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1. INTRODUCTION 

 

Over the past 20 years, chemists have developed a number of sensors based on 

analyte-sensitive membrane modified electrodes and solution born species [1-3]. The 

sensing principle relies on the analyte-membrane interactions which modulate the flow of 

solution born multiply charged electroactive ions (so called marker ions) through the 

membrane.  

Langmuir-Blogdett layers as electrode modifier, ferrocyanide anions and 

ruthium(II) complex cations as solution born marker ions, and singly or doubly charged 

ions as analyte have been used to develop the first electrochemical sensors based on 

modulated marker ions current as the consequence of analyte-membrane interaction [4]. 

The analyte-membrane interaction leads to the closure or opening of the path of marker 

ions through the membrane resulting in a “closed” state (no or lower marker ion current) 

and an “open” state (higher marker ion current). The concept was then extended to self 

assembled monolayers (SAMs) of thiols [5-14], bio-membranes [15-22], artificial 

receptor molecules [23-28], amino acids, peptides and proteins [29-33], DNA and PNA 

[34-38], macrocyclic host molecules [39, 40] and dendrimers [41-43] tailored at the 

electrode surfaces as a sensing layer of less than one to a few nanometers thickness as 

well as nanotubule membrane of a few nanometer diameter [44-50]. In the same way, 

solution born species with different charges and size as marker ions [3, 51, 52], molecular 

guests [53-57], protein interaction partners [58-65], DNA and PNA probes as well as 

interacting molecules [66-73] and organic contaminants [43] have been used as analyte 
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species. Thus, the “analyte-membrane” association reactions cover the whole range of 

possible coordinative and “weak” interactions known in chemistry.  

The charge flowing through the membrane can consist: (i) of electrons, or (ii) of 

ions, and its measurement in man-made sensing devices is therefore based: (i) on 

electrochemical methods (involving a heterogeneous charge transfer) or (ii) on 

impedance measurements, respectively. Moreover, there exist fundamental differences in 

the propagation of charge through a membrane based on electrons and ions. Electrons can 

either hop through space (possibly assisted by molecular orbitals or by a conduction 

band) or they can be shuttled by a redox species that is able to diffuse through the 

membrane, whereas the flow of ions involves always the transport of matter (generally 

non-electroactive ions) that may be assisted by an ion channel. Thus, the possibilities of 

modulating a flow of charge through a membrane on the molecular level are generally 

different for electrons and ions.  

Inspired by the resemblances in the sensing principles of most of the sensors 

mentioned above and that of ion channel proteins in biomembranes [74-76], and in spite 

of the above mentioned differences, the biologist vocabulary “ion channel (mimetic) 

sensors” ICSs has not only been used to describe sensing based on gating the flow ions 

but also for sensing based on gating of the electron flow. The latter types of 

electrochemical sensors have been originally introduced by Umezawa and coworkers as 

the first artificial ICSs based on gated marker ion current [4], of which essence was 

recently reviewed again [1, 2]. The same expression has been used by Martin and 

coworkers for nanotubule type biosensors [44-50], as its working principle also resembles 

that of ion channel proteins in biomembranes. In this newly emerging ICSs, 
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monodisperse gold or alumina nanotubule membranes with one to few nanometers inside 

diameter were used, and the “on” (flow) and “off” (blocked flow) of analyte flux through 

the nanotubule was detected by measuring the associated change in the trans-membrane 

potential or ion current. The flow of the analyte through the membrane is controlled 

mainly by the charge-charge interaction [46]. However, the modulation of an 

amperometric analyte gated signal via analyte-membrane interactions is not yet applied to 

nanotubule based sensors. 

Even though the field of relevant application is impressive, the mechanistic 

picture is not clear, and different explanations have been published to explain the 

modulation of marker ions in ICSs. Generally, the simple mechanistic explanations 

shown in Figure 1, are discussed in a broad context, including physical blocking and 

biological channel proteins [1]. In a few cases, membranes with deliberately incorporated 

inter- or intra-molecular ion channel have been reported [2, 3], but these few examples 

are not representative. In particular, the assumption that the analyte induces the formation 

or opens existing pinholes for electron transfer (ET) in the membrane have not seemed to 

be experimentally, but rather seem to have been established for the sake of coherence 

with the ion flow in biological membranes.  
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Figure 1. Ion channel (mimetic) sensors based on: (I) intramolecular ligand-gated, 

(II) intermolecular analyte-charge gated at analyte sensitive membrane modified 

electrode surfaces and (III) nanotubule membranes. Closed (a) refer to no or lower 

marker ion current as the consequence of blocked marker ions gating and open (b) refer 

to higher marker ion current as the consequence of maximum marker ions gating. 
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More elaborated mechanisms on the issue have appeared sparsely in the literature. 

For instance, Han and Wang [21] reported that the marker ion ferricyanide can itself 

behave as an analyte and open the ET barrier for positively charged ruthenium hexamine 

at a membrane consisting of positively charged didodecyldimethylammonium bromide. 

Similarly, Chen and coworkers [19] presented evidence for the formation of pinholes for 

ferricyanide ET at a phospholipids modified electrode upon addition of Ca2+ as analyte. 

Moreover, electrocatalysis of ET found for polyelectrolyte modified and for DNA-

modified electrodes should be taken into consideration when the mechanism of ET in 

ICSs is discussed [77, 78]. Besides, the impact of sensing based on preconcentration of 

electroactive analytes at electrode-covered with charged SAMs [79] may also help to 

establish a more elaborate picture of the signal amplification in ICSs. 

The above reports indicate that no systematic study on the mechanism of charge 

propagation through the analyte-sensitive membrane modified electrodes has been done 

so far. Thus, a systematic investigation of the marker ion response at modified surface is 

not only of an academic but also of practical interest. If there exists a general mechanistic 

picture to explain the mode of charge propagation through the analyte-sensitive 

membrane modified electrodes, it may turn out to be essential for further design and 

optimization of biosensors based on the “ion channel” or “ion gate” principle. 

Keeping this objective in mind, systematic studies were done at thiol-, protein- 

and dendrimer-modified electrodes to address the following important questions: 

(i) If there exists common mechanistic features for the gating of marker ion 

currents with alkyl thiol-, protein- and dendrimer-modified electrodes. 
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(ii) The existence and physical meaning of the “pores” mimicking the ion 

channels in biomembranes. Is the pore concept realistic and does it apply 

to alkyl thiol and protein (or dendrimer) modified electrodes to the same 

degree?  

Finally, as the question of polyelectrolytic character common to all three types of 

modifications is of interest, the following questions have also been addressed:  

(iii) Do the three surfaces behave similarly to polymer modified electrodes 

with pending charge groups? 

(iv) Is surface accumulation of counter ions of importance in protein and 

charged thio alkane modified electrodes as it is in the polyelectrolyte 

polymer modified cases? 

(v) What is the influence of pH on the marker ions response at protein 

modified electrodes? 

 

Other points addressed in this study include the interaction of charged dendrimers 

with electrode surfaces and with artificial or natural polymers carrying counter charge, as 

well as the construction of multiple layers build up at the electrode surfaces using layer-

by-layer electrostatic self assembly (LBL-ESA). 
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2. EXPERIMENTAL  

 

2.1. Chemicals and reagents  

Thiols: 11-Mercaptoundecanoic acid (Aldrich), dodecanethiol (Fluka), 11-amino-

1-undecanethiol (Dojindo) and 3-mercapto-1-propanesulfonic acid sodium salt (Fluka) 

were used as received. Others were chosen among the compounds synthesized in our 

research group [80, 81]. 

Protein: Thyroglobulin from porcine thyroid glands (Fluka) were used as 

received.  

Marker ions, redox-active species, suppressors or gating agents: 

K4[Fe(CN)6].3H2O, methylene blue (Merck), [Ru(NH3)6]Cl3 (Strem chemicals), 

K3[Fe(CN)6], 1-ferrocenylethanol, ferrocenealdehyde, sodium anthraquinone-2-sufonate, 

disodium 9,10-anthraquinone-2,6-disufonate, (Fluka), trisodium 1,3,7-naphthalene 

trisulfonate (Aldrich) and all other chemicals used as suppressors or gating agents 

(obtained from Sigma, Aldrich or Fluka) were of analytical grade and used as received. 

The viologen type marker ions and dendrimers: The viologen type marker ions 

(see Figure 32) and dendrimers (see Figures 39 and 43) were selected among a series of 

viologen and dendrimers possessing viologen sub units synthesized in our research group 

[81-84]. 

Polymer: Double stranded calf thymus DNA (Sigma) was used as received since 

the purity was sufficiently high as determined from optical measurements (OD260/OD280 

was larger than 1.8, where OD represents the optical density) after dissolving it in 1 mM 
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pH 7.5 Tris buffer containing 1 mM NaCl and 1mM EDTA. The DNA concentration per 

nucleotides was determined spectrophotometrically assuming ε260 = 6600 M-1cm-1 [85]. 

Polyacrylic acid (35% by wt, in water; Mw ≅ 250000) and polyamidoamine (PAMAM) 

dendrimer were used as received from Aldrich.  

All other chemicals and reagents used in this work but not mentioned above were 

of analytical grade, obtained from Aldrich, Sigma, Fluka or Merck and used as received 

 

2.2. Modification of electrodes and substrate   

Cleaning the electrode surface: Gold disk electrodes (Methrom, 6.1204.020, d = 3 

mm) polished to a mirror-finish with a wet Al2O3 slurry on a flat pad (Methrom, 

6.2802.000, grain size 0.3 µm), rinsed with distilled water, cleaned for 2 min with fresh 

piranha solution* (2:3 mixture of 30% H2O2 and concentrated H2SO4), rinsed with ethanol 

followed by distilled water were used for cyclic and differential pulse voltammetry.  

Preparation of SAMs modified electrodes: The freshly cleaned electrodes were immersed 

in freshly prepared 1 mM thiol in ethanol/water (9:1) or in an appropriate solvent at least 

for 24 h. After rinsing the SAM modified electrodes with ethanol or the appropriate 

solvent to remove any physically adsorbed thiols, they were ready for use. The formation 

of the SAMs were checked by carrying out the electrochemical desorption of the surface 

attached thiols in 0.5 M KOH and measuring the charge involved in this process 

according to Widrig et al. [86]. 

 

                                                 
* Caution: piranha solution has to be used with care! 
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Preparation of protein modified electrodes and substrate: The freshly cleaned 

gold disk electrodes were exposed to a solution of 0.5 mg protein/ml of 0.1 M KCl for 

1 h. After rinsing the modified electrodes with distilled water, they were ready to be used 

for cyclic and differential pulse voltammetry measurements.  

For atomic force measurements, a droplet of 50 µl protein solution (0.1 mg/ml 

protein in 0.1 M KCl) was placed and incubated for 1 h in a humid atmosphere on 

ultraflat gold surfaces freshly prepared by template stripping according to the procedure 

of Wagner et al.[87]. Then the sample was gently rinsed with 3 x 1 ml 0.1 M KCl and 

after placing ca. 70 µl of 0.1 M KCl it was mounted to the AFM liquid cell.  

Filling up of the interstitial void: When the experiments require the filling up of 

the interstitial void between the adsorbed proteins, the protein modified electrodes were 

rinsed with distilled water and then transferred into 1 mM thiol solution and incubated for 

another 1 h.  

 Preparation of layer-by-layer modified electrodes: The freshly cleaned gold disk 

electrode was first modified by incubating in 10 mM solution of 3-mercapto-1-

propanesulfonic acid sodium salt (MPS) for at least 12 h resulting in MPS-modified Au 

electrode (Au/MPS). The modified electrode is then dipped for 30 min in polycationic 

dendrimers, G3, to give Au/MPS/G3. Then it is rinsed and dipped in either PAA or DNA 

for 15 min followed by rinsing and dipping in the dendrimers solution for 15 min to give 

Au/MPS/G3/PAA/G3, or Au/MPS/G3/DNA/G3, respectively. This alternating dip step 

between the G3 and either PAA or DNA is done repetitively to get the desired layer-by-

layer electrostatic self assembly. 
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2.3. Electrochemical measurements  

All electrochemical measurements were performed in a three-electrode system 

under Ar, using a potentiostat PGSTAT 20 from AUTOLAB interfaced with a personal 

computer running under GPES for Windows, Version 4.9 (ECO Chemie 1995). Beside 

the modified or unmodified gold disk electrode (Methrom, d = 3mm) as a working 

electrode, a Ag|AgCl reference electrode (Methrom, 6.0724.140, separated by a salt 

bridge containing the electrolyte of the measuring compartment) and a platinum wire (d = 

1mm) as the counter electrode were used. Unless otherwise indicated, as supporting 

electrolyte 0.1 M KCl was used and the pH of the solution was adjusted to the desired 

values with NaOH or HCl. Differential pulse voltammetry (DPV) was performed at 25 

mV pulse amplitude, 50 ms pulse width, 500 ms pulse period and 5 mV/s scan rate. 

Unless otherwise indicated, cyclic voltammetry (CV) was performed at 100 mV/s. All 

voltammograms are single scan CVs recorded after 5 s of equilibration at the starting 

potential. Surface concentrations were calculated from CV using the surface beyond the 

voltammogram corrected for the capacitive contribution. Relative surface concentrations 

in suppression experiments (and the corresponding K-values) were calculated from the 

peak current ratios after correction for the capacitive contribution. Rotating disk electrode 

voltammograms were measured using the Methrom 663 VA Stand at 5 mV/s.  
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2.4. Atomic force microscopy*  

For AFM measurements, a Nanoscope IV multimode instrument (Veeco/digital 

instruments, Santa Barbara, California) equipped with 12 µm scanner (E scanner) was 

used.   

