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ENGLISH SUMMARY 

Electrical stimulation using implanted electrodes is used to relieve the symptoms of 

various diseases, among others voiding dysfunctions. After the electrodes are 

implanted, their electrochemical properties are markedly different compared to 

electrodes placed in inorganic saline. 

The aim of this PhD project was to investigate the relationship between the 

biological responses to implantation of stimulation electrodes and the changes in 

the electrochemical properties of these electrodes. This was done using a 

conventional electrode material (titanium nitride) with different surface structures 

and using a novel biofouling resistant electrode material (boron-doped diamond).  

Study I and II showed that the electrochemical properties of electrodes implanted 

and those placed in saline are different. It was also observed that the 

electrochemical properties of implanted electrodes change with time. Specifically, 

the changes of the voltages observed during electrical stimulation closely resembled 

the changes in tissue impedance. In study III, smooth electrodes were shown to be 

less affected by acute as well as chronic implantation. The difference between 

smooth and porous electrodes was, however, largest upon acute implantation 

compared to placement in saline. This means that in vivo electrochemical properties 

of porous stimulation electrodes could be improved, if the effect of protein 

adsorption could be decreased. Therefore, the electrochemical properties of boron-

doped diamond were investigated in vitro and in vivo (study IV). Boron-doped 

diamond has been reported to be unaffected by protein adsorption in organic 

solutions. The double layer and pulsing capacitance of boron-doped diamond was 

unaffected by acute and chronic implantation. However, its capacitance remained 

lower than that of smooth titanium nitride. It was therefore investigated whether a 

thin layer of boron-doped diamond could be deposited on porous titanium nitride 

(study V). This increased its surface area more than 100-fold and thereby the 

capacitance. 

These results hold great promise for the future as there are currently no other 

electrode materials with electrochemical properties that are unaffected by 

implantation. Future studies should investigate how porous boron-doped diamond is 

affected by implantation, as the surface structure influences the foreign body 

response. It would furthermore be interesting to investigate the application of 

boron-doped diamond for direct neural interfaces by tailoring it with specific 

proteins.
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DANSK RESUME 

Elektrisk stimulation med implanterede elektroder anvendes til at reducere 

symptomerne ved forskellige sygdomme, heriblandt vandladningsforstyrrelser. 

Efter implantation af elektroderne, er de elektrokemiske egenskaber meget 

anderledes sammenlignet med elektroder i en uorganisk saltvandopløsning. 

Formålet med dette Ph.D.-projekt var at undersøge sammenhængen mellem de 

biologiske ændringer, der forårsages af implantationen, og ændringer i 

elektrodernes elektrokemiske egenskaber. Dette blev udført ved brug af et 

konventionelt elektrodemateriale (titaniumnitrid, TiN) med forskellige overflade-

strukturer og et nyt ”biofouling”-resistent elektrodemateriale (bor-beriget diamant). 

Studie I og II viste, at elektrodernes elektrokemiske egenskaber var anderledes efter 

implantation sammenlignet med deres egenskaber i saltvand. De viste desuden en 

tydelig sammenhæng mellem spændingsændringer under elektrisk stimulation og 

ændringer i vævsimpedansen. I studie III viste det sig, at glatte elektroder var 

mindre påvirket af akut samt kronisk implantation. Forskellen mellem glatte og 

porøse elektroder var dog størst ved akut implantation sammenlignet med 

elektroder i saltvand. Dette betyder, at elektrokemiske egenskaber af porøse 

stimulationselektroder kan forbedres, hvis effekten af protein-vedhæftning 

mindskes. De elektrokemiske egenskaber af bor-berigede diamant elektroder blev 

derfor undersøgt in vitro og in vivo (studie IV). Studier af bor-beriget diamant viser, 

at dette ikke påvirkes af protein-vedhæftning i organiske opløsninger. Dobbeltlag- 

og pulskapacitans af bor-berigede diamant elektroderne blev ikke påvirket af akut 

eller kronisk implantation. Kapacitansen var dog lavere end for glat titaniumnitrid. 

Det blev derfor undersøgt, om det var muligt at deponere et tyndt lag bor-beriget 

diamant oven på porøs titaniumnitrid. Dette øgede overfladearealet mere end 100 

gange og dermed også kapacitancen. 

Disse resultater er meget lovende, da der på nuværende tidspunkt ikke er andre 

elektrodematerialer hvor de elektrokemiske egenskaber ikke ændres efter 

implantation. Fremtidige studier skal undersøge om porøs bor-beriget diamant 

påvirkes af implantation, da overfladestrukturen påvirker fremmedlegeme-

reaktionen. Det vil yderlige være interessant at undersøge, om porøs bor-beriget 

diamant kan anvendes ved direkte kontakt til nerveceller gennem modifikation af 

overfladen med vedhæftning af specifikke proteiner. 
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CHAPTER 1. INTRODUCTION 

Neural stimulation with implantable electrodes is used for many applications and 

stimulation can take place in the brain (Jackson & Zimmermann, 2012; Miocinovic 

et al., 2013; Stieglitz & Meyer, 2006; Zhou & Greenbaum, 2009), the spinal cord 

(Jackson & Zimmermann, 2012; Zhou & Greenbaum, 2009) as well as in the 

peripheral nervous system (Stieglitz & Meyer, 2006; Navarro et al., 2005; Zhou & 

Greenbaum, 2009). The requirements for neural stimulation electrodes depend on 

the intended clinical effect, the tissue in which it is implanted, the target neurons, 

the distance between the electrode and the target neurons, the degree of 

invasiveness and the feasibility to produce the electrode in a cost-effective manner 

(Tyler & Polasek, 2009). It is therefore important to determine the target tissue, the 

optimal electrode location and the implantation procedure early in the development 

process (Tyler & Polasek, 2009).  

In this PhD project, the stimulation contact was of particular interest. The 

stimulation contact requires a specific design depending on the aforementioned 

aspects. The next section presents the system that the electrode contact is a part of, 

its intended clinical effect, the implantation procedure and the requirements these 

place on the electrode contact. Thereafter, the electrochemical properties of the 

most novel stimulation materials are reviewed. The aim of this PhD project was to 

investigate the electrochemical properties of the stimulation contact after 

implantation. The focus was on examining how biological responses influence the 

stimulation properties of the electrode. For this purpose, the literature regarding 

biological responses to implanted materials and how these affect in vivo 

electrochemical properties is reviewed. At the end of this chapter, an overview of 

the thesis is presented. 

1.1. C-LIFE SYSTEM 

The system, of which the electrode contact is a part, inhibits the bladder muscle 

reflexively on demand to prevent incontinence in patients with urge urinary 

incontinence. For this purpose the stimulation electrode is placed at the distal end of 

the dorsal genital nerve (Farag et al., 2012; Fjorback et al., 2006; Van Breda et al., 

2014). This has the advantage of specificity, as only afferents from the genitals are 

stimulated to obtain reflexive inhibition of the bladder. It further has the advantage 

of accessibility, as the genital nerves are fairly superficial in men and women and 

can be stimulated using skin, needle and implanted electrodes (Farag et al., 2012; 

Martens, 2011; Van Breda et al., 2014). Due to this, an electrode can be implanted 

close to the nerve using a minimally invasive stimulation guided technique (see 

Figure 1-1) (Martens et al., 2011, Van Breda et al., 2014). The entire system, as it’s 

intended to be developed is shown in Figure 1-2. 
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Figure 1-1 Electrode as it would be implanted in a male (used with permission from 
Neurodan A/S). 

