 

also determined using voltage transient measurements. The Qinj values were slightly 

decreased to 0.018 - 0.051 mC/cm2 and 0.017 - 0.051 mC/cm2 respectively at 100 µs - 

3200 µs pulse widths compare to the Qinj values (0.020 - 0.056 mC/cm2) of laminin-

coated (red) electrodes fig. 4.4 (D). After sonication and long-term stimulation, the Qinj 

values decreased on an average by 17% which was higher than as-grown values by 60% 

indicating that significant laminin remained on the surface. The difference between the 

Qinj values obtained after sonication and after 48 h stimulation did not change 

significantly (p = 0.09 > 0.05, one-way ANOVA) as shown in fig.4.4 (D). Typical 

waveforms of recorded voltages with Emc = -1.0 V against applied currents (cathodic 

first) with 400 µs and an interphase gap of 25 µs on an electrode after sonication and 

long-term stimulation were shown in fig. 4.5 (A) and (B) respectively. Their amplitudes 

remain very close to each other in both cases. Thus, the voltage transient measurements 

showed that the stability of the laminin layer on N-UNCD electrodes was not disturbed 

much due to the sonication and long-term stimulation. As the electrochemical properties 

of N-UNCD-O were not affected due to laminin coating, the stability of the coating was 

not assessed in this case.   

 

4.4.4 Cell adhesion on diamond films      

Along with higher Qinj and chronic stability of electrodes, the intimate interaction of 

neurons with electrode surface is also very important. In the present work, the 

biocompatibility of the diamond films was assessed using primary rat cortical neuron 

culture on them (described in section 4.3.7) without any pre-coating as well as after 

laminin coating (described in section 4.3.3). Typical confocal microscope images of 
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neural cells on without coating and coated samples after 4 days of incubation were 

presented in fig. 4.8 respectively. 

                

              

 
Fig. 4.8 Typical images of primary rat cortical neuron culture: A-C without any precoating for CS (n=3), 

N-UNCD (n=3) and N-UNCD-O (n=3) respectively and D-F with laminin coating for CS (adsorbed, 

n=3), N-UNCD (covalently coupled, n=3) and N-UNCD-O (covalently coupled, n=3) respectively. Red: 

beta-III tubulin and blue: DAPI.      

 

 

Neurons were not grown well on uncoated CSs (control, fig. 4.8 A) and diamond films 

(fig. 4.8 B and C), whereas neuron growth on CSs (fig. 4.8 D) with adsorbed laminin 

layer and covalently laminin coated diamond samples (fig. 4.8 E and F) were 

remarkably higher as shown in fig. 4.8. The density of the primary cortical neurons on 

the control coated CSs and diamond films were similar and significantly higher 

compared to the samples without precoating were shown in fig. 4.9 (p = 0.004 < 0.05, 

two-way ANOVA). The neurons on laminin-coated samples showed long neurites (up 

to few hundreds µm) and formed dense neurite networks (fig. 4.8 D, E and F). On the 

uncoated diamond samples and CSs, some cell clusters were found without significant 

neurite outgrowth. Tong et al. reported that cortical neurons could survive well on N-
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UNCD with a surface roughness of 20 nm but not on N-UNCD-O (2 h) films without 

any precoating [153] due to their higher surface roughness (̴ 90 nm). This is in the 

agreement with present observations for the uncoated samples as the diamond films 

used in this study are grown on rPt foil with a surface roughness of micron scale. 

However, the cell growth and adhesion on the covalently laminin coupled diamond 

films were improved and cells could survive up to 4 days.  

 

 

                       

Fig. 4.9 The average cell density of primary rat cortical neurons per square mm. In the figure without any 

precoating samples were CS (control, green), N-UNCD (black) and N-UNCD-O (red) respectively, and 

laminin coated samples were CS-LC (laminin coating by adsorption), N-UNCD-LC (laminin coating by 

covalent coupling) and N-UNCD-O-LC (laminin coating by covalent couplingt). Statistically, the cell 

densities on the laminin coated samples were significantly higher than that of uncoated samples (p = 

0.004 < 0.05, two-way ANOVA) which were not significantly different within each category (p > 0.05).      