Tapping in liquid was performed in the electrolyte droplet in a tapping–mode 

liquid cell without an O-ring seal. Narrow-legged cantilevers (OMCL-TR400PSA, 

Olympus Ltd., Tokyo, Japan) with oxide sharpened Si3N4 tips were used. These 100 µm 

long V-shaped cantilevers have nominal spring constants of 80 pN/nm. They were driven 

at resonance frequencies of 8.4 ± 0.5 kHz with piezo drive amplitudes of 50 -100 mV 

resulting in cantilever amplitudes of ca. 0.5 V. Scanning was performed at a speed of 1-2 

lines/s. Afterwards, air measurements were performed with the same sample after gently 

rinsing with Milli-Q water and blowing dry with nitrogen. 

Tapping in air was performed with 100 µm long standard silicon tips (NSG 10, 

ND-MDT, Moscow, Zelenograd, Russia) with average nominal resonant frequencies of 

255 kHz and average nominal force constants of 11.5 nN/nm. Scanning was performed at 

a speed of 1-2 lines/s. Scratching in air was done by switching to contact mode and 

scanning in a smaller frame (500 x 500 nm2) at a deflection set point of ca. 0.5 V which 

corresponds to a force of ca. 400 nN. After scratching and tuning the cantilever again a 

larger scan (3000 x 3000 nm2) was performed in tapping mode. Standard software 

(Nanoscope, version 5.12r5) was used for image processing and roughness analysis. 

                                                 
* Done in collaboration with Dr. P. Schön, Experimental Solid State Physics 2 and Biophysical Chemistry, 
Institute for Molecules and Materials, Radbound University of Nijmegen, The Netherlands. 
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3. RESULTS AND DISCUSSIONS 

 

Part-I:  Electrochemical Characterization of Self Assembled 

Monolayers with Uncharged and Charged Head Groups  

 

Self assembled monolayers (SAMs) of alkanethiols and mercaptoethyl ferrocene 

carboxamide formed on gold surfaces were characterized by cyclic voltammetry (CV). The SAMs 

coverages were quantified by reductive stripping of SAMs or electrochemical accessing of the 

redox center in the SAMs. The molecular assemblies provide a simple and flexible method to 

alter the interfacial properties at electrode/electrolyte and rate of the heterogeneous electron 

transfer (ET) of a solution born redox species.  

  

1. Reductive desorption of SAMs  

Figure 2 shows cyclic voltammograms (CVs) of different thiols molecular SAMs 

on gold electrodes. The CVs show up cathodic peaks at ca. -0.8 to -1.1 V (vs. Ag|AgCl ), 

demonstrating the reductive desorption (stripping) of the SAMs from the electrode 

surface according to eq. 1 [57, 88-91]. Significantly reduced peaks were seen in the 

subsequent scans (not shown Figure. 2) due to desorption and re-adsorption of thiols 

available in the vicinity of the electrode surface.  

 

Au/S(CH2)nX      +        e-     ⎯⎯→←⎯⎯      Au       +        -S(CH2)nX           (1) 

where:  Au/S(CH2)nX is SAMs modified Au electrode and X is head groups of the SAMs.  
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Figure 2. First scan CV of: unmodified Au (a); and Au/MUA (b); Au/AUT (c); 

Au/Dod (d); Au/t-Bu-Cys-NTA (e); Au/Homocys (f) and Au/MPS (g) modified 

electrodes in 0.5 M KOH. The modified electrodes (b´ to g´) are shown on the right side 

of each CV.   
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From the surface under the reductive desorption peaks, the SAMs coverage (Γ) on 

the electrodes surface (Table 1), were calculated according to eq. 2 [88, 92]. 

 

Γ  =  Q/nFA          (2) 

 

where: Q is the cathodic peak area in coulombs and as determined by integration 

of the area under the cathodic curves (corrected for the double layer charging 

current by subtraction of the baseline), n is the number of electron as required 

according to eq. 1, F is the Faraday’s constant and A is the area of the electrode in 

cm2. 

 

Table 1. SAMs coverage (Γ) and cathodic peak potentials, Epc, obtained from the 

reductive desorption of thiolated gold electrodes in 0.5 M KOH. 

Monolayer Γ x 1010 (mol cm-2) Epc (V vs. Ag|AgCl) 

Au/MUA 7.5 * -0.9, -1.1 

Au/AUT 0.9 -1.0 

Au/Dod   8.8 -1.0 

Au/t-Bu-Cys-NTA   8.0 * -0.9, -1.1 

Au/Homocys 8.1 -0.9 

Au/MPS 4.1 -0.9 

 

                                                 
* Γ considers the sum of charges obtained under the waves with the indicated peak potentials 
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2. Sensing by SAMs 

2.1. Electrochemically inactive SAMs 

Self assembled monolayers (SAMs) modified electrode surfaces have been used 

to develop sensors [1-3, 91, 93, 94]. Hence, the sensing behavior of SAMs can be 

exploited to characterize the SAMs without stripping the modifier from the electrode 

surface (Figures 3 to 8) [95].  

In comparison to the unmodified electrode, the SAMs covered electrodes show up 

a dramatically decreased interfacial capacitance as confirmed by the minimized 

background or charging currents (Figure 3, shown for Au/t-Bu-Cys-NTA and similar 

behavior was also observed for other SAMs covered electrodes).  

 

 

 

 

Figure 3. CV of: blank Au (broken line) and Au/t-Bu-Cys-NTA electrode (solid 

line) in 0.1 M KCl. 
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The SAMs covered electrodes were also probed using solution born electroactive 

species [Fe(CN)6]3-, [Fe(CN)6]4- and [Ru(NH3)6]3+ (Figure 4). 

 

 

 

Figure 4. CV (solid lines) of: 1mM [Fe(CN)6]3- on Au/MUA (a); on Au/t-Bu-Cys-

NTA (b); 1mM [Fe(CN)6]4- on Au/Dod (c) and 1 mM [Ru(NH3)6]3+ on Au/AUT (d) at 

different pH. The broken lines indicate CV of the corresponding marker ions on a blank 

Au electrode at pH 7 and remain almost the same within the experimental pH range.  
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Notably, in addition to their multiple charges; these species show fast ET kinetics 

at unmodified electrodes over a wide pH range. They are referred to as marker ion when 

used in bio-mimetic channel sensors (Table 2). Hence, the above CVs reveal that the 

SAMs on the electrode surfaces senses the solution born species and modulate the ET to 

and from the underlying electrode. If the SAMs surface groups, depending on the pH of 

the solution, acquire surface charge which electrostatically rejects marker ions, the effect 

is more pronounced.  

 

Table 2*.  List of marker ions and other redox-active species used in the current study.  

Marker ion or redox active species Eo / vs g|AgCl Comment  

[Fe(CN)6]3-/4-     0.22 commonly used [3] 

[Ru(NH3)6]3+/2+     -0.15 commonly used [3] 

[Vio-I]2+/1+     -0.62 new report (p. 77)  

[Vio-II]4+/3+     pH dependent reported [96], (p. 77) 

[Vio-III]6+/3+     -0.45 new report (p. 77) 

1-Ferrocenylethanol     0.22 reported [96] 

Ferrocenealdehyde     0.52 new report (p. 55)  

Methylene blue (MB+)     pH dependent reported  [97, 98] 

Anthraquinone-2-sulfonic acid (2-AQS-1)     pH dependent new report (p. 77)  

Anthraquinone-2,6-disulfonic acid (2,6-AQDS-2)     pH dependent reported [52] 

 

                                                 
* Review by: P. Buhlmann, H. Aoki, K.P. Xiao, S. Amemiya, K. Tohda and Y. Umezawa: Electroanalysis 
1998, 10, 1149, provides a comprehensive list of markers ions and redox-active species used in bio-
mimetic channel sensors.  
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The CV of 1-ferrocenylethanol at Au/MUA modified electrode remains almost 

the same at different pH as is the case at blank electrode, except the significantly 

decreased charging current contribution (Figure 5). This is due to the absence of 

interaction between the SAMs surface group and the non-charged species in solution.  

 

 

Figure 5*. CV of 1 mM ferrocenylethanol on: blank electrode (broken line) and 

Au/MUA (solid line) at pH 8. 

 

SAMs possessing complexing groups, such as Au/t-Bu-Cys-NTA and 

Au/Homocys can be optimized to develop sensors for metal ions [99-101] and exploited 

to study bio-molecular interactions, i.e., one molecule being anchored on the surface via 

the affinity between the bio-molecules, for example his tag-protein,  and the metal ions, 

for example Ni2+, complexed by the NTA groups (Figure 6) [63-65, 102, 103] and the 

other partner being recognized from solution. 

 

                                                 
* The CV shown at pH 8 remains almost the same to CVs at pH 3 and 11 (not shown).  
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Figure 6. (I) CV of Au/t-Bu-Cys-NTA: in 0.1 M KCl, pH 7.4 (a), after dipping in 

Ni(II) solution followed by dipping in ferrocenhistamid solution (b) and after dipping the 

electrode in EDTA (c). (II) Scheme showing possibility of anchoring bio-molecules at 

surface. 

 

Furthermore, SAMs such as Au/MPS, which offer a negatively charged surface 

over a wide pH range due to the sulfonate head groups [104, 105], can be exploited to 

immobilize polycationic macromolecules or dendrimers (Figure 7). 
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Figure 7. (I) Response of MPS-modified Au electrode in 0.1 M KCl at pH 7 (a); and 

after dipping in a solution of polycationic dendrimer (b). (II). Plot of peak current vs. 

scan rate for case b in I.   

 

2.2. Electrochemically active SAMs 

Self assembled monolayers of N-(2-mercaptoethyl) ferrocene carboxamide 

(Figure 8) and galvinoxyl [106] formed on the gold electrodes were among the 

electrochemically active SAMs studied. The SAMs show up a clear oxidation and 

reduction signal in pure electrolyte solution. The small peak-to-peak separation and the 

linear variation of the peak current (Ip) with the scan rates (v) revealed surface confined 

electroactive molecules [92]. Integration of the redox currents yields the surface coverage 

of 1.0 x 10-10 mol cm-2.  
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Figure 8. (I) CV of N-(2-mercaptoethyl) ferrocene carboxamide SAMs on gold 

electrode (inset) in 0.1 M NaClO4. (II) Plot of peak current vs. scan rate from CV in I) 

and others not shown.  

 

3. Conclusions 

In this section, SAMs of alkanethiols and mercaptoethyl ferrocene carboxamide 

formed on gold surfaces were quantified and characterized by cyclic voltammetry. The 

SAMs offer a simple approach to change the properties of the surface as an electrode, i.e., 

the interfacial properties and rate of the heterogeneous ET reactions. SAMs with pH 

tunable surface modulate the ET kinetics between solution born marker ions and the 

underlying electrode, and thus offer an opportunity to understand the ET mechanism of 

marker ions at SAMs with charged head groups, the basis of marker ions based ion 

channel (mimetic) sensors (further results are shown in part II and III of the thesis). The 

possibility of exploiting SAMs-modified electrodes for sensing bio-molecular interaction 

and for immobilizing macromolecules has also been demonstrated (further results are 

shown in part IV of the thesis). 
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Part-II:  Elucidation of the Electron Transfer Mechanism of Marker 

Ions at Self-Assembled Monolayers with Charged Head 

Groups  

 

Self assembled monolayers (SAMs) of 11-mercaptoundecanoic acid (MUA) and 11-amino-1-

undecanethiol (AUT) were prepared on gold electrodes. The SAMs were investigated by 

differential pulse voltammetry (DPV), cyclic voltammetry (CV) and rotating disk voltammetry 

(RDV) using [Fe(CN)6]3-, [Fe(CN)6]4- and [Ru(NH3)6]3+ as electroactive marker ions, and La3+, 

Ca2+, 1,3,7-naphthalene trisulfonate (NTS3-), N,N’-dihydroxyethyl-4,4’-bipyridinium (Vio++), 

methylene blue (MB+), 1-ferrocenylethanol and ferrocenealdehyde as ion-gate promoters, surface 

site competing ions, and/or electrocatalysts. The current densities at the SAM-modified 

electrodes correlate with three types of simple interactions, i.e., charge-equal charge, charge-

uncharged, and charge-opposite charge. More detailed investigations revealed: (i) strong counter 

ions binding of multiply charged  electroactive or non-electroactive ions to the oppositely charged 

SAM head groups; (ii) competition between equally charged ions for such surface site; (iii) 

electrocatalysis of electron transfer (ET) by surface confined electroactive marker ions to redox 

species in solution including quantitative ET rates by analysis of Koutecky-Levich plots; (iv) 

apparent charge inversion of the SAM’s head groups by surface confinement of a multiply 

charged counter ion; (v) build-up of a second layer of multiple charged electroactive ions at the 

charge-inverted SAM; (vi) competing ET through the inner and outer layer at the charge inverted 

SAM. This insight allows for a more detailed understanding of the principles of signal amplification 

in ion channel (mimetic) sensors (ICSs) consisting of charged sensing layer tailored at the 

electrode and multiple charged solution born marker ions.  
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1. Marker ion current at SAMs modified electrodes as a function of solution pH 

When a MUA modified Au-electrode is exposed to a solution of the negatively 

charged marker ion [Fe(CN)6]3- the differential pulse voltammetric response is switched 

from a relatively high to a low current, if the pH of the solution is changed from 2.5 to 9, 

i.e., upon formation of negative charges at the –COOH head groups of the SAM (filled 

stars in Figure 9, I). On the other hand, if the Au/AUT modified electrode is exposed to a 

solution containing the positively charged marker ion [Ru(NH3)6]3+ the current response 

is switched from relatively high to low current, if the pH is varied from 9 to 2.5, i.e., upon 

generation of positive charges at the –NH2 head groups of the SAM (open triangles in 

Figure 9, I). These observations are in agreement with earlier reports, claiming an 

electrostatic repulsion between charged head groups of the SAMs and the equally 

charged marker ions with the half current values in the plot reflecting the apparent pKa of 

the SAMs [10, 57, 107, 108] 
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Figure 9. (I) pH dependence of DPV currents of 1 mM solutions of [Fe(CN)6]3- 

(filled symbols) and [Ru(NH3)6]3+ (open symbols) on Au/MUA modified electrodes 

(stars), Au/AUT modified electrodes (triangles) and Au electrode (pentagons in the 

shaded region). (II) Simple model of heterogeneous ET of electroactive marker ions 

carrying a multiple negative (black squares) or positive charge (white squares) at SAM 

modified electrodes with non-electroactive neutral (grey circles), positive (white circles) 

and negative head groups (black circles). Classes a, b and c are as discussed in the text. 
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Theoretically, three classes (a, b and c) of relative charge-charge interactions 

between marker ions (M) and SAMs head groups (X) can be distinguished: a) Mn+/X+, 

Mn-/X-; b) Mn+/X0, Mn-/X0 and c) Mn+/X-, Mn-/X+. The completion of all these cases under 

otherwise constant conditions show current values clustered in three groups on the pH-

current plot (Figure 9, I). Thus from low to high current, theoretically predicted classes: 

(a) repulsive interactions, (b) neither attractive nor repulsive interactions and (c) 

attractive interactions were identified. Notably, the currents in class c are comparable to 

the diffusion controlled level at a naked electrode (shaded region in Figure 9, I). 