 

Figure 1-2 The entire system consists of an electrode, an implantable pulse generator and a 
device by which the user can trigger stimulation (from Fjorback et al. (2009), with 
permission). 
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The location and implantation of the electrodes, as well as its intended clinical 

effect places certain demands on the electrode contact (Tyler & Polasek, 2009). To 

obtain the desired clinical effect -immediate suppression of a bladder contraction- 

the maximum stimulation current that patients can tolerate is used. This demands 

that it should be possible to inject a minimum charge of 5 µC safely and reversibly 

(Goldman et al., 2008; Martens et al., 2011)1. At the same time, the electrode 

should be as small as possible to cause as little damage as possible during 

minimally invasive implantation. However, the amount of charge that can be 

delivered safely and reversibly is smaller when the surface area is smaller. It is 

therefore advantageous to increase the surface area of the electrode contact, without 

increasing the dimensions of the electrode.  

The electrode contact as well as the electrode in general should be designed for 

manufacturability, biocompatibility, (mechanical and chemical) stability and safety. 

Since the expected lifetime of the electrode may exceed 10 years, the material must 

be resistant to (stimulation induced) corrosion. 

A titanium, aluminum, vanadium (Ti6Al4V) alloy was selected as a substrate 

material, because it is a commonly used material in medical implants. It is therefore 

known to be biocompatible and mechanically stable. However, this substrate is not 

capable of injecting the required amount of charge and therefore a surface treatment 

should be applied. The geometry of the electrode contact had also been determined 

before the start of the PhD study (see Figure 1-3). The stimulation contact has a 

length of 1.6 mm to make it robust against small movements.  

 

Figure 1-3 The dimension of the stimulating contact of the electrode (shaded area); 
measures are in mm (used with permission from Neurodan A/S). 

                                                        
1
 Goldman et al. (2008) and Martens et al. (2011) mention 24 mA and 25 mA as the highest maximum 

tolerable current, respectively. A charge of 5 µC is obtained by multiplying a current of 25 mA with a 

pulse width of 200 µs, in accordance with Martens et al. (2011).  
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1.2. STATE-OF-ART IN ELECTRODE MATERIALS 

As mentioned in the previous section, a surface treatment should be applied to the 

Ti6Al4V substrate to increase the amount of charge that can be injected safely and 

reversibly. The charge injection capacities (Qinj) listed in Table 1-1 suggest, 

however, that almost any of the materials could inject the required amount of 

charge (0.083 mC/cm2). Most of the electrodes mentioned in Table 1-1 are micro-

electrodes. Since Qinj decreases with increasing geometrical surface area (GSA), 

Qinj cannot be applied directly to macro-electrodes (Cogan et al., 2009). Two 

macro-electrodes are encircled in red in Table 1-1. One has indeed a relatively 

small Qinj (0.034-0.054 mC/cm2) (Leung et al., 2015), while the other has a 

relatively large Qinj (> 0.7 mC/cm2) (Terasawa et al., 2013). The large Qinj is due to 

roughening of the electrode surface, increasing its electrochemical surface area 

(ESA) while maintaining the same GSA (Terasawa et al., 2013). 

The surface structure of a material can be adjusted in various ways in order to 

increase the ESA/GSA ratio. Increasing the ESA typically results in increased 

stimulation and sensing performance. The electrode substrate material can be 

roughened using mechanical or chemical methods. Alternatively, additional organic 

(conducting polymers, carbon nanotubes, conductive hydrogels, diamond) or 

inorganic (platinum (Pt), iridium oxide (IrOx), titanium nitride (TiN)) coatings can 

be applied to the substrate (Aregueta-Robles, 2014; Heim et al., 2012). Recently, 

the effect of combining two different coatings has been investigated. Examples of 

this are: carbon nanotubes (CNT) and IrOx (Carretero et al., 2014), CNT and poly-

3,4-ethylenedioxythiophene (PEDOT) (Luo et al., 2011; Samba et al., 2015; Zhou 

et al., 2013), PEDOT and graphene oxide (GO) (Tian, 2014a), PEDOT and 

hydrogels (Cheong et al., 2014), IrOx and GO (Carretero et al., 2015), CNT and 

diamond (Hebert et al., 2014) and diamond and metal coatings (Garret et al., 2012).  

The goal of most of these efforts is to increase Qinj by increasing the ESA of the 

electrode. Increased Qinj allows for miniaturization of the electrode contact. This is 

especially desirable for applications like visual and auditory prostheses, as it may 

facilitate a higher resolution of vision and sound (Zhou & Greenberg, 2011). For 

dorsal genital nerve stimulation, increased Qinj makes it possible to excite the nerve 

at greater electrode-nerve distances. This may make the minimally invasive 

implantation more likely to succeed, as the electrode-nerve distance is less critical. 

By adjusting the surface structure to increase Qinj, the ESA/GSA ratio is increased 

(Zhou & Greenberg, 2011). However, not the entire ESA can be used under fast 

pulsing conditions due to a time constant for accessing the entire pore depth 

(Cogan, 2008). This time constant is influenced by the electrode material, the 

electrolyte and the pore size (Cogan, 2008). This thesis focuses on the electrolyte, 

and more specifically how changes in the tissue influence the electrochemical 

properties (such as Qinj) of implanted electrodes. 
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Table 1-1 Charge injection capacity (Qinj) of various electrode materials at their equilibrium 
potential in saline. Besides the variations in potential limits and pulse width, the electrolyte, 
temperature and surface area may vary between and within the studies mentioned. 

Material Cathodal limit Qinj 

(mC/cm
2
) 

Pulse 

width 

Source 

TiN -0.6 V vs. Ag|AgCl 0.87 100 µs Weiland et al., 2002 

 -1.2 V vs. Ag|AgCl 2.2-3.5 1 ms 
Zhou & Greenberg, 

2003 

 -1.0 V  0.2 300 µs Aryan et al., 2011 

 -0.8 V vs. Ag|AgCl 0.43 500 µs Pan et al., 2013 

Pt  -0.6 V vs. Ag|AgCl 0.3 200 µs Negi et al., 2010 

Porous -0.6 V vs. Ag|AgCl 3 400 µs Park et al., 2010 

PtIr -0.6 V vs. Ag|AgCl 0.13 1 ms 
Venkatraman et al., 

2011 

Porous -0.6 V vs. Ag|AgCl > 0.7 500 µs Terasawa et al., 2013 

 -0.6 V vs. Ag|AgCl 
0.034 

0.054 

100 µs 

3.2 ms 
Leung et al., 2015 

Porous -0.6 V vs Ag|AgCl 0.5 200 µs Kim & Nam, 2015 

Porous -0.6 V vs Ag|AgCl 
0.55 
1.0 

200 µs 
400 µs 

Weremfo et al., 2015 

IrOx  -0.6 V vs. Ag|AgCl 4 100 µs Weiland et al., 2002 

Activated  -0.6 V vs. Ag|AgCl 0.9  400 µs Cogan et al., 2006 

 -0.6 V vs. Ag|AgCl 
1.9-4.4 

 
400 µs Cogan et al., 2009 

 -0.6 V vs. Ag|AgCl 2.0 200 µs Negi et al. 2010a 

 -0.6 V vs. Ag|AgCl 0.19 1 ms 
Venkatraman et al., 

2011 

 -0.6 V vs. Ag|AgCl 0.7 500 µs Pan et al., 2013 

Diamond -1.1 V vs. Ag|AgCl 0.02-0.16 1 ms Garret et al., 2012 

 
-0.47 V vs. Ag|AgCl 
* Pulse clamp method 

0.003 100 µs Kim, 2014 

CNT -0.9 V vs. Ag|AgCl 0.1-0.7 1 ms Brown et al., 2011 

PEDOT-

CNT 
-0.7 V vs. Ag|AgCl 2.5 1 ms Luo et al, 2011 

 -0.6 V vs. SCE 5.6-6.2 200 µs Zhou et al., 2013 

PEDOT -0.6 V vs. Ag|AgCl 2.92 1 ms 
Venkatraman et al., 

2011 

 -0.6 V vs Ag|AgCl 
1.2 

3.9 

100 µs 

800 µs 
Green et al., 2013a 

 
-0.6 V vs. Ag|AgCl 
*Different PEDOT dopants 

0.7-5.6 1 ms Tian et al., 2014b 

 -0.6 V vs Ag|AgCl 1.4 200 µs Guex et al., 2015 

Polypyrrole -0.6 V vs. SCE 3.2-7.5 200 µs Lu et al., 2010 

Hydrogel -0.6 V vs Ag|AgCl 0.81-0.83 200 µs Green et al., 2013b 

 -0.6 V vs Ag|AgCl 
0.085 

2.41 

25 µs 

800 µs 
Hassarati et al., 2014 
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1.3. BIOLOGICAL RESPONSES TO IMPLANTS 

The electrochemical properties of implanted electrodes are dramatically different 

than the properties of these electrodes in inorganic saline. The adhesion of proteins 

and cells to the electrode surface changes the way charge is injected (Lempka et al., 

2009; Newbold, 2010). In this section, the tissue responses to electrode 

implantation and the effect of these on the electrochemical properties of the 

implanted electrode are reviewed. 