 

 

4.5 Conclusions  

Protein molecule laminin was covalently immobilized on N-UNCD and N-UNCD-O 

films grown on rPt using an electrochemical process. Thicker layers and higher surface 

coverage of laminin was found to occur on N-UNCD-O films. Increased CSC and Qinj 

were observed for laminin coated N-UNCD electrodes compared to uncoated  
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electrodes, possibly due to the charge accumulation effect of coupled laminin 

molecules. Due to sonication and long-term stimulation, CSC obtained from cyclic 

voltammetry decreased but remained higher by 46 % than that of as-grown values. 

However, the voltage transient measurements revealed that Qinj of the laminin coated N-

UNCD electrodes decreased by 17% and remained higher by 60% than as-grown 

electrodes. These results showed that the covalently coupled laminin molecules were 

stable on the electrode surface. The impact of laminin coating was not significant on the 

electrochemical properties of N-UNCD-O electrodes. However, the cell adhesion was 

significantly improved after the laminin coating on the diamond films showing that N-

UNCD-O is promising for next-generation electrode fabrication for neural stimulation.   
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CHAPTER 5 

 

General Discussions and Conclusions 

 

The medical implant industry is predicted to grow from $17 to 25 billion between 2016 

and 2021. An aging population, growing acceptance of electronic implants both by 

society and regulators, rising prevalence of neurological disorders and sight and hearing 

loss are strong contributors to this trend. Approximately half of the industry growth is 

predicted to stem from cardiac pacemaker technologies. The remaining half, however, 

can be broadly categorized as growth in the neuromodulation/recording device sector. 

Cochlear implants, deep brain stimulators, nerve stimulators for pain or control of a 

biochemical process, retinal implants, devices for monitoring epilepsy and a myriad of 

other proposed applications are among these devices. The industry drive is towards safe, 

long-lasting devices with high patient benefit to risk ratios. Small, robust devices that 

communicate and are powered wirelessly, have clear advantages over the bulky titanium 

cans of the past and wires that penetrate the skin.  

 

The emergence of microelectronics and microfabrication as led to the miniaturization of 

neural implants [9-12] [13-19]. There remain, however, numerous challenges in the 

field. For instance, it remains challenging to deliver sufficient wireless power 

transmission to small hermetic implants. For neurostimulation, materials are needed that 

are capable of safely delivering sufficient charge when electrodes are very small. 
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Research in these fields is rendered even more difficult by the necessity that any 

technologies or materials must be chemically and mechanically safe to implant.   

In this work, several new technologies were developed. The technologies were all 

designed to address key challenges facing the miniaturization of implantable devices. A 

new technique for microcoil fabrication was introduced in which the receiver coil was a 

low resistance silver ribbon, buried in a diamond substrate. These low resistance smaller 

coils can be used to deliver power to an implant. In accordance with biocompatibility 

requirements, the coils were fully encapsulated in a further layer of diamond to provide 

hermeticity and longevity. Platinum is a well-studied and heavily used material in 

implants, but it does not provide sufficient capacitance for use in small stimulating 

electrodes. A method was developed to improve the electrochemical properties of 

diamond by coating with a layer of N-UNCD on platinum.  Finally; a method was 

developed to covalently couple robust films of biomolecules to N-UNCD/N-UNCD-O. 

Laminin, an extracellular matrix protein known to enhance neural adhesion, was 

coupled to the electrode. Electrochemical characterization demonstrated that the 

electrode retained its electrochemical properties and in vitro neuron culture 

demonstrated that cellular adhesion was greatly enhanced. In future work, we aim to 

demonstrate that such coatings reduce immuno-histological response, in vivo, and hence 

extend the working life of electrodes.  