Moreover, the neutral redox-active species 1-ferrocenylethanol does not show a pH-

dependence on MUA/Au electrode over the entire pH (Figure 10), as is the case for the 

charged marker ions on a bare gold electrode (shaded region in Figure 9, I), except for 

[Fe(CN)6]3- which drops by ca. 20% at pH values larger than 8.  

 

 

Figure 10. pH dependence of DPV current of 1 mM ferrocenylethanol on Au/MUA 

modified electrode (open squares) and Au electrode (filled squares). 
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The simple model (Figure 9, II) illustrates the repulsion of equally charged 

marker ions from the charged surface and the concomitant break-down of ET as 

described in previous studies [4, 25, 29, 30]. Anyhow, as it will be shown in the 

following sections, the model is not adequate to successfully explain the observations 

made under experimental conditions differing from those described here. 

 

2. Marker ion binding to SAMs with charged head groups  

In order to check whether, in case c (Figure 9, I), accumulation of the marker ion at 

the charged SAMs surface occurs; experiments were done using marker ion 

concentrations over a broad concentration range. 

The CV of 2 µM [Ru(NH3)6]3+ on a MUA-modified Au electrode at pH 8 and of 

10 µM [Fe(CN)6]3- on an AUT modified Au electrode at pH 4 are shown in Figure 11, a 

and c, respectively. Notably, the combination of surface modification, pH and marker ion 

allows for attractive Mn+/X-, Mn-/X+ interactions in both cases. The linear dependence of 

the peak current (Ip) versus scan rate (v), reveals that the marker ions behave as a surface 

confined species (Figure 11, b and d). The surface concentration (Γ) of [Ru(NH3)6]3+ read 

out from Figure 11, a) is 7.4 x 10-11 for the cathodic and 2.8 x 10-11 mol cm-2 for the 

anodic wave. Moreover, if an Au/MUA electrode is soaked in 1 mM [Ru(NH3)6]3+ for 3 

min and then transferred into pure electrolyte, the [Ru(NH3)6]3+ response persists 

although at a reduced Γ = 5.0 x 10-11 and Γ = 4.5 x 10-11 mol cm-2 for the cathodic and 

anodic waves, respectively (Figure 12). 
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Figure 11.  a) CV of 2 µM and 1 mM [Ru(NH3)6]3+ on Au/MUA (solid line)  and on 

Au (broken line), respectively, at pH 8; b) Plot of peak currents vs. scan rate of 2 µM 

[Ru(NH)6]3+ on Au/MUA; c) CV of 10 µM and 1 mM [Fe(CN)6]3- on Au/AUT (solid 

line) and on Au (broken line), respectively, at pH 4; d) Plot of peak currents vs. scan rate 

of 10 µM [Fe(CN)6]3- on Au/AUT.  
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Figure 12. Electrochemical response of Au/MUA electrode in 0.1 M KCl, pH 7, 

before socking (a) and after socking in 1 mM [Ru(NH3)6]3+ for 3 min (b). 

 

The current response of the surface confined species is amplified as compared to 

the situation at non-modified electrode, i.e., the cyclic voltammetric current observed for 

[Ru(NH3)6]3+ on Au/MUA (Figure 11, a) and for [Fe(CN)6]3- on Au/AUT (Figure 11, c) 

are ca. 20 and 10 times the expected current for the same marker ions at a naked electrode 

(confirm the difference in the current scale for the CV at a modified and naked Au 

electrode). Such accumulations of electroactive ions at charged interfaces have found 

broad applications in electroanalysis and are well known for polyelectrolyte modified 

electrodes [109-113] but less for charged SAMs, e.g., for sensing chromate in the 

submicromolar concentration range [79] 

The CVs of the marker ions at modified and unmodified electrodes show a 

difference in their respective reduction potentials (Figure 11, a and c). From the potential 

shift, Eo
on - Eo

off, it is possible to calculate the preference of [Ru(NH3)6]3+ over 
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[Ru(NH3)6]2+ (KIII/KII) and of [Fe(CN)6]4- over [Fe(CN)6]3- (KII/KIII) to coordinate to the 

negatively charged Au/MUA and to the positively charged Au/AUT surfaces, 

respectively (Table 3 and Scheme 1).   

 

 

 

 

 

 

 

 

 

Scheme 1. Scheme of squares for ET induced change in surface coordination. 

 

Eo
off   -   Eo

on  =  0.059 V log (KIII/KII)              (3)   

where: KIII, KII, Eo
on and Eo

off defined as indicated in the scheme of squares. 

 
Table 3.  Coordination induced shift of reduction potentials. 

Eo/mV vs Ag/AgCl 
Marker ion Electrode pH 

Eo
on Eo

off 
KIII/KII 

[Ru(NH3)6]3+ Au 8  -145  

 Au/MUA 8 -240  50 

[Fe(CN)6]3- Au 4  220  

 Au/AUT 4 260  0.2 

 
               KIII 
Au/MUA-  +   [RuIII(NH3)6]3+      Au/MUA- - [RuIII(NH3)6]3+ 

(Au/AUT+  +  [FeIII(CN)6]3-)    (Au/AUT+-[FeIII(CN)6]3-) 
 

 

+e-        +e- 
Eo

off        Eo
on

 

            
KII 

Au/MUA-  +   [RuII(NH3)6]2+      Au/MUA- - [RuII(NH3)6]2+ 
(Au/AUT+  +  [FeII(CN)6]4-)    (Au/AUT+-[FeII(CN)6]4-) 
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The value of KIII/KII for [Ru(NH3)6]3+/2+, 50, being larger than KII/KIII of 

[Fe(CN)6]3-/4-, 5, is probably related to the charge difference in the couples. In the 

[Fe(CN)6]3-/4- couple, the charge changes from -3 to -4 or 25%, but in the [Ru(NH3)6]3+/2+ 

case from +3 to +2 or 33%. In case of the [Ru(NH3)6]3+/2+ couple, the KIII/KII ratio shows 

up also in differences of the peak currents in the CV of Figure 11, a) , i.e., loss of material 

from the surface upon reduction because the electrostatic interaction diminishes.  

Having established the surface confinement of the marker ions in the micromolar 

concentration range, it would be useful to investigate the electrochemical response when 

the concentration is increased to the millimolar range. In a plot of the cathodic peak 

current (Ipc) versus concentration of the marker ion, a non-linear dependence is observed 

with peak currents overshooting expected values in the micromolar concentration range 

(Figure 13). Concomitant with the maximum deviation of the peak current from its 

diffusion limited case, a transition of the peak to peak separation (ΔEp) from those values 

typical for surface confined electroactive species to values indistinguishable from those 

of diffusing molecules is observed [92]. In conclusion, surface confinement of highly 

charged marker ions to the charged MUA and AUT surfaces is observed, but this is 

evident only in the micromolar range. At higher concentrations, the responses at the 

modified electrodes are strongly dominated by diffusion and become indistinguishable 

from those at the naked electrode. This may be interpreted on the basis of electrocatalysis 

for ET self exchange and/or pinholes with both phenomena showing up only at low 

coverages of the surface. 
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Figure 13. (I) Cathodic peak current  (Ipc, filled squares) and peak to peak separation  

(ΔEp, open squares) from CVs of [Ru(NH3)6]3+ on Au/MUA at pH 8 as a function of 

[[Ru(NH3)6]3+] (a) and of [Fe(CN)6]3- on Au/AUT at pH 4 as a function of [[Fe(CN)6]3-] 

(b). (II) Cathodic peak current (Ipc) as a function of : [[Ru(NH3)6]3+] in the lower ranges 

from plot in I a (a´) and of [[Fe(CN)6]3-] in the lower ranges from plot in I b (b´).  
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3. Suppression and enhancement of the marker ion response at SAMs modified 

electrodes 

As described in section 1 and shown in Figure 9, an Au/MUA surface (pH > ca. 

7) and Au/AUT surface (pH < ca. 5) present suitable barriers for the ET between the 

marker ions and the electrode if the marker ion carries the same charge as the SAMs head 

groups. It was also shown that both marker ions (and other multiple charged ions as will 

be shown in forthcoming discussions) bind efficiently to opposite charged electrode 

surfaces. Moreover, it has been reported that micromolar concentration of highly charged 

non-electroactive [1, 11, 13, 25, 29, 30] and electroactive species [21] which bind to 

charged SAM surfaces can either enhance or suppress the marker ion current. This type 

of signal amplification or suppression has been called ion-gate or ion-channel sensing and 

has been used for electroanalytical applications. However, so far the role of the marker 

ion and the analyte, their molecular interactions and the accurate process of signal 

transduction have not yet been studied in detail. Thus, the studies were extended to two 

component systems that compete for adsorption sites at the electrode surface. 

 

3.1. Suppression of marker ion response on a surface with opposite charge to the      

marker ion 

The following series of experiments were again conducted in the micromolar 

range. As shown in Figure 14, the wave due to surface confined [Ru(NH3)6]3+ on the 

negatively charged Au/MU can be suppressed upon addition of LaCl3 or CaCl2. The peak 

current is strongly decreased, E0
on is shifted towards E0

off and the peak to peak separation 

moves toward diffusion-controlled values with increasing amounts of the non-
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electroactive ion added. This is obviously due to the replacement of the surface confined 

[Ru(NH3)6]3+ by La3+ or Ca2+ which exhibit affinities for the negatively charged 

Au/MUA surface similar to those of the marker ion. The efficiency is in accordance with 

the charge on the competing cations, i.e., La3+ is more efficient than Ca2+ in replacing 

[Ru(NH3)6]3+ from the surface. Similarly, the wave related to surface-confined 

[Fe(CN)6]3- on a positively charged Au/AUT surface can be suppressed in presence of 

1,3,7-naphthalene trisulfonate (NTS3-) (Figure 14, III). The competitions were quantified 

using eqs. 4 to 6. 
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Figure 14. (I) CV of 4µM [Ru(NH3)6]3+ on Au/MUA at pH 8 in the presence of: a) 0; 

b) 0.05; c) 0.1; d) 0.2; e) 0.3; f) 1.3 µM La3+. (II) CV of 4µM [Ru(NH3)6]3+ on Au/MUA 

at pH 8 in the presence of: a) 0; b) 0.05; c) 0.2; d) 28.5; e) 2900; f) 3750; g) 4800 µM 

Ca2+. (III) CV of 4µM [Fe(CN)6]3- on Au/AUT at pH 4 in the presence of: a) 0; b) 1; c) 2; 

d) 9; e) 39; f) 200 µM NTS3-.  
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M-X     +     Y        Y-X     +      M                (4)  

 

   K(comp) =  
[ ] [ ]
[ ] [ ]YXM

MXY
*

*
−

−
       (5) 

 

where: M is the marker ion (Mn+ or Mn-), X is the SAMs head group (X- or X+) 

and Y is the surface competing ion (La3+, Ca2+ or NTS3-). 

 

Assuming half of the surface confined marker ions are replaced by the surface 

competing ion, i.e., [ ]XY −  = [ ]XM −  for ip = ipmax/2,  eq. 6 follows. 

 

K(comp) =     [ ]
[ ]Y
M          (6) 

 

The calculated K(comp) values are listed in Table 4. The affinity sequence is La3+ >> 

[Ru(NH3)6]3+ > Ca2+ on the negatively charged Au/MUA surface. 

In the millimolar range of the marker ion, the CV response is dominated by 

diffusion control (Figure 15). Upon addition of the suppressor ions, the peak currents 

decrease, as described above for the micromolar range, except for the higher suppressor 

ion concentrations needed. Peak currents become smaller, peak separations become larger 

but no shift of E0 (in contrast to the micromolar case) is observed upon suppressor 

addition. Remarkably, K(comp) values calculated according to eq. 6 are lower by a factor 

 K(comp) 
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of ca. 10 in case of [Ru(NH3)6]3+ and by a factor of ~ 2 in case of [Fe(CN)6]3- in the 

millimolar case as compared to the micromolar case. 

 

Table 4.  K(comp) values from Ip max/2 in the micromolar and millimolar range. 