Upon acute implantation, proteins and some cells adsorb to the electrode surface 

and a provisional matrix is formed around the implant. This is the first step towards 

wound healing and foreign body reaction (Anderson et al., 2008). Protein 

adsorption alone leads to minimal changes in the impedance spectrum (Lempka et 

al., 2009). However, comparing the impedance spectrum of implanted electrodes to 

the impedance spectrum of electrodes in saline, several differences are observed. 

The high-frequency (electrolyte) impedance is increased, primarily due to the bulk 

tissue resistance (Cogan, 2006; Mandal et al., 2015; Minikanti et al., 2010; Wei & 

Grill, 2009). Additionally, a decrease in the low-frequency (electrode) impedance 

has also been observed (Cogan, 2006; Wei & Grill, 2009). The appearance of the 

cyclic voltammogram (CV) is also different in vivo compared to in vitro for 

electrodes that inject charge via faradic pathways (Cogan, 2006; Leung et al., 2015; 

Minikanti et al., 2010; Musa et al., 2009). This is due to a different buffering 

capacity of the tissue compared to the buffering capacity of inorganic saline 

(Cogan, 2006; Cogan et al., 2007a). The most important differences between in vivo 

and in vitro measurements for stimulation electrodes are the greater electrode 

polarization during stimulation and the smaller Qinj in vivo compared to in vitro 

(Brunton et al., 2015; Cogan, 2006; Green et al., 2013; Leung et al., 2015 Wei & 

Grill, 2009). Increased electrode polarization during electrical stimulation has also 

been observed in vitro in albumin solution (Newbold et al., 2010). 

After provisional matrix formation, a stage of acute inflammation follows, 

characterized by the presence of neutrophils (Anderson et al., 2008). Neutrophils 

are the most abundant type of white blood cells and are part of the innate immune 

system. Another characteristic aspect of the acute inflammation phase is the 

degranulation of mast cells, releasing their histamines and fibrinogens, which 

influences the extent of the foreign body response (Anderson et al., 2008). The 

acute inflammation phase last approximately one week and is associated with low 

tissue impedances (Grill & Mortimer, 1994; Williams et al., 2007). 

The presence of mononuclear leukocytes, such as macrophages and lymphocytes, is 

indicative of the chronic inflammation stage (Anderson et al., 2008). The 

corresponding increase in cell density near the electrode contact causes an increase 

in the high-frequency tissue impedance (Lempka et al., 2009; Williams et al., 
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2007). The duration of acute and chronic inflammation for biocompatible materials 

is typically 2 weeks (Anderson et al., 2008). In the presence of a foreign material, 

the macrophages recruit fibroblast and endothelial cells; marking the beginning of 

the healing and encapsulation phase (Anderson & McNally, 2011). Depending on 

the implanted material and its topography, a dense or a loose fibrous capsule may 

be formed (Anderson & McNally, 2011; Grill & Mortimer, 1994). The dense 

fibrous capsule leading to higher impedance values than the loose capsule 

composed of various cell types (Grill & Mortimer, 1994).  

The cyclic voltammogram shows more resistive properties several weeks after 

implantation (Cogan, 2008; Kane et al., 2011). This is due to adsorption of 

biomolecules and fibrous encapsulation of the electrode (Cogan, 2008), but at 

which stage the cyclic voltammogram becomes more resistive and how this is 

related to the foreign body response is unknown. Increasing electrode potentials 

during stimulation have also been observed after implantation (Kane et al., 2011; 

Kane et al., 2013; Leung et al., 2015; Mandal et al., 2015; Terasawa et al., 2013; 

Venkatraman et al., 2011). But it is currently unknown whether this is related to 

tissue responses. 

 

1.4. AIM OF THE PHD PROJECT 

The previous section shows that the biological response to implantation of an 

electrode and the changes it causes in the impedance spectrum with time is well 

documented. This can be used to follow the biological response to the electrodes 

while they are implanted. What is not well established is the influence of changes in 

the tissue on the stimulation properties of implanted electrodes. 

The overall aim of this PhD project was to investigate how the electrochemical 

properties of implanted stimulation electrodes change as a function of time after 

implantation. We then aimed to relate these changes to the foreign body response 

using electrochemical impedance spectroscopy. We suspected that porous 

electrodes could be more susceptible to changes in the biological environment than 

smooth electrodes. We investigated this with the aim to learn at which stage porous 

electrodes were more affected and so to optimize the porous coatings. We 

furthermore explored a material of which the capacitance was unaltered in protein 

containing solutions (biofouling resistant).  
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1.5. THESIS AT A GLANCE 

 Research question Conclusion 

Study I Does Qinj of porous TiN elec-

trodes change after implantation? 

Yes, but we suspect that these 

subside after several weeks. 

Study II Can changes in Qinj after implan-

tation be related to the foreign 

body reaction? 

Yes, electrode potentials 

increased up to 3-4 weeks after 

implantation and then stabilized. 

Study III Are smooth and porous TiN 

electrodes differently affected by 

implantation? 

 

 

Are smooth and porous TiN 

electrodes differently affected by 
the foreign body reaction? 

Yes, electrode potentials of 

porous electrodes decreased a 

factor 3 more than electrode 

potentials of smooth electrodes 

directly after implantation. 

Yes, the porous electrodes show 

a greater decrease in electrode 
potentials in the chronic phase 

than the smooth electrodes, but 

the trend as a function of time is 

similar. 

Study IV Does a fouling resistant material 

(diamond) respond differently to 

acute implantation than TiN? 

Does a fouling resistant material 

(diamond) respond differently to 

the foreign body reaction than 

TiN? 

Yes, in vivo electrode potentials 

are not larger than in vitro 

electrode potentials for diamond. 

Yes, electrode potentials of 

implanted diamond remain stable 

as a function of time. 

Study V Can the large ESA of porous 

TiN be utilized to increase the 

capacitance of diamond? 

Yes, the capacitance of the 

resulting porous diamond is in 

the range of the capacitance of 
porous TiN. 
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CHAPTER 2. INTRODUCTION OF 

ELECTROCHEMICAL METHODS 

In order to discuss the results of the studies, it is important to establish a level of 

understanding of the applied methods first. All the electrochemical methods that are 

described are applied in a 3-electrode cell in saline. The setup consists of the 

electrode under investigation termed the working electrode, a non-current carrying 

electrode with a known potential called the reference electrode and a large surface 

area counter electrode to close the electric circuit. A two-electrode set-up is used 

when the electrodes are implanted, consisting of the working electrode and a large 

surface area counter electrode of the same material. 