 

5.1 Detailed outcomes of the present work     

1. A novel technique was developed for microcoil fabrication, whereby low dimension 

(4.6 mm diameter) microcoils of high cross-sectional area and low impedance of wire 

were embedded into diamond substrates. The microcoils were capable of transferring 10 
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mW of power wirelessly up to 6 mm distance along their central axis in the air. By 

growing a covering film of PCD, hermetic encapsulation of the microcoils for long-

lasting implantation was achieved. Fully encapsulated microcoils with comparable 

properties and dimension have not been developed to our knowledge. These methods 

provide a world first, monolithic, implantable inductive power receiver, completely 

impervious to biodegradation. The small footprint of the coil is consistent of the 

industry drive to miniaturize biomedical implants. Furthermore, the embedded coil is 

compatible with diamond encapsulation methods, developed by co-workers at the 

University of Melbourne. Thus, the coil can be incorporated into existing diamond 

encapsulated devices, negating the need for transcutaneous power wires. Wires that 

penetrate the skin are a recognized, persistent infection risk.   

 

2. N-UNCD films were grown on platinum foil. The electrochemical and physical 

properties of the films were characterized by a variety of methods. The most industry 

relevant method was to deliver, a charge balanced biphasic current of low frequency (4 

Hz) and measure the voltage transients. Other methods tended to overestimate available 

charge transfer. The highest value measured was for a N-UNCD film treated with 

oxygen plasma, yielding charge injection capacity values greater than 1 mC/cm2. This is 

superior to platinum and competes with comparable capacitive materials such as 

titanium nitride. Charge injection capacity of this magnitude is suitable for fabrication 

of sub 20 µm diameter electrodes.  

 

Iridium oxide is a material gaining in popularity for which higher charge injection 

capacity has been reported. According to in vitro stimulation performance charge 
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injection capacity of  5.25 mC/cm2 for Iridium oxide has been reported [150, 307]. 

However, it is difficult to use iridium oxide, as a bias voltage is required during 

operation which prevents the use of blocking capacitors compromising patient safety. In 

addition, iridium oxide films for stimulation need to be used well below their operating 

voltage limits (-0.6 to 0.8 V vs. Ag/AgCl) to avoid flake off, which can cause 

irreversible electrode failure compromising patient's safety [376]. Furthermore, there is 

evidence that the impressive in vitro electrochemical performance of iridium oxide does 

not transfer well in vivo [377]. 

 

Mechanical and electrochemical stability of coatings is an important safety 

consideration for implanted materials. It was found that heavy laser roughening of the 

foil was required to promote adhesion of the diamond film. The most stable films were 

grown on platinum that had been laser roughened with an array of pits in a 20 µm pitch 

grid pattern. These films survived 30 h of sonication in DI water and are therefore likely 

to be mechanically stable, in vivo. To assess the electrochemical stability of electrodes, 

five days of continuous pulsing at the electrode safe limits was conducted. Significant 

changes in the electrochemical properties of platinum electrodes were observed. Though 

the N-UNCD electrodes were tested at higher voltage extremes there were no significant 

changes in their electrochemical properties.   

 

For real-world applications, a deep understanding of the electrode material is very 

important for safety consideration. Miniaturization of an electrodes is required to 

fabricate a high-density electrode array in order to interact with neural tissue with 

greater specificity and resolution. However, small electrodes need higher charge density 



 

162 
 

to deliver the same charge per phase. This, in turn, may increase the risk of tissue 

damage according to McCreery and Shannon report [226, 378]. An increase of surface 

roughness of the electrode is one strategy for increasing electrochemical surface area 

and hence reducing charge density. N-UNCD operates in this way, importantly, for 

chronically implanted electrodes there is a need to ensure that stimulation parameters 

produce minimal degradation of the electrode surface over the lifetime of the implant 

[168, 373]. In this work, it was demonstrated that diamond electrodes are 

electrochemically more stable than that of platinum electrodes and thus, are expected to 

exhibit minimal degradation of diamond electrode surface in vivo.  

 

3. Laminin is a protein molecule in the extracellular matrix, which has a number of 

properties such as it can self-assemble, bind to other matrix macromolecules, and can 

interact with other cells mediated by integrins, dystroglycan, and other receptors. 