K(comp), if the marker 

ion is in range: Electrode  pH marker ion, suppressor  ion  
µM  mM  

Au/MUA 8 [Ru(NH3)6]3+, La3+ 40 5 

Au/MUA 8 [Ru(NH3)6]3+, Ca2+ 0.15 0.02 

Au/AUT 4 [Fe(CN)6]3-, NTS3- 2 1 

 

 

As the molar ratio of the surface confined species is solely governed by the 

concentration ratio of the competing ions in solution (according to eq. 6), these 

differences must arise from electrocatalysis of the ET between the electrode surface and 

marker ions in the bulk of solution via the surface confined marker ions and/or pinhole 

formation combined with efficient radial diffusion (Figure 16 and later discussion).  
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Figure 15. (I) CV of 1 mM [Ru(NH3)6]3+ on Au/MUA at pH 8 in the presence of: a) 

0; b) 10; c) 29; d) 65; e) 122; f) 371; g) 1600; h) 5440 µM La3+. (II) CV of 1 mM 

[Ru(NH3)6]3+ on Au/MUA at pH 8 in the presence of: a) 0; b) 0.05; c) 0.2; d) 7.6; e) 30; 

f) 58; g) 92; h) 213; i) 338 mM Ca2+. (III) CV of 1 mM [Fe(CN)6]3- on Au/AUT at pH 4 

in the presence of: a) 0; b) 10; c) 20; d) 49; e) 98; f) 194; g) 436; h) 916, i) 1900; j) 3700; 

k) 8800 µM NTS3-. 
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Principally, the observed competition can be used as an indirect electroanalytical 

method for the determination of the concentration of the suppressor ion. In the 

micromolar range the reduction of the surface confined response of the marker ion upon 

addition of the suppressor ion (the analyte) can be correlated with the concentration of the 

analyte, if the relative association constants are known. In the millimolar range the 

currents are less responsive and the situation is more complicated because 

electrocatalysis copes with dilution. 

 

 

 

Figure 16. a) and b): micromolar concentration range; a) surface confined 

electroactive ions; b) competition of electroactive and non-electroinactive equally 

charged ions; c) millimolar concentration range: surface confined electroactive ions 

functioning as sites of electrocatalysis for ET between electrode and electroactive ions in 

solution (with currents adding up); black squares: highly negative charged electroactive 

ions;  black circles:  highly negative charged non-electroactive ions.   
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3.2. Enhancement of marker ion response on a surface with the same charge as the 

marker ion 

At pH 8, no response is observed for [Fe(CN)6]3- on the negatively charged 

Au/MUA electrode. However, upon addition of a micromolar amount of La3+, the ET 

barrier opens and [Fe(CN)6]3- currents are observed which increase with La3+ 

concentration (Figure 17, I). This observation is in agreement with earlier reports 

describing the gating of the [Fe(CN)6]3- current on SAM surfaces carrying negatively 

charged domains [29, 30]. The corresponding plot of marker ion currents versus 

concentration of analyte is shown in Figure 17, II. In analogy, upon addition of NTS3- 

large [Ru(NH3)6]3+ currents are induced at an Au/AUT electrode which is completely 

closed for [Ru(NH3)6]3+ at pH 4 (Figure 17, III).  

It has been shown indirectly in the previous section, La3+ and NTS3- associate 

strongly with the negatively charged Au/MUA and the positively charged Au/AUT 

surfaces, respectively. The same coordination is supposed to take place here as evident 

from Figure 17, I and III, and this time enhancing gating of the respective marker ions. 

Interestingly, the gating effect is observed also with macromolecule such as 

polyamidoamine (PAMAM) dendrimer at the negatively charged Au/MUA surface 

(Figure 17, IV). Hence, it would be interesting to investigate the marker ion gating at 

maximum coverage of the gating species, i.e., analyte.  
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Figure 17. (I) CV of 1 mM of [Fe(CN)6]3- on Au/MUA at pH 8 in the presence of: a) 

0; b) 10; c) 90; d) 980; e) 4400 µM La3+. (II) Plot of [Fe(CN)6]4- current (at E = 380 mV) 

as a function of [La3+] from CVs in I and additional CVs not shown. (III) CV of 1 mM of 

[Ru(NH3)6]3+ on Au/AUT at pH 4 in the presence of: a) 0; b) 200; c) 6000 µM NTS3-. IV) 

CV of 1 mM of [Fe(CN)6]3- on Au/MUA at pH 8 in the presence of: a) 0; b) 2 µM 

PAMAM, the fourth generation. 
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3.2.1. Multiple charged cation and [Fe(CN)6]3- 

Several sensors based on marker ion-gating have been reported for di- and tri- 

valent cations [13, 29, 30, 35]. Hence, it is of interest to have a closer look at the 

mechanism of marker ion gating in the presence of La3+. As shown in Figure 17 II, the 

La3+ gated [Fe(CN)6]3- marker ion current at the charged Au/MUA surface reaches its 

maxima after ca. 1 mM La3+. Obviously, such amount allows maximum coverage of the 

charged surface by the multiple charged counter ions and leads to an inversion of the 

apparent surface charge of the SAMs. Thus, the marker ions are no longer repelled but 

can either (i) diffuse through the SAM and exchange electrons or (ii) coordinate to the 

analyte ions in a second ionic layer upon the SAM and shuttle electrons between the 

electrode and marker ion in the bulk. So far only the first explanation has appeared in the 

literature [1-4, 29, 30], but without further proof. We present in the following, evidence 

that case (ii), i.e., coordination of the marker ion in a second layer on the SAM, probably 

combined with ET, is of importance. 

In search for proof of the hypothesis, i.e., coordination of [Fe(CN)6]3- to La3+ 

adsorbed on negatively charged Au/MUA surfaces, the CVs of [Fe(CN)6]3- were studied 

in the micromolar range in the presence of La3+ that lead to maximum gated current (see 

Figure 17, II). From the broken line CV in Figure 18 I, a peak current of 15 µA is 

obtained for a 1000 µM [Fe(CN)6]3- at naked Au, and a theoretical peak current of 0.15 

µA is calculated for a 10 µM solution. From the solid line CV (Figure 18, I case b), it is 

found experimentally 0.3 µA for a 10 µM solution at the charge inverted Au/MUA 

modified electrode, i.e., a factor of 2 higher than theoretically expected (confirm the 

difference in the current scale for the CV at Au naked and modified electrodes). 
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Moreover, a plot of the peak current at the modified electrode as a function of the 

[Fe(CN)6]3- concentration (not shown), shows the same principal behavior as in Figure 13 

for the coordination of [Fe(CN)6]3- in the first (inner) layer. Another observation pointing 

to the surface confinement of the marker ion is based on the symmetrical shape of the 

anodic wave observed at the modified electrode. Thus, preconcentration of [Fe(CN)6]3- in 

the second (outer) layer is well established. Upon further addition of [Fe(CN)6]3-, the 

shape and height of the wave moves towards, but never reaches, that of a diffusion-

controlled process. As will be confirmed by RDE (see later discussion), the 

preconcentrated marker ions in the first layer undergo ET self-catalysis. It is therefore 

highly probable that the same happens with the marker ions preconcentrated in a second 

electrostatically bound layer. In conclusion, surface accumulation of [Fe(CN)6]3- on the 

charge-inverted second ionic layer at the MUA-modified electrode are observed. The 

surface accumulated marker ions most probably are involved in shuttling electron 

between the underlying electrode and the marker ion in the bulk as described in eqs. 7 to 

9. 

Au/MUA--La3+   +    Fe(CN)6
3-    Au/MUA--La3+-Fe(CN)6

3-             (7) 

Au/MUA--La3+-Fe(CN)6
3-   +  e-      Au/MUA--La3+-Fe(CN)6

4-           (8) 

Au/MUA--La3+-Fe(CN)6
4-   +   Fe(CN)6

3-     Au/MUA--La3+-Fe(CN)6
3-   

                                                                                               +    Fe(CN)6
4-           (9) 
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Figure 18. (I) CV of: a ) 0; b) 10; c) 20; d) 40; e) 60; f) 80; g) 100 µM [Fe(CN)6]3- on 

Au/MUA at pH 8 in the presence of 1 mM La3+; the broken line shows CV of 1 mM 

[Fe(CN)6]3- on blank Au. (II) Signal amplification in ion gate sensing using a non-

electroactive analyte: a) no current due to equally charged marker ion and SAM head 

group; b) inversion of a few SAM head group charges by selective counter ion (analyte) 

adsorption followed by adsorption of a marker ion exhibiting electrocatalytic properties.  
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Because of their importance in ion gate/ ion channel sensing, there are several 

reports on similar systems as described here, but no satisfying mechanistic explanation 

can be found [1-3]. Recently, Han and Wang [21] have shown that besides non-

electroactive ions, electroactive species can also open the ET barrier. Hence, based on the 

above scenario and assuming that systems consisting of two electroactive species might 

help in search of further proof on the general mechanistic picture, charged electroactive 

species such as N,N’-bis-(2-hydroxyethyl)-4,4’-bipyridinium, methylene blue, and non-

charged electroactive species, such as ferrocenylethanol and ferrocenealdehyde were used 

to investigate the mechanism of gating of the marker ion [Fe(CN)6]3- at the negatively 

charged Au/MUA surface. 

 

3.2.2. Viologen and [Fe(CN)6]3-  

Figure 19 shows CVs of the marker ion [Fe(CN)6]3- (1 mM ) on the negatively 

charged Au/MUA surface in the absence (Figure 19, I) and in the presence of increasing 

amounts of N,N´-bis-(2-hydroxylethyl)-4,4´-bipyridinium dibromide (Vio++Br2) as the 

electroactive analyte (Figure 19, II and III). The first addition of the Vio++Br2 (Figure 19 

II, 5 µM) leads to a large cathodic wave at -0.6 V without any anodic counterpart. 

Notably, at this concentration of Vio++, no peak would be observed at a bare gold 

electrode. From peak current vs. scan rate plot (not shown) surface confined behavior 

(eqs. 10 and 11) of the viologen (40 µM) was observed in the absence of [Fe(CN)6]3- . 

Thus, the cathodic peak at -0.6 V is related to the electrocatalytic reduction of [Fe(CN)6]3- 

to [Fe(CN)6]4- via the surface confined viologen (eqs. 10 to 12). This process is strongly 

exergonic (eq. 13). 
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Au/MUA-    +     Vio++                 Au/MUA--Vio++          (10) 

Au/MUA--Vio++     +      e-             Au/MUA--Vio+.                      (11) 

Au/MUA--Vio+.   +    Fe(CN)6
3-       Au/MUA--Vio++   +   Fe(CN)6

4-        (12) 

 

ΔG  =  -n F ΔEo       =  - 81 kJ/mol                        (13) 

ΔEo  =  Eo ([Fe(CN)6]3/4- -  Eo (Vio++/Vio+.).   

Eo [Fe(CN)6]3/4-  = 0.22 V and Eo (Vio++/Vio+.
 ) = - 0. 62 V  (from CVs on blank Au ) 

 

Surprisingly, the peak current related to this electrocatalysis disappears progressively 

when the concentration of Vio++ is increased from 5 to ca. 50 µM, and the wave due to 

the “direct” reduction of [Fe(CN)6]3- increases (Figure 19, II). When the concentration of 

Vio++ is further increased, a reversible Vio++/Vio+. couple develops (now including both 

anodic and cathodic peaks, Figure 19, III). Its cathodic peak potential is shifted ca. 50 

mV in negative direction as compared to its position during catalysis, probably related to 

the large rate of ET between Vio+. and [Fe(CN)6]3-. Analysis of the peak-to-peak 

separation and variation of peak currents with the scan rate indicate strongly that the 

Vio++ response is mainly due to surface bound species [92] even at concentrations as high 

as 90 µM (not shown).  
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Figure 19. (I) CV of 1 mM of [Fe(CN)6]3- on Au/MUA at pH 8. (II) and (III) CV of 1 

mM of [Fe(CN)6]3- on Au/MUA at pH 8 in the presence of : a) 5; b) 10; c) 19; d) 29; e) 

47; f) 90; g)180; h) 265; i) 435 µM Viol++. Signal amplification in ion gate sensing using 

an electroactive analyte: (I´) no current due to equally charged marker ion and SAM head 

group; (II´) low concentration of the positively charged redox system: coordination of a 

few electroactive ions at the SAM head group by selective counter ion exchange and ET 

catalysis from the coordinated redox center to the marker ion in solution; (III´) inversion 

of all head group charges by complete ion exchange followed by adsorption of the marker 

ion in a second layer and self-catalysis of ET. 
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Notably, in the concentration range of viologen from 50 to ca. 400 µM the “direct” 

[Fe(CN)6]3- reduction wave adopts a diffusion controlled shape. At high enough viologen 

surface concentration a new mechanism for the reduction of [Fe(CN)6]3- is opened. In 

analogy to the mechanism proposed for the gating of the same type of current with highly 

charged non-electroactive ions, such as La3+ (see the previous discussions, Figure 17 and 

18, and eq. 9), it is probable that the [Fe(CN)6]3- sits on top of the established Vio++ - 

layer (eq. 14). In this surface attached position [Fe(CN)6]3- is able to catalyze its own 

reduction, i.e., that of species in solution via ET self exchange at a much more favorable 

potential than via the surface bound viologen (eqs. 15 and 16). 

In conclusion, without any Vio++ in solution the electrode blocks the reduction of 

[Fe(CN)6]3- completely (Figure 19, I’); upon addition of a small amount of Vio++ (c = 5 to 

ca. 30 µM), Vio++ acts as an electrocatalyst (Figure 19, II’), and at higher concentrations 

of Vio++ (c = 50 to ca. 400 µM), Vio++ acts as an intermediate positively charged layer 

between the negatively charged head groups of MUA and the negatively charged 

[Fe(CN)6]3- (Figure 19, III’). The latter situation is similar to that described in the 

previous section where La3+ gates the reduction current of [Fe(CN)6]3- on the negatively 

charged Au/MUA. 