2.1. ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY 

Electrochemical impedance spectroscopy (EIS) is used to investigate the electrical 

behavior of an electrode over a broad range of frequencies. A sinusoidal signal 

(voltage or current) is applied at the specified frequencies and the response (current 

or voltage, depending on the input) is measured. This is a very powerful method, as 

a small and non-destructive signal can be used to acquire information about the 

electrode, the electrolyte and the electrode-electrolyte interface.  

Figure 2-1 shows at which frequencies the electrolyte impedance is dominant over 

the electrode impedance. The specific frequency up to which the electrode 

impedance is dominant and from which the electrolyte impedance is dominant 

depends on the electrode material, the ESA/GSA ratio and the electrolyte. At the 

highest frequencies, the electrolyte impedance is dominant. This is due to shunting 

of the double layer capacitance at the electrode-electrolyte interface (Wei & Grill, 

2009). For electrodes immersed in inorganic saline, which is purely resistive, the 

phase angle is zero at frequencies where the electrolyte impedance is dominant. The 

phase angle of the tissue impedance, however, does not necessarily approach 0, as 

tissue has capacitive properties (Gabriel et al., 1996; Grill & Mortimer, 1994). As 

mentioned in the previous chapter, the tissue impedance can be used to follow the 

inflammatory response after implantation (Grill & Mortimer, 1994).  
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Figure 2-1 Impedance magnitude (top) and phase angle (bottom) of smooth and porous TiN 
electrodes measured in saline. The vertical lines indicate above which frequency the 
electrolyte impedance is dominant in the frequency spectrum. 

The impedance spectrum can also be presented with a complex plane graph, as 

shown in Figure 2-2. In saline and directly after implantation, there is a linear 

relationship between the real and imaginary impedance. As the inflammatory 

response progresses, a semi-circular arc appears (Williams et al., 2007). This is due 

to cell adhesion to the electrode surface, introducing a capacitive component at the 

highest frequencies (Lempka et al., 2009; Williams et al., 2007). 
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Figure 2-2 Impedance spectrum of an implanted electrode plotted in the complex plane. The 
arrow indicates decreasing frequency. 

2.2. CYCLIC VOLTAMMETRY 

Cyclic voltammetry (CV) is used to investigate how an electrode material interacts 

with the electrolyte. A slowly increasing and decreasing potential is applied, 

allowing current to flow between the working and the counter electrode. Charging 

of the double layer capacitance results in a stable current at varying potentials, 

while faradic reactions result in current peaks at distinct potentials. The potential at 

which such peaks occur is the reaction potential for the concerned redox reaction, 

while the current represents the reaction rate. 

The potential limits for CV are typically the potentials at which water reduction and 

oxidation occur, termed the water window (Cogan, 2008). These limits are 

identified by an exponentially increasing current (Aryan et al., 2015). A more 

appropriate term would be safe potential window, as reactions that damage tissue or 

electrode occurring within the water window limits should also be avoided. The rate 

at which the potential is increased and decreased is called the sweep rate. At low 

sweep rates (< 100 mV/s), cyclic voltammetry is considered a near steady-state 

method. The double layer capacitance (Cdl) can be derived from the cyclic 

voltammogram by dividing the capacitive current (Ic) by the sweep rate (
𝜕𝑉

𝜕𝑡
): 

 𝐼𝑐 = 𝐶𝑑𝑙
𝜕𝑉

𝜕𝑡
 (1) 
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Figure 2-3 Cyclic voltammogram of a porous TiN electrode. The shaded areas above and 
below the 0 A axis represent the anodic and cathodic CSC, respectively. The current at 0 V is 
often used to calculate the double layer capacitance.  

The cathodic and anodic charge storage capacity (CSC) are the surface area under 

or over the 0 A axis, respectively (see Figure 2-3). The CSC at slow sweep rates is 

representative of the ESA available for charge storage. The ESA/GSA ratio of a 

porous electrode can be obtained by dividing the CSC of the porous electrode by 

the CSC of the smooth electrode (Cogan, 2008).  

With increasing sweep rates, a time constant limits the pore depth available for 

pulsing (Cogan, 2008; Norlin et al., 2005). This becomes apparent in the cyclic 

voltammogram becoming more diagonal (Norlin et al., 2005), as shown in Figure 2-

4. This property is valuable when comparing electrodes of the same material with 

different pore depth/width. A large CSC at high sweep rates is an indication of a 

higher Qinj during pulsing. CV, however, remains a relatively slow method (~ V/s) 

compared to pulsed stimulation (~kV/s).  
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Figure 2-4 Cyclic voltammogram of a porous TiN electrode at different sweep rates. The 
voltammogram displays predominantly resistive properties at a sweep rate of 5.0 V/s. 

2.3. VOLTAGE TRANSIENT MEASUREMENT 

Voltage transient measurement (VTM) is used to investigate the electrodes’ pulsing 

capacity. A (biphasic) stimulation current is applied and the resulting potential at 

the electrode interface is measured (see Figure 2-5). The instantaneous potential 

drop (Va) when applying the stimulation current (Istim) is due to the electrolyte or 

access resistance (Ra) and is called IR-drop: 

 Ra=Va/Istim (2) 

This is usually subtracted from the voltage transient, as it does not contribute to the 

polarization across the electrode-electrolyte interface (∆Ep). It is ∆Ep relative to the 

inter-pulse potential (Eipp) that make up the maximum negative and positive 

potential (Emc and Ema, respectively): 

 𝐸𝑚𝑐 = ∆𝐸𝑝 + 𝐸𝑖𝑝𝑝 (3) 

When Emc and Ema exceed the safe potential limits (determined using CV), the 

maximum current that can be applied using the specific stimulation pulse is 

reached. The charge injection limit (Qinj) is found by multiplying the maximum 

current (Imax) with the applied pulse width (tp). This is typically divided by the GSA 

of the electrode to facilitate comparison with the literature. 

 𝑄𝑖𝑛𝑗 =
𝐼𝑚𝑎𝑥 ∙𝑡𝑝

𝐺𝑆𝐴
 (4) 
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Figure 2-5 Voltage transient of a smooth TiN electrode, showing how Emc depends on Eipp 
and ∆Ep. 

The pulsing capacitance (Cpulse) can be derived from the voltage transient using 

equation (1): 

 𝐼𝑠𝑡𝑖𝑚 = 𝐶𝑝𝑢𝑙𝑠𝑒
𝜕𝑉

𝜕𝑡
 (5) 

Where 
𝜕𝑉

𝜕𝑡
 is the slope of the voltage transient. 

With the described method, the potentials observed under fast pulsing conditions 

are compared to a potential limit found using a steady state method. For iridium 

oxide electrodes this method has given very accurate results (Cogan et al., 2004; 

Negi et al., 2010b). For platinum, stainless steel and gold, on the other hand, it 

seems to underestimate the actual charge injection limit (Bonner et al., 1993; Cogan 

et al., 2007b; Musa et al., 2010; Musa et al., 2011).   
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CHAPTER 3. INFLUENCE OF 

IMPLANTATION ON POROUS 

TITANIUM NITRIDE COATINGS 

The purpose of study I and II was to investigate whether stimulation properties of 

titanium nitride (TiN) electrodes change after implantation. Based on results from 

study I, we hypothesized that the observed increase in ∆Ep (to more negative 

values) could be caused by changes in the tissue surrounding the electrode, namely 

the foreign body reaction. EIS was used to follow the tissue responses in vivo. An in 

vitro setup was used to follow the electrode properties in the absence of tissue 

responses. 

Figure 3-1 shows the expected low impedance in the first week after implantation, 

followed by a steep increasing trend up to 3 weeks after implantation. Thereafter, a 

less steep increasing trend is observed, all of which is in accordance with the data 

reported by Grill & Mortimer (1994). The complex plane plot (see Meijs et al., 

under review; study II) shows the same increasing trend in real impedance. It also 

shows an increasing semi-circular arc during the first 3 weeks, which is caused by 

the capacitive properties of cells adhering to the electrode surface (Lempka et al., 

2009; Williams et al., 2007). This also stabilized after 3 weeks of implantation. 