Laminin is heavily involved in cell growth and differentiation. Laminin has a role in 

tissue survival and protection [217]. Hence, laminin was covalently coupled to the 

diamond electrodes to provide an electrode surface with the potential to reduce foreign 

body response. Electrochemical testing demonstrated that laminin coatings had minimal 

impact on the electrochemical properties of the electrodes, while the cell adhesion on 

the laminin coated films/electrodes was improved significantly compared to the 

uncoated films/electrodes. This means the electrode-tissue interaction would be 

increased due to covalently coupled laminin on the diamond electrodes  

 

Deposition of N-UNCD films depends on a number of parameters and one needs to be 

careful to maintain the parameters consistently in the CVD for similar film deposition. 
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As the electrochemical characterization of electrode materials largely dependent on the 

stimulation parameters such as stimulation frequency, current amplitude, and pulse 

duration, electrode sizes and shapes, as well as applied protocols, the direct comparison 

of the electrochemical observations is therefore difficult. However, the results of this 

work correlate with the observations in the literature as discussed in the thesis. 

 

 

5.2 Future work 

The next step for all of the technologies developed in this thesis is an in vivo 

demonstration of efficacy.  

 

Part-1: To implant microcoil with a functional prototype implant    

a) Coils optimally fabricated and encapsulated at low temperature using the developed 

novel technique.  

b) Characterization and chronic stability (ageing) testing of the coils.  

c) In vivo observations of wireless power transmission to a functional prototype implant 

(for instance cochlear). This would lead towards development for commercial usage. 

 

 

Part-2: Implantation and comparing of laminin coated and uncoated electrodes to 

investigate foreign body response   

 a) Fabrication of electrode array of N-UNCD-O (as it has superior electrochemical 

properties than that of platinum). 
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b) A long-term implantation study comparing laminin coated and uncoated electrodes to 

establish whether the electrodes reduce foreign body response is required. Recording 

electrodes, as opposed to stimulation, are possibly a more suitable method for 

estimating foreign body response as recording quality is negatively impacted by even 

minor scar tissue formation. Detailed histological analysis, post-mortem would be 

required to assess acute and chronic foreign body response. 

 

Part-3: In vivo investigation of N-UNCD-O electrode efficacy for cortical neural 

stimulation    

a) Implantation and evaluation of laminin coated/uncoated N-UNCD-O electrode array 

to observe their acute and chronic efficacy to stimulate cortical neurons in the animal 

(cat) model.  

b) Development of a protocol for preclinical application as well as transitioning usage in 

neural implants for clinical treatments. 

 

5.3 Conclusions  

Millions of people are affected by neuromuscular disorders and suffer significant 

difficulties in daily life. Targeting disorders such as epilepsy, Alzheimer and 

Parkinson’s diseases, neuromodulation implants are being developed. Among these 

devices, cochlear implants are already in the market [6, 379] and many others are in 

development. However, the development of prostheses is facing major challenges due to 

inefficient wireless power transmission to the implant, hermeticity, lack of higher 

charge injection capacity of electrodes to reduce their geometrical sizes as well as 
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inadequate intimate interactions with the tissue without damage or other pitfalls. These 

challenges create even further difficulties while the advancement of electronics and 

fabrication technologies offer the opportunity to miniaturize of the prostheses for 

comfort and cost-effectiveness of the patients. These challenges have been addressed in 

this thesis. Hermetically encapsulated microcoils durable for at least 30 months, able to 

transmit power of 10 mW wirelessly to 6 mm range distance using silver ABA as a new 

coil material for the medical implants were demonstrated. Another remarkable result 

presented in this work is that the charge injection capacity obtained from oxygenated N-

UNCD is at least nine times higher than that of platinum the most commonly used 

electrode material in medical prostheses. This has created a scope of the usage of 

oxygenated N-UNCD as stimulation electrodes in the next generation neural prosthesis. 

No significant adverse effect was found in the electrochemical properties of diamond 

film/electrodes due to laminin coating. In addition, laminin coating improved the cell 

adhesion on the diamond film/electrode surface and therefore, this thesis has made a 

significant contribution to open a gateway of the major challenges in this field of 

research. The proposed future work would be a pragmatic initiation to address the major 

challenges for further development of the neural prostheses using diamond.  
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