Au/MUA--Vio++  +       Fe(CN)6
3-                   Au/MUA--Vio++-Fe(CN)6

3- 

            (14) 

Au/MUA--Vio++-Fe(CN)6
3-   +   e-               Au/MUA--Vio++-Fe(CN)6

4-            

(15) 
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Au/MUA--Vio++-Fe(CN)6
4- + Fe(CN)6

3-       Au/MUA--Vio++-Fe(CN)6
3-    

         +     Fe(CN)6
4-         (16)   

 

In another experiment, the gating of [Fe(CN)6]3- ( c = 25, 50, 100 and 200 µM) 

was studied at constant concentration of Vio++ (c =  2.5 µM) on the negatively charged 

Au/MUA surface (Figure 20). 
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Figure 20. CV of: 2.5 µM Vio++ (a); 2.5 µM Vio++ and 25 µM [Fe(CN)6]3- (b); 2.5 

µM Vio++ and 50 µM [Fe(CN)6]3- (c); 2.5 µM Vio++ and 100 µM [Fe(CN)6]3- (d); 2.5 µM 

Vio++ and  200 µM [Fe(CN)6]3- (e) on Au/MUA at pH 8.  

 

As shown in Figure 20, the cathodic peak current (b to e) without any peak in the 

anodic scan direction at the reduction potential of Vio++ on Au/MUA (a) is associated to 

uni-directional ET. That is the surface bound Vio++ electrocatalytically reduces the 
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negatively charged marker ion [Fe(CN)6]3- (eq. 17 to 19 and see later discussion for the 

rate of exergonic ET constants between Vio++ and [Fe(CN)6]3-). The current increases ca. 

four fold when the concentration of [Fe(CN)6]3- is increased from 25 to 100 µM 

indicating the efficiency of the electrocatalysis.  

 

In the absence of [Fe(CN)6]3- (case a): 

Vio++       +        Au/MUA-               Au/MUA--Vio++        (17) 

Au/MUA--Vio++      +      e-                    Au/MUA--Vio+.             (18) 

 

In the presence of [Fe(CN)6]3- (case b to e): 

 

Au/MUA--Vio+.   +     [Fe(CN)6]3-          Au/MUA--Vio++    +     [Fe(CN)6]4-     (19) 

 

3.2.3. Methylene blue and [Fe(CN)6]3- 

2.5 µM methylene blue (MB+) at the negatively charged Au/MUA surface shows 

up a clear oxidation and reduction peaks with hardly peak-to-peak separation (Figure 21, 

a). The symmetrical shape of the CV and the linear variation of peak currents with the 

scan rate (not shown) is typical characteristics of surface confined electroactive species 

[92]. When the marker ion [Fe(CN)6]3- is spiked into the solution, cathodic peak without 

any anodic counterpart is observed. This cathodic peak at the reduction potential of MB+ 

is increased with an increase [Fe(CN)6]3- concentration (Figure 21, b to e), showing up 
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the electrocatalytic reduction of [Fe(CN)6]3- by the surface confined MB+ according to 

eqs. 20 to 22. 

 

In the absence of [Fe(CN)6]3- (case a): 

MB+        +        Au/MUA-                     Au/MUA--MB+               (20) 

Au/MUA--MB+    +    2e-    +    2H+            Au/MUA--LB+               (21) 

 

In the presence of [Fe(CN)6]3- (case b to e). 

 

Au/MUA--LB+   +    [Fe(CN)6]3-            Au/MUA--MB+   +   [Fe(CN)6]4-      (22) 
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Figure 21. CV of: 2.5 µM MB+ (a); 2.5 µM MB+ and 25 µM [Fe(CN)6]3- (b); 2.5 µM 

MB+ and 50 µM [Fe(CN)6]3- (c); 2.5 µM MB+ and 75 µM [Fe(CN)6]3- (d); 2.5 µM MB+ 

and 100 µM [Fe(CN)6]3- (e) on Au/MUA at pH 8.  
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In conclusion, the gating of the marker ion current involves the analyte, Vio++ or  

MB+, free in solution first binds to the negatively charged Au/MUA surface to become 

electrochemically available between the underlying electrode and solution born marker 

ions [Fe(CN)6]3-. When the potential is poised at sufficiently negative values, Vio++ and 

MB+ undergo a one and two electron reduction to Vio+.and LB+, respectively, and then 

oxidized by the solution born marker ion [Fe(CN)6]3- to regenerate Vio++ and MB+ and 

complete the catalytic cycle.  

 

3.2.4. Ferrocenylethanol and [Fe(CN)6]4-  

Figure 22, I shows CV of the marker ion [Fe(CN)6]4- on Au/MUA at pH 8 in the 

absence and presence of increasing 1-ferrocenylethanol, Fe(cp)2-EtOH, concentration. In 

the absence of Fe(cp)2-EtOH, the signal of [Fe(CN)6]4- is completely blocked due to the 

electrostatic repulsion between the negatively charged Au/MUA surface and the 

negatively charged marker ion [Fe(CN)6]4-. In the presence of Fe(cp)2-EtOH, a well-

defined CV with both anodic and cathodic peaks adapting a plateau value is observed. 

The plateau currents observed in the presence of the marker ion show the ability of 

Fe(cp)2-EtOH (Eo = 0.22 V) to catalyze ET to and from [Fe(CN)6]3-/4- (Eo = 0.22 V). The 

current also retains its plateau nature over a wide scan rate ranges indicating that the rate 

of removal of Fe(cp)2-EtOH by electrocatalysis is compensated by the rate of 

regeneration of Fe(cp)2-EtOH.  
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Figure 22. (I) CV of 1 mM [Fe(CN)6]4- on Au/MUA at pH 8 (a) and in the presence 

of: 1 µM (b) and 2 µM ferrocenylethanol (c). The broken line shows CV of 100 µM 

ferrocenylethanol on Au/MUA at pH 8. (II) CV of 1mM [Fe(CN)6]4- on Au/MUA at pH 8 

in the presence of 2 µM ferrocenylethanol at scan rate of 25 (a); 50 (b); 100 (c); 200 (d); 

400 (e) and 800 mV/s (f).  

 

The peak currents was also found to increase with [Fe(CN)6]4- concentration 

(Figure 23). As the latter behavior is not expected for the marker ion [Fe(CN)6]4- at the 

negatively charged Au/MUA SAMs surface, the increase in the peak currents indicates 

efficient depletion of Fe(cp)2-EtOH reaction layer with increasing [Fe(CN)6]4- 

concentration.  
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Figure 23. CV of 0.1 mM ferrocenylethanol on Au/MUA at pH 8 (a) and in the 

presence of: 0.1 (b); 0.5 (c) and 1 mM [Fe(CN)6]4- (d). The broken line shows CV of 1 

mM [Fe(CN)6]4- on Au/MUA at pH 8.  

 

3.2.5. Ferrocenealdehyde and [Fe(CN)6]4- 

Figure 24, I shows the CV of the marker ion [Fe(CN)6]4- on Au/MUA at pH 8 in 

absence and presence of ferrocenealdehyde, Fe(cp)2-COH, (Eo = 0.52 V). The signal of 

the marker ion [Fe(CN)6]4- on Au/MUA at pH 8 is completely blocked due to electrostatic 

repulsion between the Au/MUA surface and the negatively charged marker ion. 

However, in the presence of Fe(cp)2-COH, CVs with anodic peak but without cathodic 

counterpart is observed. Thus, the anodic peak current shows the ability of Fe(cp)2-COH 

to electrocatlytically oxidize [Fe(CN)6]4-. Unlike the Fe(cp)2-EtOH case discussed above, 

the process here is unidirectional as the analyte has a more positive reduction potential 

than that of the marker ion.  
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The current adapts a plateau nature over a wide scan rates as was the case for 

Fe(cp)2-EtOH at the negatively charged Au/MUA surface in the presence of [Fe(CN)6]4-.  

 

 

Figure 24. (I) CV of 0.1 mM [Fe(CN)6]4- on Au/MUA at pH 8 (a) and in the presence 

of 9.8 µM ferrocenealdehyde (b). The broken line shows CV of 70 µM 

ferrocenealdehyde on Au/MUA at pH 8. (II) CV of 0.1 mM [Fe(CN)6]4- on Au/MUA at 

pH 8 in the presence of 5 µM ferrocenealdehyde at scan rate of: 25 (a); 100 (b); 300 (c); 

600 (d); 1000 (e); 1600 (f); and 2000 mV/s (g).  
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The increase in current (Figure 25), with an increase in the concentration of 

[Fe(CN)6]4- at the negatively charged Au/MUA surface indicates efficient depletion of 

the ferrocenealdehyde reaction layer.  

 

 

Figure 25. CV of 2 µM ferrocenealdehyde on Au/MUA at pH 8 in the presence of: 

0.1 (a); 0.2 (b); 0.3 (c) and 0.4 mM [Fe(CN)6]4- (d). The broken line shows CV of 1 mM 

[Fe(CN)6]4- on Au/MUA at pH 8.  

 

In conclusion, the gated marker ion [Fe(CN)6]4- current by the neutral analyte, 

ferrocenylethanol and ferrocenealdehyde, occurs probably in a reaction layer above the 

Au/MUA surface. The neutral ferrocenes undergo ET at the MUA-modified electrodes, 

independent of the charge of the head group (confirm Figure 5), and the MUA surface 

acts only as an electrostatic barrier for direct ET from and to [Fe(CN)6]3-/4-. Typical, and 

in contrast to the highly charged electroactive analyte, with the ferrocenes not opening up 

the barrier for “direct” ET via [Fe(CN)6]3-/4-, ET self catalysis is observed. This 
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demonstrates the uniqueness of charge inversion related to the presence of multiple 

charge analyte, e.g. Vio++, for the “direct” ET self catalysis via [Fe(CN)6]3-/4- at the 

negatively charged Au/MUA surface.  

 

4. Kinetics of marker ion gating at SAMs with charged head groups  

 From the results that have been discussed in the previous sections, it is known that 

there is surface confinement of marker ions when the charge on the marker ions is 

opposite to the SAMs head groups. In their surface confined state, the marker ions are 

involved in shuttling the electrons between the underlying electrode and marker ion in 

bulk giving rise to self ET catalysis. In a case when the marker ion has the same charge 

as the SAMs head group, binding of the analyte having opposite charge to the SAMs 

head groups (inner layer) leads to apparent charge inversion of the SAMs surface and  the 

surface confinement of the marker ions then occurs at the charged inverted SAMs surface 

(second layer). The electroactive analyte in the inner layer shuttles the electrons between 

the underlying electrode and the marker ion giving rise to exergonic ET catalysis.   

In the first case, if there are equally charged non-electroactive ions present in 

solution, a competition between the two types of species for the surface site is observed. 

This phenomenon offers a way for measuring the ET rates. The principle is based on 

diluting the marker ion on the surface by the addition of the non-electroactive species so 

that the current exchanged at the interface by ET self exchange drops below the 

diffusion- controlled value [77, 78, 92]. In the latter case, the current exchanged at the 

interface by exergonic ET catalysis depends on the number of active cite available at the 

interface. Hence, at a decreased active cites concentration, the current exchanged at the 
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interface by the exergonic ET catalysis drops below the diffusion-controlled value as was 

the case for the current exchanged at the interface by ET self exchange. This allows then 

to extract the ET exchange rates. Hence, for this purpose, rotating disk voltammetry 

studies were performed. 

 

4.1. [Fe(CN)6]3-/4- and  [Ru(NH3)6]3+/2+  

Figure 26 shows the RDE voltammetry of [Fe(CN)6]3- on the positively charged  

Au/AUT surface in the absence and presence of the competing ion NTS3-. Figure 27 

shows the RDE voltammetry of [Ru(NH3)6]+3 on the negatively charged Au/MUA 

surface in the absence and presence of the competing ion La3+. In both experiments, the 

currents are analyzed using the corresponding Levich- (plateau current versus (rotation 

rate)1/2) and Koutecky-Levich-plots ((plateau current)-1 versus (rotation rate)-1/2). In all 

cases when dilution become important, the observed non linearity in the Levich plot 

indicates that the reaction is limited by kinetics and not by mass transport [77, 78, 92]. 

This observation is in agreement with the CV investigations discussed in the previous 

sections (see Figure 14, 15 and 16). There, the hypothesis that the surface confined 

marker ion shuttles electrons between the underlying electrode and the marker ion in the 

bulk was formulated. Accordingly, the current deviates from the expected diffusion 

controlled when the marker ion concentration on the surface is diluted and ET cannot 

cope with the incoming flux. Hence, under such conditions the intercept of the Koutecky-

Levich plot, which is described by eq. 23, can be used to estimate ET exchange rates.   
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Figure 26. (I) RDE voltammetry of 29 µM [Fe(CN)6]3- on an Au/AUT modified 

electrode at pH 4 in the absence of suppressor at: (a) 500; (b) 1500; (c) 3000 rpm, and in 

presence of 0.5 mM Na3NTS (a´ to c´).  (II) Levich and (II) Koutecky-Levich plots of 

data from (I) and additional data not shown (filled square: without suppressor, open 

triangle: in presence of 0.5 mM Na3NTS, open square: blank electrode without SAM).  
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Figure 27. (I) RDE voltammetry of 10 µM [Ru(NH3)6]3+ on an AU/MUA modified 

electrode at pH 8 in the absence of suppressor at: (a) 500;  (b) 1500; (c) and 2500 rpm, 

and in presence of 2 µM LaCl3 (a´ to c´). (II) Levich and (III) Koutecky-Levich plots of 

data from (I) and additional data not shown (filled triangle: without suppressor, open 

triangle: in presence of 2 µM LaCl3). 
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1/ILim  =  1/IL  + 1/Ik                     (23) 

 

where IL = 0.62nFAD2/3υ-1/6[M]ω1/2  and Ik = nFAkΓM[M], with [M] and 

ΓM , the bulk and surface concentration of the marker ion, respectively, ΓM 

was obtained from CV under the same conditions; k is the ET rate 

constant between the surface confined marker ions and the marker ions in 

solution, ω is the angular frequency in rad/s, υ is the kinematic viscosity. 