With time, ∆Ep followed a similar trend as the impedance properties (see Figure 3-

2). Smaller (less negative) ∆Ep values are observed in both studies in the first 1-2 

weeks after implantation, while greater (more negative) ∆Ep values are observed 

after 3-4 weeks. The timespan is consistent with the durations of provisional matrix 

formation (minutes to days) and acute and chronic inflammation (up to 2 weeks), 

after which healing and encapsulation take place (Anderson et al., 2008). A dense 

fibrous capsule was found at the end of both studies. Its formation caused a steep 

increasing trend in tissue impedance and development of a semi-circular arc in the 

complex plane. The changes in ∆Ep occurred at the same time, making it reasonable 

that the changes in ∆Ep are also caused by the foreign body reaction. 

The electrodes immersed in inorganic saline showed neither changes in the 

electrolyte impedance nor in the VTM, which confirms that reported changes are 

due to biological processes. In addition, ∆Ep was at the pre-implantation level when 

the electrodes were measured in saline again after explantation (see Table 3-1). 

Table 3-1 shows how remarkably similar the pulsing properties of the two different 

TiN coatings are. Their CSC, Cdl, and low frequency impedance properties were 

incomparable. During pulsing, however, the same surface area was available for 

both electrode coatings in vitro and in vivo. 
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Figure 3-1 Tissue impedance (real impedance magnitude at 10 kHz) from study I and II. The 
average is made by averaging the data of the 2 studies. In some instances data of several 
days is averaged in order to always have an average with data from both studies. In those 
cases the x-axis data was also averaged. 

 

Figure 3-2 ∆Ep calculated from VTM data of study I and II. Data of several days is usually 
averaged in order to include data from both studies. X-axis data was also averaged. 
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Table 3-1 Pulsing properties in vitro (pre- and post-implantation) and in vivo (acute and 
chronic) of the TiN electrodes used in study I and II. The chronic data was averaged after 3 
weeks of implantation to 53 days of implantation. 

 Pre-implantation Acute Chronic Post-implantation 

∆Ep (V) 0.025 ± 0.003 

(n=8) 

0.16 ± 0.03 

(n=8) 

0.36 ± 0.02 

(n=16) 

0.028 ± 0.002 

(n=7) 

- Study I 

 

0.026 ± 0.001 

(n=4) 

0.19 ± 0.03 

(n=4) 

0.38 ± 0.06 

(n=5) 

0.024 ± 0.001 

(n=4) 

- Study II 0.023 ± 0.006 

(n=4) 

0.12 ± 0.04 

(n=4) 

0.35 ± 0.02 

(n=11) 

0.033 ± 0.007 

(n=3) 

Cpulse 1. 0 ± 0.1 

(n=8) 

0.14 ± 0.01 

(n=8) 

0.14 ± 0.01 

(n=15) 

0.8 ± 0.1 

(n=7) 

- Study I 0.98 ± 0.04 

(n=4) 

0.12 ± 0.02 

(n=4) 

0.11 ± 0.02 

(n=5) 

0.87 ± 0.05 

(n=4) 

- Study II 1.0 ± 0.2 

(n=4) 

0.15 ± 0.02 

(n=4) 

0.16 ± 0.01 

(n=10) 

0.7 ± 0.1 

(n=3) 

 

The increase in ∆Ep and Cpulse immediately after implantation is in line with what 

has been described for other implantable electrodes of various materials and in 

different animal models. Only the most relevant studies are mentioned in this short 

discussion. Brunton et al. (2015) found a smaller Qinj for porous TiN electrodes 

after acute implantation in the rat cortex compared to the same electrodes in saline. 

The difference Brunton et al., found was less (factor 3) than the differences shown 

in Table 3-1 (Brunton et al., 2015). Clinical deep brain stimulation electrodes were 

investigated in cats (Wei & Grill, 2009). A significant difference in ∆Ep was 

observed between these electrodes in saline and implanted in the brain (Wei & 

Grill, 2009).  Kane et al. (2013) found a smaller Qinj for iridium oxide electrodes 

implanted in cat cortex as compared to the same electrodes placed in saline. They 

also described decreasing Emc as a function of time after implantation, using a 

positive potential bias. This means that Eipp remained constant and trends in ∆Ep can 

be compared directly to trends in Emc (Kane et al., 2013). Leung et al. (2015) found 

great decreases in Qinj after implantation compared to in vitro for smooth platinum 

electrodes. The electrodes were implanted in the rat cortex, the cochlea and the eye 

and differences were also found between the implantation sites (Leung et al., 2015). 

This indicates that the amount of change in Qinj directly after implantation 

compared to placement in saline is dependent on the type of tissue the electrode is 

surrounded with.  

All studies used a different setup, different electrodes, different animals and 

different implantations sites. However, in all animals and at all implantation sites, a 
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decrease in Qinj or an increase in ∆Ep has been observed after acute implantation, 

which is also the case for other studies that are not mentioned here. This is most 

likely due to protein adsorption to the electrodes, which increases ∆Ep even in 

saline (Newbold et al., 2010). Furthermore, Emc continued to increase as a function 

of time after implantation for iridium oxide electrodes implanted in the cat cortex 

(Kane et al., 2013). On the other hand, a significant difference in Qinj was not found 

for smooth platinum electrodes that had been implanted in the suprachoroidal space 

in the rat for 3 months compared to directly (within 72 hours) after implantation 

(Leung et al., 2015). Again, these studies are vastly different in their setup, animal 

model, implantation site and electrode materials. Our studies are unique in 

attempting to relate the changes in Qinj and ∆Ep to changes in the tissue. The earliest 

electrochemical data in the aforementioned studies is recorded on day 33 (Kane et 

al., 2013). No histological data is presented in either of the studies to judge how the 

tissue may have affected the electrochemical results (Kane et al., 2013; Leung et al., 

2015), which makes it difficult to compare the results of these studies to ours. 

In conclusion, the greatest changes in pulsing properties occur directly after 

implantation and are likely due to protein adsorption (Lempka et al., 2009; 

Newbold et al., 2010). There are differences between different materials, different 

animals and different implant sites. However, all studies show that the 

electrochemical performance of electrodes in vitro and in vivo cannot be compared. 

As different electrode materials were used in these studies, is important to realize 

that proteins and cells adhere differently to surfaces depending on their micro- and 

nanotopography (Anselme et al., 2010; Cyster et al., 2003). It would therefore be 

interesting to investigate what the influence of the surface structure of the material 

is on its in vivo electrochemical properties. 
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CHAPTER 4. INFLUENCE OF 

IMPLANTATION ON A POROUS AND A 

SMOOTH TITANIUM NITRIDE COATING 

As mentioned in the previous chapter, it is of interest to compare the in vivo 

electrochemical properties of a porous and smooth material, which was done in 

study III. Although it has been shown that fibroblasts preferentially adhere to 

smooth TiN compared to porous TiN (Cyster et al., 2003), it is extremely difficult 

to predict how proteins and cells respond to surface structures (Anselme et al., 

2010). These results can therefore not simply be transferred to the porous TiN 

coating investigated in this study.  

In this study, it was hypothesized that the main difference in the electrochemical 

properties would not be related to the amount of protein and cell adhesion. Rather, 

it was expected that the effect of protein and cell adhesion on the mobility of 

counter ions and other charged species to diffuse into and out of the pores of the 

porous electrodes would determine the outcome of the study. We therefore 

hypothesized that the electrochemical properties, especially Qinj, ∆Ep and Cpulse of 

porous TiN electrodes would deteriorate more due to implantation than the 

electrochemical properties of smooth TiN electrodes. Of particular interest was 

whether the greatest relative difference between smooth and porous electrodes 

would be found immediately after implantation or at a later stage. Hereby 

information about whether protein or cell adhesion has the greatest influence on the 

electrochemical properties of porous compared to smooth electrodes is gained. This 

gives direction for optimization of the surface structure of stimulation electrodes. 