 

From independent CV studies (not shown) under the condition used in RDE 

voltammetry, we found ΓM = 7.2 x 10-10 in the absence, and 4.0 x 10-10 mol cm-2 in the 

presence of the suppressor for [Fe(CN)6]3- on Au/AUT at pH 4 and ΓM = 2.2  x  0-10 in the 

absence, and 2.7 x 10-11 mol cm-2 in the presence of the suppressor for [Ru(NH)6]3+ on 

Au/MUA at pH 8.  

Hence, using ΓM = 4.0  x 10-10 mol cm-2 and 2.7 x 10-11 mol cm-2 and the intercept 

of the corresponding Koutecky-Levich plot, self exchange rate constants k11 of 3.5 x 104 

M-1s-1 and  8.2 x 105 M-1s-1 were obtained for [Fe(CN)6]3- on Au/AUT and [Ru(NH3)6]3+ 

on Au/MUA, respectively. These values are faster by a factor of ca. 10 as compared to 

values obtained in solution, i.e., 7.4 x 102 M-1s-1 and 8.2 x 102 M-1s-1 for [Fe(CN)6]3- and 

[Ru(NH3)6]3+, respectively [114]. Possibly the activation barrier related to the approach 

of the two negatively charged electroactive species is reduced as the surface confined 

partner is coordinated to a matrix of positively charged SAM head groups, an argument 

that has been used to explain similar ET rate enhancements at polyelectrolyte modified 

electrodes and in solution [115, 116].  
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4.2. Viologen and [Fe(CN)6]3-  

In the previous section, it was shown that gating of the marker ion [Fe(CN)6]3- 

current at the negatively charged Au/MUA surface is based on the exergonic ET catalysis 

via the surface confined Vio++; and when the Vio++ concentration is sufficiently 

increased, the marker ion is gated at more positive potential to the extent comparable to 

diffusion-controlled value (see Figure 19). Keeping these observations in mind, rotating 

disk voltammetry studies were performed to extract the rate of exergonic ET catalysis. 

Figure 28 shows the RDE voltammetry of 0.3 mM [Fe(CN)6]3- on the negatively 

charged Au/MUA surface in the presence of different concentration of Vio++ (case b to 

e). In the absence of Vio++, no reduction of [Fe(CN)6]3- is observed due to the ET barrier 

between the negatively charged Au/MUA surface and the negatively charged marker ion 

(confirm Figure 9 and 19). The first addition of Vio++ (0.5 µM, case b), leads to a well 

defined plateau current. Notably, this current is larger than that of 10 µM Vio++ current 

on a blank Au in the absence of [Fe(CN)6]3- and its reduction potential is close to that of 

Vio++ on a blank Au (-0.6 V vs. Ag|AgCl, case a). Hence, the large plateau current at 

Vio++ reduction potential indicates efficient electrocatalytic reduction of the marker ion 

[Fe(CN)6]3- by Vio++ at the negatively charged SAMs surface. With increased Vio++ 

concentration (case c to e), a pre-plateau wave starts to develop in to well defined plateau 

current at reduction potential close to that of [Fe(CN)6]3- on blank Au (0.2 V vs. 

Ag|AgCl, case f), in addition to the plateau current at the reduction potential of Vio++.  

In agreement to the conclusions drawn previously based on CV analysis (section 

3.2.2); the RDE voltammograms revealed: (i) without any Vio++ in solution the electrode 

blocks the reduction of [Fe(CN)6]3- completely; (ii) upon addition of a small amount of 
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Vio++, the Vio++ acts as an electrocatalyst and the marker ion current is gated at the 

reduction potential close to that of Vio++; (iii) at higher concentration of Vio++, the Vio++ 

acts as an intermediate positively charged layer between the negatively charged head 

groups of MUA and the marker ion [Fe(CN)6]3-; and the marker ion is gated at more 

positive potential. Notably, the sum of the gated marker ion current (i.e., the plateau 

current) at the two potentials remains less than the diffusion-controlled current of the 

marker ion on the blank electrode.   

The RDE voltammograms (Figure 28, b), which mainly show up the gated marker 

ion current at the reduction potential of Vio++, are further analyzed by using Levich- 

(plateau current versus (rotation rate)1/2) and Koutecky-Levich-plots ((plateau current)-1 

versus (rotation rate)-1/2) to obtain the rate of exergonic ET exchange (see eq. 23).  

Hence, using ΓM = 1.0 x 10-11 mol cm-2 for Vio++ on Au/MUA (obtained from 

independent CV studies not shown) and the intercept of the Koutecky-Levich plot, an 

exergonic ET constants between the surface confined Vio++ and the marker ion 

[Fe(CN)6]3-, k12, of 8.2 x 105 M-1s-1 were obtained. 
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Figure 28. (I) Linear sweep RDE voltammetry of: 10 µM Vio++ on blank Au (a); and 

0.3 mM [Fe(CN)6]3- on Au/MUA at pH 8 in the presence of 0.5 (b); 1 (c); 4 (d); and 8 

µM Vio++ (e); and 0.3 mM [Fe(CN)6]3- on blank Au (f). Rotation rates = 500, 1500, 2500 

rpm; v = 5 mV/s. (II) Levich and (III) Koutecky-Levich plots of data from (I, b and f) and 

additional data not shown. The response for a diffusion controlled process is shown in 

solid line (case f).  
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4.3. Methylene blue and [Fe(CN)6]3-  

Figure 29 shows the RDE voltammetry of 0.3 mM [Fe(CN)6]3- at the negatively 

charged Au/MUA surface in the presence of increasing MB+ concentration. In each case, 

the current begins with flat base line, and then rises sharply at reduction potential of MB+ 

before diminishing to a plateau value. Typically, and in contrast to highly charged 

electroactive analyte, the absence of shift in the reduction potential and absence of pre-

plateau wave with increased MB+ concentration demonstrate the uniqueness of charge 

inversion related to the doubly charged Vio++.  

The Levich-(plateau current versus (rotation rate)1/2) plot from the series of RDE 

voltammograms (Figure 29, a and b) recorded under different conditions reveals that, the 

electrocatalysis at the interface can not cope up with the incoming marker ion [Fe(CN)6]3- 

flux at higher rotation rates in particularly for lower MB+ concentration (Figure 29, II) 

[77, 78, 92]. Thus, under such condition the intercept of the corresponding Koutecky-

Levich plot (Figure 29, III) can be used to estimate the rate of the exergonic ET exchange 

between the surface confined MB+ and solution born marker ion (see eq. 23).  

Hence, using ΓM = 2.7 x 10-11 mol cm-2 for MB+ on Au/MUA (obtained from 

independent CV studies not shown) and the intercept from the Koutecky-Levich plot, the 

exergonic ET constants k12 of 4.6 x 105 M-1s-1 were obtained 
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Figure 29. (I) Linear sweep RDE voltammetry of: 0.3 mM [Fe(CN)6]3- on Au/MUA 

at pH 8 in the presence of: 0.5 (a); and 1.5 µM MB+ (b); and 0.3 mM [Fe(CN)6]3- on 

blank Au (c). Rotation rates = 500, 1500, 2500 rpm; v = 5 mV/s. (II) Levich plot of data 

from (I, a to c) and additional data not shown. (III) Koutecky-Levich plot of data from 

(II, a and c ). The response for the diffusion controlled process is shown in solid line 

(case c).  
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5. Conclusions 

In this contribution, a consistent mechanistic picture for the ET of highly charged 

electroactive marker ions at SAMs with charged head groups surface were developed in 

addition to the basic earlier findings: 

(i) The rate of ET between highly charged marker ions and electrode with SAMs, 

having equal charged head groups, is strongly reduced. 

(ii) Highly charged marker ions show slightly reduced peak current at SAMs with 

neutral head groups, but show almost diffusion-controlled rates on SAMs 

modified electrodes with oppositely charged head groups. 

The main aspects of the contribution are new insights into the mode of signal 

amplification in the so called ion channel (mimetic) sensors as all summarized bellow: 

(iii) Highly charged electroactive marker ions coordinate to the oppositely charged 

head groups of SAMs on electrodes, as do highly charged non-electroactive ions.  

(iv) A competition between electroactive and non-electroactive ions for the available 

surface sites on an oppositely charged SAM is observed, allowing the 

measurement of relative K-values from the peak current or coulometry ratio of the 

surface confined electroactive marker ion at low concentration (no contribution 

from ET catalysis). 

(v)  Electroactive marker ions bound to the oppositely charged SAM can act as sites 

for ET catalysis between the electrode and marker ions in solution (observed 

easily when the marker ion on the surface is diluted by equally charged non-

electroactive analyte ions). ET self exchange rates are available from RDE 
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voltammetry at SAM modified electrodes with diluted electrocatalyst from 

Koutecky-Levich analysis.  

(vi) The so-called charge inverted SAMs result from the association of highly charged 

counter ions to SAMs with charged head groups. These charge-inverted SAMs 

behave as normal SAMs but with head groups of opposite charge towards 

additionally present electroactive marker ions. Marker ions can bind in a second 

ionic layer onto a charge inverted SAM. In this position, the marker ions again 

become sites of electrocatalysis. The amplification phenomenon in ion channel 

(mimetic) sensors (ICSs) or ion gate sensors (often described in the literature and 

based on highly charged marker ions and analyte ions) relies therefore on the ion 

exchange efficiency and on electrocatalysis.  

(vii) When analyte and marker ion are both electroactive and oppositely highly 

charged, a more complicated situation arises. Depending on their solution 

concentration and on the surface charge of the SAM, a first and then a second 

ionic layer develops (see also vi) and ET between the electrode and the solution 

species shuttled by the inner and/or outer layer is observed. 
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Part-III:  “Ion Channel Sensing” and Mechanism of Marker Ion 

Charge Propagation through Protein Modified Electrodes 

  

The mechanism of charge propagation in “ion channel sensors” (ICSs) consisting of gold 

electrodes modified with a layer of protein and highly charged redox-active marker ions in solution 

was investigated by differential pulse voltammetry (DPV), cyclic voltammetry (CV) and atomic 

force microscopy (AFM).The study is based on thyroglobulin modified electrodes in combination 

with seven electroactive marker ions ([Fe(CN)6]3-, [Fe(CN)6]4-, [Ru(NH3)6]3+, mono-, di-, and 

trimeric viologens), as well as non-electroactive long chain n-dodecane thiol, and electroactive 

N-(2-mercaptoethyl) ferrocene carboxamide and 1-ferrocenylethanol leading to a confirmation 

that the charge propagation observed in ICSs consisting of protein modified electrode and marker 

ions is consistence with the ET mechanism of marker ions observed at SAMs with charged head 

groups. Besides the general validity of the mechanism of charge propagation, the findings 

included in this section represent valuable information for the design, optimization and tailoring of 

new biosensors based on the ICS concept. 
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1. AFM image of protein layer on gold surface  

AFM images of thyroglobulin modified gold surfaces indicate a densely covered 

gold surface (>90%) mostly in form of a monolayer. Scanning in contact mode in air with 

high forces on the protein layer removed the adsorbate from the surface without 

destroying the underlying gold surface. The height profile through the scratched groove 

shows a vertical distance of ca. 11 nm in good agreement with the calculated molecular 

diameter of 12 nm of thyroglobulin, indicating monolayer coverage (Figure 30). Beside 

closely packed, molecularly resolved proteins, regions of adsorbed unresolved protein 

clusters are observed in liquid tapping mode. The smallest center-to-center distances of 

the repetitive globular units is 10 – 14 nm, again in agreement with the model for the 

protein size, and with an early electron microscopy study [117].  

 

 

 

Figure 30.   AFM images of thyroglobulin-modified gold surfaces (Tg-Au); (I) 750 x 750 

nm (z-scale: 8 nm) in liquid tapping mode; (II) height profile over 3000 nm after 

scratching in contact mode and the corresponding AFM image (inset). 
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2. pH-controlled gating of the marker ion current 

When the thyroglobulin-modified electrode is exposed to a solution of the 

negatively charged marker ion [Fe(CN)6]4-, the differential pulse voltammetric response 

depends crucially on the pH of the solution. If the pH is reduced from 10 to 3, i.e., upon 

changing the surface charge of the thyroglobulin layer from mainly negatively charged to 

positively charged domains, the current rises from residual values to diffusion controlled 

values (filled stars in Figure 31, I). On the other hand, if the protein modified electrode is 

exposed to a solution containing the positively charged marker ion [Ru(NH3)6]3+, the 

current response is switched from low to high values, if the pH is varied from 3 to 10 as 

the surface charge changes from positive to negative (open triangles in Figure 31, I). The 

redox-active species ferrocenylethanol does not show a pH-dependence over the entire 

pH (filled pentagons in Figure 31, I), as is the case for the charged marker ions on a bare 

gold electrode (shaded region in Figure 31, I), except for [Fe(CN)6]4- which drops by less 

than 20% at pH values larger than 8. These observations are in agreement with reports on 

gold electrodes modified with alkane thiols with a pH controllable charge at the 

headgroup (confirm Figure 9 and 10) [10, 57, 83, 107, 108]. For protein-modified 

electrodes, the pH-dependent gating of redox currents has been observed (or has been 

tacitly assumed to be present), but no detailed study is available [32, 62].  