   

Figure 4-1 Average voltage transients of smooth (left) and porous (right) TiN electrodes 
measured in saline and directly after implantation. Notice the difference on the y-axis. 
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Figure 4-2 Average tissue conductance and Cpulse of smooth and porous TiN electrodes 
normalized to their values directly after implantation (week 0) as a function of time. 

Figure 4-1 shows that the pulsing properties of the porous electrodes were more 

affected than the pulsing properties of the smooth electrodes by acute implantation 

compared to placement in saline. ∆Ep of the porous electrodes was 6.7±0.8 times 

larger in vivo compared to in vitro, while this ratio was 2.3±0.3 for the smooth TiN 

electrodes. The increase in ∆Ep could mostly be explained by a decrease in Cpulse for 

the smooth electrodes. The decrease in Cpulse is probably caused by the adhesion of 

biomolecules and cells to the electrode surface. This decreases the surface area 

available for adsorption of counter-ions (Hudak, 2011).  

For the porous electrodes, the decrease in Cpulse is larger than for the smooth 

electrodes. Furthermore, the cyclic voltammogram of the porous TiN electrodes 

was diagonal in vivo at sweep rates higher than 0.5 V/s, which it was not in vitro 

(see Meijs et al., under review; study III). These changes are due to an increase in 

the pore resistance, which causes a decrease in the inner-pore surface area available 

for pulsing (Cogan, 2008; Norlin et al., 2005). Cpulse of the porous electrodes was 

4.8 times smaller in vivo than in saline, while ∆Ep was 6.7 times larger in vivo than 

in vitro. The difference between these ratios is caused by the steep potential drop 

during the first 40 µs of the pulse (see Figure 4-1). This potential drop is likely due 

to the bulk electrolyte no longer being purely resistive, but having capacitive 

properties as well (Lempka et al., 2009; Newbold et al., 2010; Williams et al., 

2007).  

In order to compare the changes with time after implantation, the tissue 

conductance2 and Cpulse were divided by their mean value directly after implantation 

(week 0). The tissue conductance had approximately the same values and followed 

the same trend for both electrode groups. The average tissue conductance of the two 

                                                        
2
 The tissue conductance is the inverse of the high frequency impedance (63 kHz). 
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groups is shown in Figure 4-2. Cpulse shows a decreasing trend with time for both 

smooth and porous TiN electrodes. Cpulse of the porous electrodes decreased to 52% 

of its Cpulse in week 0. Cpulse of the smooth electrodes was less affected and 

decreased to 82% of its Cpulse in week 0. 

The changes in Cpulse and ∆Ep are in line with observations made using other 

materials and other animal models, as described in the previous chapter. There are 

currently no studies that have investigated a smooth and a porous electrode coating 

of the same material. A recent study, however, has looked at three different types of 

conducting polymer electrodes (Mandal et al., 2015). Although the study shows that 

each of these conducting polymers is differently affected by acute as well as 

chronic implantation, it is difficult to relate these changes to our study. Firstly, the 

voltage transients change dramatically during a 40 day period in saline (Mandal et 

al., 2015). These changes cannot be viewed separately from the changes observed 

in vivo3. Secondly, the electrolyte permeating the conducting polymer structure 

provides its mechanical stability (Mandal et al., 2015). If the electrolyte cannot 

permeate the conducting polymer structure, it may collapse, which has a 

pronounced effect on the electrochemical properties of the electrodes (Mandal et al., 

2015). The influence of implantation on the electrochemical properties of the 

electrodes can therefore not be viewed separately from its mechanical stability.  

In conclusion, the greatest difference between the smooth and porous electrodes 

was observed upon acute implantation, as illustrated by Figure 4-3. This means that 

protein adsorption had the greatest effect on pore resistance and provided the 

greatest limitation for charge injection using porous electrodes. Porous TiN 

remained capable of higher charge injection than smooth TiN. The electrodes can 

be improved by making wider pores, allowing proteins to diffuse in and out of the 

pores and decreasing the pore resistance. Another option would be to develop 

electrodes that are biofouling resistant. 

 

Figure 4-3 Porous/smooth ratios of the pulsing properties.  

                                                        
3
 During study I and II, the porous TiN coatings have been investigated in saline for the duration of the 

implanted period and no changes were observed in the voltage transients. 
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CHAPTER 5. BIOFOULING AND 

ELECTRICAL STIMULATION 

In study IV, the influence of implantation on an electrode coating that is biofouling 

resistant was investigated. As shown in study I-III as well as in the literature, 

protein and cell adhesion cause changes in the electrochemical properties of 

implanted electrodes. The interference between the electrode environment and its 

function is called biofouling (Wisniewski et al., 2000). A material that has been 

reported to be biofouling resistant is boron-doped diamond (BDD) (Hudak, 2011; 

Trouillon & O’Hare, 2010). These studies show that the cyclic voltammogram of 

BDD and specifically the capacitance derived from it are not significantly different 

in inorganic saline compared to more complex organic solutions.  

It was expected that the electrochemical properties of BDD electrodes would be less 

affected by acute implantation, due to resistance to biofouling in simple and 

complex protein solutions (Hudak, 2011; Trouillon & O’Hare, 2010). BDD 

electrodes become encapsulated like all implants and biomaterials (Garrett et al., 

2015). However, the capsule was shown to be relatively thin (Garrett et al., 2015). 

It was therefore expected that the electrochemical properties of BDD electrodes 

would be less affected by tissue encapsulation during the chronic implantation 

stage. The BDD electrodes were compared to (smooth) TiN electrodes, which have 

electrochemical properties similar to BDD (Meijs et al., 2013) and which are 

susceptible to biofouling. 

 

Figure 5-1 Average voltage transients of BDD electrodes in PBS without and with BSA (left) 
and before and after implantation (right). The difference on the axis is due to using electrode 
pins for the measurements in PBS and PBS+BSA (left) and using completely assembled 
electrodes for the measurements done before and after implantation. 
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Figure 5-2 Average Cpulse of porous and smooth TiN and BDD electrodes normalized to their 
values directly after implantation (week 0) as a function of time after implantation. 

The biofouling resistance of BDD and TiN electrodes was investigated in phosphate 

buffered saline (PBS) without and with bovine serum albumin (BSA). There was no 

difference in the capacitive current of BDD electrodes during CV in PBS with or 

without BSA (see Meijs et al., submitted; study IV). The capacitive current of 

smooth TiN electrodes, on the other hand, was smaller in PBS with BSA than 

without BSA. These results are comparable to previous studies (Hudak, 2011; 

Trouillon & O’Hare, 2010). Figure 5-1 shows that ∆Ep of the BDD electrodes was 

slightly smaller in PBS with BSA than in PBS without BSA.  On the contrary, ∆Ep 

was 27% larger in PBS with BSA than without BSA for smooth TiN electrodes. 

These results were an indication that the pulsing properties of BDD electrodes 

could be less affected by implantation. 

Figure 5-1 shows that the ∆Ep of the BDD electrodes was also smaller after acute 

implantation compared to placement in PBS. This is due to a small, but significant 

increase in Cpulse. Figure 5-2 shows that Cpulse of the BDD electrodes fluctuated 

around its acute (week 0) value, while Cpulse decreased as a function of time for 

smooth and porous TiN electrodes. BDD electrodes therefore have approximately 

the same Qinj after implantation as in PBS. As discussed in previous chapters, this is 

a unique property that has not been shown for any other stimulation material. 

Interestingly, BDD becomes encapsulated like any other implanted material, 

although a thinner capsule may be formed (Garret et al., 2015). In fact, various cell 

types thrive on the diamond surface (Ariano et al., 2009; Kromka et al., 2010; 

Nistor et al., 2015). The tissue response to BDD after implantation is therefore not 

fundamentally different from conventional tissue responses to biomaterials. Rather, 
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the electrochemical properties of BDD electrodes are unaffected by the tissue 

response after implantation. This is an encouraging finding, which could potentially 

increase the durability, safety and longevity of implanted stimulation electrodes.  

One drawback of the BDD electrodes is the low Cpulse, which limits Qinj. This can be 

improved by increasing the ESA of the BDD electrodes. This was done in study V 

by adding a 50-70 nm layer of BDD on top of a porous TiN surface. Various 

deposition parameters were used for the TiN coatings, resulting in ESA/GSA ratios 

ranging from 89 to 295. The BDD coatings were as thin as possible on all 

electrodes in order not to block the pores. 

The CSC was approximately doubled for all TiN+BDD electrodes compared to bare 

TiN. The CSC increased linearly with coating thickness before and after adding the 

BDD layer, indicating that the BDD layer covered the entire surface area of the 

porous TiN and did not block the pores. Figure 5-3 shows that the increase in CSC 

was mostly due to the wide safe potential limits of BDD compared to TiN. Cpulse 

was lower for all electrodes with BDD compared to without (see Figure 5-4). As 

mentioned in section 1.2, not the entire surface area can be used under fast pulsing 

conditions due to a time constant (RC) for accessing the entire pore depth (Cogan, 

2008; Norlin et al., 2005). This time constant depends on the electrode material, the 

pore width and the electrolyte (Cogan, 2008).  The double layer capacitance 

(derived from CV) of the electrodes before and after adding the BDD layer was 

similar and does therefore not contribute to the time constant. The pore resistance 

is, however, increased by adding a thin layer of BDD on top of the TiN surface, due 

to the decreased pore width. This decreases the pore depth that can be accessed 

during stimulation and it therefore decreases Cpulse. The safe potential limit of BDD 

(-1.3 V vs Ag|AgCl) is, however, more than double the limit of TiN (-0.6 V vs 

Ag|AgCl). This means that Qinj will also be approximately doubled using an 

additional layer of BDD on top of porous TiN compared to porous TiN only. 

BDD with a high ESA/GSA ratio has been produced before (Bonnauron et al., 

2008; Girard et al., 2012; Hebert et al., 2014; Kiran et al., 2013; Piret et al., 2015; 

Sun et al., 2012). The stimulation performance of these BDD electrodes, in terms of 

Qinj and Cpulse, has not been evaluated. CV has been performed for BDD deposited 

on a carbon nanotube scaffold. This resulted in a CSC of 0.58 mC/cm2 (Hebert et 

al., 2014) and 10 mC/cm2 (Piret et al., 2015) and a double layer capacitance of 3 

mF/cm2 (Piret et al., 2015). The CSC of porous TiN+BDD ranged from 32 to 107 

mC/cm2 and the double layer capacitance ranged from 20 to 72 mF/cm2. 

Due to the large GSA of these electrodes it was not possible to determine Qinj. 

Machine limits (± 10V) were always reached before the safe potential limits were 

reached. If Qinj is extrapolated from the data shown in Figure 5-4, a value of ~1 
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µC/cm2 would be obtained for TiN and ~1.7 µC/cm2 for TiN+BDD4. This is in the 

range of the current state of the art in neural stimulation materials (see table 1-1). It 

must be remembered, however, that macro-electrodes are used for this study, 

making this level of performance exceptional (Cogan et al., 2007a). 

 

Figure 5-3 Cyclic voltammograms of a porous TiN electrode without and with BDD. 
TiN deposition parameters: N2-flow=180 sccm, time=180 min, coating thickness: 2.1 µm. 

 

Figure 5-4 Voltage transients of a porous TiN electrode without and with BDD using a 20 
mA current. TiN deposition parameters are the same as for Figure 5-3. 

                                                        
4
 Emc was assumed to be -0.04 V for TiN and -0.05 V for TiN+BDD using a 20 mA current. The safe 

potential limit for each of the materials was divided by the respective Emc, resulting in a multiplication 

factor for the maximum current. This leads, however, to an extrapolation way beyond the data, so these 

values are very rough approximations and are only intended to compare the results to the state of the art.  
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CHAPTER 6. FUTURE PERSPECTIVES 

IN NEURAL STIMULATION 

ELECTRODE COATINGS 

Different requirements are put on neural electrodes based on their location and 

purpose. For indirect neural interfaces, such as for the C-LIFE stimulation 

electrode, it is important the electrode maintains low stimulation thresholds and the 

capacity to deliver the required amount of charge after implantation. Encapsulation 

does not necessarily pose a problem for electrodes with an indirect neural interface, 

as long as charge injection limits and stimulation thresholds remain constant. It 

does, however, pose a problem for electrodes with a direct interface to the neurons, 

as encapsulation tissue creates a distance between the electrode and the target 

tissue. 

6.1. INDIRECT NEURAL INTERFACES 

Stimulation thresholds were only investigated in study I and II. These remained 

stable for the duration of both studies. Based on the changes in ∆Ep and Cpulse 

observed in studies I-III, it can be assumed that the amount of charge that can safely 

be injected decreases after implantation. In study IV, however, these changes that 

are typical for implanted electrodes were not observed for implanted BDD 

electrodes. It was therefore investigated whether the ESA of the BDD electrodes 

could be increased by using a porous TiN substrate. This was successful and the 

performance of the porous BDD electrodes is comparable to that of porous TiN 

electrodes in vitro. All Qinj mentioned in table 1-1 are measured in vitro and it is 

indeed encouraging that these novel porous BDD electrodes show a comparable 

performance.   

The aspect that is most promising about these electrodes is that they are supposedly 

biofouling resistant. This means that Qinj would not be different in vivo compared to 

in vitro, which is currently not the case for any other implantable materials. One 

important future step is to verify this in protein solutions as well as using an animal 

model. Based on study III, it could be expected that Qinj will be slightly smaller in 

vivo compared to in vitro. Since the electrodes are porous, the diffusion of charged 

species into and out of the pores will likely be hindered by the adhesion of proteins 

and cells, as it was for the porous TiN electrodes. This decreases the pore depth that 

can be accessed during stimulation, decreasing the surface area available for charge 

injection during fast pulsing. Whether this hypothesis is true and to what extent it 

influences Qinj of porous BDD must, however, be verified in vivo. 
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The results of those studies will also have implications for the stimulation electrode 

that was investigated in this PhD project (see section 1.1). If Qinj of porous BDD is 

only mildly affected by implantation compared to placement in inorganic saline, the 

GSA of the electrode contact can be minimized. As it is important that the electrode 

remains robust against movement, it is suggested that the diameter of the electrode 

contact is decreased.  

6.2. DIRECT NEURAL INTERFACES 

Electrodes implanted in direct contact with populations of neurons, for example 

inside the nerve or the brain, are termed direct neural interfaces. In order for such 

electrodes to remain functional, it is required that the neurons that are targeted stay 

close to the electrode surface (up to 100 µm for recording electrodes) (Polikov et 

al., 2005). As the electrode is implanted, however, many neurons die in the area 

surrounding the electrode (Green & Abidian, 2015). For the direct neural interfaces, 

it is not sufficient that Qinj is stable after implantation. It is also not satisfactory to 

have a thin sheath of encapsulation tissue around the electrode, which is the case for 

diamond electrodes (Garret, 2015). In order to maintain a direct neural interface, 

recent research has focused on attracting neurons to the electrode and regenerating 

those neurons that did not die due to the mechanical tissue damage caused by the 

electrode implantation (Fattahi et al., 2014; Green & Abidian, 2015).  