 

 

 

 

 



Results and Discussions Part-III                                                               73 

 

 

 

 

Figure 31*.   (I) pH dependence of DPV currents of 1 mM [Fe(CN)6]4- (filled stars), 

[Ru(NH3)6]3+ (open triangles) and ferrocenylethanol (filled pentagons) at Tg-Au and at 

bare Au electrodes (shaded region). (II) Simple model for the heterogeneous ET of highly 

negatively (black squares) or positively (white squares) charged electroactive marker ions 

at Tg-Au with positively and negatively charged domains. 

 

                                                 
* “Protein-modifizierte Elektroden: Immobilisierung und Elektronentransfer”, P. Schön, Dissertation, 
University of Osnabrück, 2003.  
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The common model [1, 2, 4] for the pH-induced gating of charged marker ions at 

protein-modified electrodes is shown in Figure 31, II. It is based purely on the repulsion 

of marker ions from equally charged protein domains and the concomitant break-down of 

the heterogeneous ET. The fact that the neutral ferrocene passes through the layer, 

whereas the marker ions with the same charge sign as the protein are repelled, points to 

charge carrying protein side chains with ion exchange properties which extend into the 

pores.  

From the model one may expect a correlation of the titration curves shown in 

Figure 31, I and the isoelectrical point (pI) of the protein. Hence, at a pH > pI, with the 

protein exhibiting a negative net charge, one would expect the negatively charged marker 

ion to be repelled and the positively charged one to pass, and vice versa for pH < pI. To 

quantify the effectiveness of suppression of the current, values such as Ip/2 and /2Ip
pH , 

i.e., half the maximum current on the titration curve and the corresponding pH (see 

Figure 31, I) have been introduced on the titration curves. The Ip/2 and /2Ip
pH  - values for 

[Fe(CN)6]4- and [Ru(NH3)6]3+ are 4.6 and 3.4, respectively, and compare well with the pI-

value of 4.5 of thyroglobulin measured in solution [118, 119]. However, this correlation 

does not apply in general [60]. The Ip/2 and /2Ip
pH  - values extracted from the “titration 

curves” of different proteins absorbed on gold electrodes using the marker ions 

[Fe(CN)6]4-and [Ru(NH3)6]3+, do not always bracket the pI-value measured in solution. A 

gap up to 3 pH-units were observed between the /2Ip
pH - values for the anionic and the 

cationic marker ions, and some of the reported pI values are located outside this pH-range 

[96]. These are presumably due to the fact that: first, /2Ip
pH  values are related to the 
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amount of excess charge that is necessary to repel the marker ion so that the current drops 

to one-half of its original value, whereas the pI value is defined as the pH at which the 

sum of negative and positive charge on the protein is zero, and secondly, the gating 

efficiencies, i.e., /2Ip
pH  values, may be dependent on the position of the responsible 

domains on the adsorbed protein, whereas no topological restrictions are expected for the 

pI value. Moreover, the isoelectric point of an adsorbed protein may differ substantially 

from the one measured in solution as the case for the pKa value surface adsorbed thiols 

which are substantially different from the one expected in solution [10, 57, 107, 108]. 

The simple model shown in Figure 31, II were reported to be inadequate to 

explain the charge transfer of marker ions through protein layers, particularly when the 

marker ion and the protein layer possess opposite charges as is the case for the charged 

marker ions at SAMs with charged head groups (confirm part II of the thesis). Hence, in 

addition to the previous finding for protein modified electrodes [96] the following series 

of experiments were done in search of the general validity of mechanistic picture 

discussed in the previous chapters.  

 

3. Influence of the charge of the marker ion on the gated current 

Having established the role of the charge of the protein, the role of the charge on 

the marker ion in solution is addressed. For this purpose, three types of marker ions were 

used: (i) the well-known transition metal redox marker ions [Ru(NH3)6]3+/2+ and 

[Fe(CN)6]4-/3-, (ii) the commercially available, di- and monosulfonated anthraquinoues 

2,6-AQDS2- and 2-AQS-1, respectively; and (iii) three cationic viologens [Vio-I]2+/1+, 

[Vio-II]4+/3+ and [Vio-III]6+/3+ chosen among viologens and a series of viologen unit 
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containing dendrimers synthesized in our research groups (Figure 32) [83, 120]. During 

the electrochemical measurement the charge of the redox marker is generally changing, 

and this influences the electrostatic interaction energy between the protein and the marker 

ion. It is therefore appropriate to use the average charge, reflecting both redox states of 

the marker ion. Notably, the anthraquinones both show two couples with a pH-dependent 

interconversion [51, 52, 121]. Thus, the sum of the two peaks were considered and 

assigned an overall charge of -2 and -1 for 2,6-AQDS2- and 2-AQS-1, respectively. The 

[Vio-II]4+/3+ has two basic amine groups, both of them protonated in the pH-region of 

interest [96, 120] and [Vio-III]6+/3+ is a trimeric-viologen undergoing a 3-electron 

reduction step. Considering the change of charge involved in the redox processes and 

taking into account the possible protonation steps, the following series of relative charges 

on the redox marker ions results: [Fe(CN)6]3.5-  < [2,6-AQDS]2- < [2-AQS]-1 < [Vio-I]1.5+ 

< [Ru(NH3)6]2.5+ < [Vio-II]3.5+ < [Vio-III]4.5+. 
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Figure 32. pH-gated DPV currents of marker ions (1 mM) with different charge at 

Tg-Au; (I) negative marker ions: a) [Fe(CN)6]3-/4- (broken line), b) 2,6-AQDS-2 (solid 

line), c) 2-AQS-1 (solid line); (II) positive marker ions d) [Vio-I]++/+ (open squares), e) 

[Ru(NH3)6]3+/2+ (open triangles), f) [Vio-II]4+/3+ (filled squares), g) [Vio-III]6+/3+ (open 

circles). 
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In Figure 32, I and II, the normalized titration curves are plotted. In the series 

[Vio-I]1.5+ < [Vio-II]3.5+ < [Vio-III]4.5+ with structurally closely related species, the 

influence of the charge on the marker ion becomes evident. The higher the charge on the 

marker ion, the earlier the suppression is observed when the pH is lowered and positively 

charged domains are generated on the protein. The same is true for the two 

anthraquinoues, [2,6-AQDS]2- < [2-AQS]-1; the higher the negative charge on the marker, 

the earlier the suppression is observed when the pH is increased and negatively charged 

domains are created on the protein. The structurally different [Ru(NH3)6]2.5+ is blocked 

better than expected from its charge, indicating that structural reasons are of importance 

in addition to the charge. With the second and third generation of dendrimers based on 

Vio-III [122] , a preliminary work shows irreversible binding to the protein. 

 

4. pH-induced reversal of the sensing layer sequence 

 It is established that the charge-charge interaction between the sensing layer at 

electrode and multiple charge solution born marker ion is the bases of ICSs. Thus, 

knowing how to control the charges at the protein layer will help as one factor in 

optimization of ICSs based on biomolecules.  

The charge at the protein layer can be controlled by changing solution pH (see 

Figure 31), multiple charged analyte binding to the protein layer so that the apparent 

charge will be inverted as is the case for the SAM with charged head groups (see Figure 

17 to 19) and covalently binding of organic polyion at protein.  

The later case was demonstrated using cytochrome c (cyt c) labeled with the 

dimeric viologen dendron Vio-IV to yield cyct-c-(Vio-IV)n with n = 2 - 3. The labeled 
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protein exhibits 8 - 12 additional cationic charges independent of the pH of the solution. 

It adsorbed on gold as does the unlabelled cyt c [80, 120]. The viologen labels show up 

on such electrodes as a wave that is typical for a surface-confined species with a 

coulometry of Γ = 3.7 x 10-11 mol cm-2 (Figure 33, I). In a titration experiment, using 

[Fe(CN)6]4- as marker ion, the DPV current on the iron redox potential is independent of 

pH, indicating that the 8 - 12 persistent charges of the surface-bound viologens dictate the 

total surface charge of cyt c (Figure 33, II). In contrast to electrodes with native cyt c, the 

[Fe(CN)6]4- can bind at all pH values to the surface of the labeled cytochrome and 

shuttles the electrons at constant rate.  
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Figure 33*.   (I) CV of Au electrodes modified with cyt c (broken line) and cyt c – Vio-

IV– conjugate (solid line) exhibiting Γ = 3.7 x 10-11 mol cm-2. Inset: viologen label for 

cyt c; (II) DPV pH titration of 1 mM [Fe(CN)6]4- at a cyt c-modified Au electrode (open 

squares) and at a cyt c – Vio-IV– conjugate modified electrode (filled squares). 

 

                                                 
* “Synthese von Dendritischen Redoxyverbindungen und Deren Einsatz in der Bioanalytik”, W. Meyer, 
Dissertation, University of Osnabrück, 2005. 
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Knowing the fact that multiple charged species in solution binds to oppositely 

charged protein layer and inversion of apparent charge, the well established case for 

SAMs with charged head groups, the gating of mixture of [Vio-III]6+ and [Fe(CN)6]4- 

(marker ion mix ) were studied at thyroglobulin modified electrode.  

Interestingly, the DPV current on the iron redox potential as well as the DPV 

current on the viologen redox potential were found to be independent of pH (Figure 34). 

Notably, the concentration was reduced to 0.2 mM in order to prevent precipitation of the 

marker ions. 

 

 

 

Figure 34. (I) pH dependence of DPV currents of 0.2 mM [Vio-III]6+/3+ (open 

triangle) and 0.2 mM [Fe(CN)6]4- (filled stars) at a thyroglobulin modified electrode as 

evaluated on the [Vio-III]6+/3+ and  [Fe(CN)6]4-/3- waves. (II) Model showing the pH-

induced reversal of the layer sequence. 
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When used solely, each of the marker ions yields “normal” titration curves (see 

Figure 32). The explanation for the sudden independence from pH is as follows: at high 

pH with negatively charged domains present, an inner layer of Vio-III followed by an 

outer layer of [Fe(CN)6]4- build up (eq 24). ET to Vio-III in solution and from 

[Fe(CN)6]4- in solution occurs by ET self-exchange along the corresponding inner and 

outer layers (eqs. 25 and 26). When the pH is lowered, the negatively charged domains 

disappear, and positively charged domains develop on the surface of the protein. The 

viologen layer breaks up, and the [Fe(CN)6]4- layer, that is sitting on top, disintegrates 

likewise. Simultaneously, a primary [Fe(CN)6]4- layer develops on the positively charged 

protein domains and a viologen layer builds up on top of it (eq 27). Both components of 

the double layer again catalyze ET independently to or from the corresponding solution 

redox species (eqs. 28 and 29). Thus, an inversion of the sequence of the marker ions in a 

double ionic layer, induced by the charge of the underlying protein domain, is postulated.  

 

high pH :  

 

Au/P-   +   Vio++   +   Fe(CN)6
4-    ⎯⎯→←⎯⎯     Au/P--Vio++-Fe(CN)6

4-             (24) 

 

Au/P--Vio+-Fe(CN)6
4-   +   Vio++   +   Fe(CN)6

4-    ⎯⎯→←⎯⎯     Au/P--Vio++-Fe(CN)6
4-   +    

Vio+   +   Fe(CN)6
4-           (25) 

 

Au/P--Vio++-Fe(CN)6
3-   +   Vio++   +   Fe(CN)6

4-    ⎯⎯→←⎯⎯     Au/P--Vio++-Fe(CN)6
4-   +  

Vio++   +   Fe(CN)6
3-         (26) 
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low pH : 

  

Au/P+   +   Vio++   +   Fe(CN)6
4-     ⎯⎯→←⎯⎯      Au/P+- Fe(CN)6

4--Vio++                  (27) 

 

Au/P+-Fe(CN)6
4--Vio+   +   Vio++   +   Fe(CN)6

4-    ⎯⎯→←⎯⎯     Au/P+-Fe(CN)6
4--Vio++   +  

   Vio+   +   Fe(CN)6
4-      (28) 

 

Au/P+-Fe(CN)6
3--Vio++   +   Vio++   +   Fe(CN)6

4-     ⎯⎯→←⎯⎯     Au/P+-Fe(CN)6
4--Vio++   +    

  Vio++   +   Fe(CN)6
3-    (29) 

 

 

5. Testing the role of the void between adsorbed proteins 

Under “pH-opened” condition, there is a large current flow through the protein 

layer. This must happen via ET self-exchange between surface-confined marker ions, 

otherwise it would not be possible to suppress such currents with equally charged 

nonelectroactive ions [96, 120]. As the marker ions can generally not penetrate the 

protein, the electron-hopping conduction paths along the surface must extend into the 

pores between adjacent proteins. Thus, the pores, with their inner walls covered with the 

marker ions, act as “funnels” which guide the current collected on top of the protein to 

the gold electrode. “Current collection” occurs by ET between diffusing and surface-

confined marker ions on top of the protein. The electron can then hop along the domain 

by self exchange. Ultimately, it will follow a marker ion-covered finger of the domain 

that extends deep into the interstitial space. Alternatively, “current collection” could 
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occur by radial diffusion [123] from the semispherical space above a pore toward the 

redox-conductive pore with a mechanistic change (diffusion/ET self exchange) at the 

pore entrance. Hence, the importance of the electrode area which is accessible between 

the adsorbed proteins was studied.  

From a model of hexagonal tightly packed disks one expects 9% “free” projected 

space (Figure 35), but from AFM measurements (see Figure 30) the open space related to 

pores is guessed to be smaller.  

 

 

 

Figure 35.   Model for hexagonal packed protein layer with interstitial void between the 

adsorbed   proteins.   