The conventional metals appear unsuitable for the direct neural interface, as they 

are intrinsically different from the biological material (Fattahi et al., 2014; Jeong et 

al., 2015).  Organic materials are therefore of great interest, as these match the 

biological environment to a greater extent (Jeong et al., 2015). They can 

furthermore be tailored with biomolecules in order to attract and regenerate neurons 

(Aregueta-Robles et al., 2014; Fattahi et al., 2014; Green & Abidian, 2015). 

Materials that have been adapted in this way for neural stimulation and sensing 

purposes include carbon nanotubes, conductive polymers and hydrogels (Aregueta-

Robles et al., 2014; Fattahi et al., 2014; Green & Abidian, 2015). There are, 

however, significant challenges to be met before these electrodes can be applied to 

humans. Carbon nanotubes are, for example, cytotoxic in high concentrations 

(Aregueta-Robles et al., 2014). Conducting polymers have shown problems with 

delamination and cracking (Green et al., 2012a; Venkatraman et al., 2011). They 

are susceptible to biofouling (Mandal et al., 2015), even more so than platinum 

(Green et al., 2013). And they become encapsulated by scar tissue (Cui et al., 2003). 

Synthetic hydrogels are promising for stimulation electrodes, as they decrease cell 

interaction (Aregueta-Robles et al., 2014). This could render the substrate to which 

they are applied biofouling resistant. Hydrogels can be made conductive for the 

purpose of electrical stimulation and sensing. This has been done most frequently 

using conductive polymers (Green et al., 2012b; Green & Abidian, 2015). 

Hydrogels are more mechanically compatible with soft tissues than metals. 

Additionally, biomolecules and cells can be incorporated in the hydrogel, which 
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may lead to a favorable tissue response (Fattahi et al., 2014; Green et al., 2013b). 

However, the mechanical stability of the hydrogel remains a problem in vivo that 

needs still to be overcome (Fattahi et al., 2014). 

Diamond is also an organic material, which has been shown to be more 

biocompatible than silicone (Garrett et al., 2015). An exceptionally thin (median: 16 

µm) capsule was formed around nitrogen included ultra-nanocrystalline diamond 

macro electrode implants (ø: 1 cm) (Garrett et al., 2015). A thicker capsule 

(median: 86 µm) was found for BDD electrodes, but it must be taken into account 

that these were implanted in close proximity to the positive controls (stannous 

octoate) (Garrett et al., 2015). This may have influenced the capsule thickness of 

the BDD electrodes. Although these results are encouraging, they cannot be directly 

translated to the direct neural interface, as this interface consists of different tissues. 

Diamond micro-electrode arrays have recently been implanted in the sub-retinal 

space of rats (Bendali et al., 2015). This study showed an increased number of 

bipolar cells relative to all other cells compared to polyimide and platinum (Bendali 

et al., 2015). Furthermore, it is possible to functionalize the diamond surface by 

attaching molecules to it (Härtl et al., 2004; Szuneritz & Boukherroub, 2008). This 

could be used to specifically attract and regenerate neurons, which has been 

investigated to some extent in cell cultures. The results of these efforts vary. 

Several authors report that functionalization of the diamond surface is not necessary 

and does not increase neuronal adhesion (Bendali et al., 2014; Cai et al., 2015; 

Edgington et al., 2013), while others report the opposite (Ojovan et al., 2014; Regan 

et al., 2011; Vaitkuviene et al., 2015). What matters most, however, is the relative 

amount of neurons adhering to the electrode surface during competitive cell 

adhesion in vivo. This has yet to be investigated for functionalized diamond. 

Despite the intrinsic difference between metal and biological properties (Fattahi et 

al., 2014; Jeong et al., 2015), it must be mentioned that there are methods to 

fabricate flexible neural interface using metal contacts (Kim et al., 2014; Minev et 

al., 2015; Wu et al., 2015). Recently, a platinum-silicone composite and stretchable 

gold have been used to create a flexible and stretchable electrode, which has proven 

its superior functionality compared to a stiff electrode in vivo (Minev et al., 2015). 

The problem with metal electrodes remains, however, that they are biofouling 

susceptible and become encapsulated.
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CHAPTER 7. CONCLUSIONS 

At the start of this project, it was known that the pulsing properties of stimulation 

electrodes were different upon acute implantation for a number of electrode 

materials. Little was known, however, about the long term charge injection 

properties of implanted electrodes. The aim of this PhD project was to investigate 

how stimulation electrodes are affected by tissue responses.  

Pulsing properties of porous TiN were, like many other electrode materials, affected 

by implantation. The trends observed during the implanted period resembled 

changes in the tissue impedance. At the time these investigations were carried out, 

several other studies reported changes in the pulsing properties of stimulation 

electrodes during chronic implantation, but none of them related these changes to 

the foreign body response. Various animal models with different implantation sites 

and different electrode materials were used. Nevertheless, the stimulation properties 

of all of them were affected by implantation. This appears thus to be a general 

problem of all stimulation electrodes regardless of where they are implanted and in 

which species. This might mean that clinical stimulation performed in humans 

exceeds safety limits determined in vitro, which has been suggested before by Wei 

& Grill (2009). 

Although the electrochemical properties of the electrodes changed upon 

implantation, the electrodes were not damaged after implantation. In fact, the 

changes observed in vivo were largely reversed when the electrodes were explanted. 

This challenges whether the method of determining the safe charge injection limit 

can be applied in vivo. Other methods to determine this limit exist (Bonner et al., 

1993; Musa et al., 2011) but these have not been applied in vivo. 

Porous TiN electrodes were quite severely affected by implantation. It was 

therefore of interest to compare them to smooth TiN electrodes. Pulsing properties 

of porous TiN electrodes were more affected by tissue responses than pulsing 

properties of smooth TiN electrodes, especially upon acute implantation. This 

indicates that protein adsorption has the greatest effect on the diffusion limitation 

within the pores. This study is the first to compare how the electrochemical 

properties of a porous and a smooth material are affected by implantation. Its 

findings are very relevant in the design of any porous material, as all of them will 

likely be subject to a similar diffusion limitation to some extent. This is important 

to take into account when designing a porous electrode coating for a stimulation 

electrode. The porous coating outperforms the smooth coating throughout the 

implanted period. Its stimulation performance could, however, be improved by 

making the pores as wide as possible. Another type of surface structure, which 
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increases the ESA are nanotubes. As this is a more open type of structure, it might 

be less affected by a diffusion limitation. 

 In contrast to smooth and porous TiN, the pulsing properties of BDD were not 

affected by protein adhesion. Moreover, the pulsing properties of BDD electrodes 

were unaffected by tissue responses at any stage after implantation. This has not 

been reported before for any electrode material. This is a very interesting and 

promising finding for all stimulation electrodes, as the stimulation performance of 

all investigated electrodes have been shown to be affected by implantation. It must, 

however, still be investigated whether BDD remains fouling resistant regardless of 

implantation location. 

A constraint of BDD for the use of this material in neural stimulation electrodes is 

that it can inject little charge compared to conventional materials (Pt, PtIr, IrOx, 

TiN, etc.). A 50-70 nm layer of BDD was therefore deposited on top of porous TiN, 

increasing its surface area more than 100 fold. This increased the capacitance of 

BDD to a level that is comparable to porous TiN. Moreover, due to the wide water 

window of BDD, Qinj is likely higher for porous BDD than for porous TiN alone. 

This makes the performance of porous BDD comparable to the state-of-art. Taking 

into account that all other materials are fouling susceptible, porous BDD may 

exhibit the best in vivo stimulation performance of all of these. The next step is 

therefore to evaluate the biofouling resistance of the novel porous BDD electrode 

coatings in protein containing solutions and in vivo. 

All in all, it is very promising that a material has been established that is biofouling 

resistant in terms of charge injection. This is likely to increase the safety, durability 

and longevity of neural implants. It might even open the way for new therapeutic 

stimulation methods. 
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