 

For the broken section (shown in Figure 35):  

The sum of the area covered by the protein layer (gray) and interstitial void (white)  

= 2r2 (3)1/2           (30)  

The area covered by the protein layer = πr2.           (31) 

The interstitial void area = 2r2 (3)1/2 - πr2.             (32) 

Therefore, the percentage of the interstitial void = 9.3 %. 



Results and Discussions Part-III                                                               85 

 

To investigate the role of the interstitial void between the adsorbed proteins in 

marker ion sensing, two gold anchoring compounds, i.e., the nonelectroactive long-chain 

n-dodecane thiol and the electroactive N-(2-mercaptoethyl) ferrocene carboxamide (TF) 

were used. When the thyroglobulin-coated electrode is further modified with the 

ferrocene carboxamide, a surface-confined response is observed in pure electrolyte, 

exhibiting a surface concentration (Γ) of 1.4 x 10-11 mol cm-2. This corresponds to a 15% 

coverage of the total surface (TF shows surface concentration (Γ) of = 9.0 x 10-11 

mol cm-2  when adsorbed to the same gold electrode but without the protein layer) (Figure 

36, II). Notably, this ratio is closer to percentage of protein uncovered gold surface 

appearing as interstitial void between adsorbed proteins (see Figure 35). The 

thyroglobulin-modified (Tg-Au) electrode with ferrocene carboxamide treatment exhibits 

electrocatalytic oxidation of [Fe(CN)6]4- under pH-closed conditions (Figure 36, II b´). 

The catalytic current is ca. 50% of the current for the same electrode under pH-opened 

conditions (Figure 36, III b´´). Using a Tg-Au electrode with n-dodecane thiol treatment, 

no marker ion [Fe(CN)6]4- current is observed under pH-closed condition; and at pH-

opened conditions, the marker ion current observed is 10% of the expected current 

(Figure 37). 
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Figure 36. (I) AFM of Tg-Au after TF treatment. (II) CV of: (a) TF modified Au 

electrode showing ΓTF   =  9.0 x 10-11 mol cm-2; (b) Tg-Au  after  TF treatment showing 

ΓTF = 1.4 x 10-11 mol cm-2; and (c) Tg-Au in 0.1 M NaClO4. (III) CV of 1 mM 

[Fe(CN)6]4- in 0.1 M NaClO4 at the Tg-Au at pH 8.5 (c´); Tg-Au after TF treatment at 

pH 8.5 (b´), pH 3 (b´´) and blank Au electrode at pH 3 (d). TF: thionyl ferrocene. 
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Figure 37.   CV of 1 mM [Fe(CN)6]4- on: Tg-Au at pH: 8.4 (a), and 3 (a´) and Tg-Au 

after dodecane thiol treatment at pH: 8.5 (b), and 3 (b´).  

 

Preliminary AFM results show that treatment of the protein modified electrode 

with the thiols does not damage the protein layer (Figure 36, shown only for TF). Hence, 

the above results point to the crucial role of the interstitial space between adjacent 

proteins. The catalytic current observed for [Fe(CN)6]4- oxidation with no current on the 

reverse scan points to an ordered sequence of ferrocene carboxamide and [Fe(CN)6]4- , 

i.e., Au-S-ferrocene-[Fe(CN)6]4-. At a gold electrode modified with the same ferrocene 

but without protein, no ET catalysis on the ferrocene but direct ET on the [Fe(CN)6]4- 

wave is observed (Figure 38). This points to the important role of the protein in 

establishing the linear arrangement Au-S-ferrocene-[Fe(CN)6]4-. The extremely reduced 

current observed for the dodecane thiol filled interstitial gold spots is presumably due to 
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the interception of the redox conduction path by sequence of reactions shown in eqs 33 

and 34. 

 

Au/P+-H (aq)   +   dodecane-SH    ⎯⎯→←⎯⎯     Au/P(dodecane-S-Au)   +   H+   +   H2O    (33) 

 

Au/P+-H-[Fe(CN)6]4-(aq)   +   dodecane-SH    ⎯⎯→←⎯⎯     Au/P+-H(dodecane-S-Au)   +     

 [Fe(CN)6]4-         (34) 

 

 

Figure 38.   CV of: a) TF SAMs modified Au electrode in 0.1 mM NaClO4 at pH 8.5; b) 

0.75 mM [Fe(CN)6]4- + 0.1 mM NaClO4 on TF SAMs modified Au electrode at pH 8.5. 

 

In conclusion, the walls of the pores act as pH-tunable ion exchangers, and the 

gold surface at the bottom of the pore can be modified with thiols. ET can be suppressed 

or initiated by the thiols adsorbed on the exposed gold. The large current change related 

to modifications at the bottom of the pores points to the sensitivity of ICSs in this region.  
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6. Implications for ion channel (mimetic) sensor applications 

On the basis of the previously known mechanism of marker ions charge 

propagation at electrodes covered with protein layer [96] and mechanistic criteria 

established in this thesis, existing ion channel (mimetic) sensor (ICS) systems can be 

classified and the variants with high signal amplification potential are discussed (a-d):   

(a) Charged analytes: The marker ion current is either opened (type 1) or 

suppressed by the analyte interacting with the sensing layer (type 2). Notably, opening a 

marker ion current is in principle more efficient than closing a marker ion current because 

of the underlying catalysis of ET self-exchange, which amplifies the response.   

  (a.1.) Opening of a marker ion current was observed using La3+, Ca2+ and Vio-II2+ 

as analytes together at SAMs with negatively charged surface and [Fe(CN)6]3- as marker 

ion, using NTS3- as analyte at SAMs with positively charged surface and [Ru(NH3)6]3+ as 

marker ion (confirm part II of this thesis) and using Ca2+ and Vio-II4+ as analytes 

together with the Tg-Au electrode using [Fe(CN)6]4- [96, 120] . The same principal 

approach is known in the literature using [Fe(CN)6]4-/3- in combination with different 

analytes, e.g. alkaline earth ions or protonated quinacrine on DNA-modified electrodes 

[22, 66] or alkaline earth ions and lanthanides using an electrode modified with short 

peptides [29, 30, 35]. We assume (and this was stated earlier by some of the authors) that 

charge inversion and formation of a double ionic layer occurs in all these sensing 

systems. 

(a.2.) Shutting down a marker ion current was observed in this work with La3+ or 

Ca2+ competing with [Ru(NH3)6]3+,  NTS3- competing with [Fe(CN)6]3- at SAMs with 

charged surface (confirm part II of this thesis) and NTS3- competing with [Fe(CN)6]4- at 
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Tg-Au electrode [120]. Examples from literature include protamine competing with the 

marker ion [Ru(NH3)]3+ or protamine/heparin competing with [Fe(CN)6]3- on a thioctic 

acid layer [1], and specific complexation of metal ions [13] competing with [Ru(NH3)6]3+. 

To reach sensitivity (suppression of the current of an electrocatalytic marker ion) high 

affinity constants are required between analyte and sensing layer.  

(b) Neutral analytes: Neutral analytes have been successfully measured with the 

ICS system, e.g. the detection of estrogen with its binding protein immobilized on an 

electrode [63] and aryl hydrocarbons on the corresponding receptor modified electrodes 

[65] using [Fe(CN)6]4-/3-. It is explained by the loss of surface charge on the sensing layer 

due to complexation of the analyte, and as expected, the reported sensors all show a 

decrease of the marker ion current (type b2) upon analyte addition. Closing the interstitial 

pores with a long-chain thioalkane in this work (Figure 37) is related to these 

experiments. 

(c) Analytes with a bioconjugated fixed charge: If the analyte is a peptide or 

protein, the peripheral charge of analyte and sensing layer depend on the solution pH and 

the ICS is difficult to optimize (association constant, best pH-range for marker ion 

current change). A fixed pH-independent charge can be introduced on protein analytes 

via bioconjugation. Cytochrome c (Figure 33) [80, 120] is used as sensing layer rather 

than analyte but shows this principle. It has lost its pH dependence after bioconjugation 

with Vio-IV. 

(d) Analytes with electrocatalytic properties or with a bioconjugated 

electrocatalyst: This configuration is probably the one with the highest signal 

amplification potential. For example, the electrocatalysis of the exergonic reduction of 
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[Fe(CN)6]3- by a protein confined viologen [80, 120] and by a SAMs confined viologen 

(Figure 19) (interpreted as analyte) is observed much below that of monolayer coverage. 

A similar electrocatalytic situation has been reported for a DNA modified electrode [78].  

Moreover, the optimization of the pH range, the choice of the marker ion, the 

incorporation of persistent charges on the analyte (or analytes with bioconjugated 

electrocatalyst) were considered as the most promising aspects in the further development 

of ion channel sensor systems applied to bioanalytical problems.  

 

7. Conclusions   

The mechanism of charge propagation in “ion channel sensors” based on protein 

modified electrodes and highly charged electroactive marker ions has been elucidated. 

The broad approach and the resemblance of the results with those obtained with SAM 

modified electrodes demonstrate the generality of the findings. 

Close to diffusion-controlled currents are observed at the modified electrodes, if 

the charge of the marker ions is opposite from the prevailing charge of the domains on 

the protein. On the other hand, if marker ion and dominating protein domain charges have 

the same sign essentially no current is observed. Neutral redox species of similar size 

exhibit almost diffusion-controlled currents independent of pH. The pores between 

adjacent proteins constitute a diffusion barrier for equally charged marker ions. As 

proteins exhibit a pH-adjustable surface charge, there exists a sigmoidal transition from 

the conducting to the isolating situation as a function of pH.  

A marker ion with at least two charges binds electrostatically to oppositely 

charged protein domains and then shows a current modulated by the analyte. Innocent, 
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nonelectroactive ions can substitute marker ions on the protein. Thereby, the current is 

suppressed. The reason is that the charge propagation through the protein layer is based 

on electron shuttling by surface-confined marker ions.  

The same mechanistic picture holds for the other type of gating, i.e., marker ion 

current enhancement. The starting situation is nonconductive, e.g., a negatively charged 

marker ion in combination with negatively charged protein domains. The analyte, or 

gating ion, is a multicharged cation. It coordinates in the micromolar range to the domain 

and inverts the apparent surface charge, so that the marker ion can coordinate on top of 

the gating ion. This supramolecular assembly, consisting of charged domain – analyte ion 

– marker ion allows again for electron shuttling along surface confined marker ions. The 

amplification factor in this situation is significant. (Sub-)micromolar analyte 

concentration can gate currents in the 100 μA/cm2 range. 

For both cases the current is either collected by radial diffusion in the solution 

above the protein layer toward the pore entrances or by ET shuttling in extended, marker 

ion-loaded domains on the protein surface. Within the funnel, representing the bottleneck 

for the conduction, the dominating mechanism of charge propagation is definitely 

electron shuttling between adjacent marker ions. The funnel region translates, therefore, 

changes in surface charge most efficiently into changes in current. 

This work describes mainly the mechanism of charge propagation of marker ions 

through protein layers but the conclusions are of general validity for any polyelectrolyte 

type sensing layer consisting of macromolecules with a surface charge dictated by the 

pH. Moreover, the results are also of interest with respect to the optimization of real ICS 

system applied to bioanalytical problems 
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Part-IV: Electrochemical Studies of the Interactions of Polycationic 

Dendrimers with Polyanionic Polyelectrolytes 

 

The interactions between electroactive dendrimers (G0, G1, G2, and G3 )* with 6, 18, 42 

and 90 positive charges and polyanionic polyelectrolytes such as DNA and PAA at electrode 

surface as well as in solution was studied by cyclic voltammetry (CV). It is found that: (i) the more 

charges on the dendrimer, the more effective the immobilization of the dendrimer on a negatively 

charged surface becomes; (ii) formation of layer-by-layer electrostatic self assembly consisting of 

dendrimer and either DNA or PAA is possible; (iii) solution born dendrimers are accumulated at 

DNA-modified surfaces; (iv) the charge on the dendrimers influences the dendrimer-DNA 

interaction; (v) a biological level salt concentration affects the binding but neutral species such as 

sucrose do not affect the dendrimer-DNA interaction; and (vi) that the dendrimer can be 

competitively replaced from DNA-complex by species like ethidium bromide and PAMAM. The 

results summarized in this section highlight the possibilities of exploiting electroactive dendrimer 

for biological application. 

 

 

 

 

 

 

 

 

                                                 
* G0, G1, G2 , G3   =   the 0th, 1st, 2nd and 3rd generation of the dendrimer  
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1. Surface confinement of electroactive dendrimers 

In part III of the thesis, it was established that Vio-I, Vio-II and Vio-III interact 

with oppositely charged electrode surfaces. It was also shown that besides the charge 

signs the absolute charges on the surface and on the species as well as structural 

peculiarities play a critical role (see Figure 32). Having fixed charges on the sensing 

surface, the surface tailoring behavior of structural related viologen based dendrimers 

(Figure 39) were studied. 

Figure 39, I shows the CVs of different generation of polycationic dendrimers at 

MPS-modified Au electrode. The CVs reveal that all the dendrimers bound to the 

negatively charged Au/MPS surfaces as evident from the small peak-to-peak separation 

and linear variation of the peak currents with scan rate (Figure 39, II). The more charges 

on the dendrimer, the more effective become the immobilization of the dendrimer on the 

negatively charged surface. This is reflected on the surface coverage (Γ) of the dendrimer 

calculated for each CVs. The reduction potentials are shifted positive for increasing 

generation number, as do the same compounds in solution [122].  
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Figure 39*. (I) Response of MPS-modified Au electrode in 0.1M KCl at pH 7 (a); and 

after dipping for 30 min in a solution of: 100 µM G1-CH3 exhibiting Γ = 3.8 x 10-12 mol 

cm-2 ; E0  =  -0.54 V (b); 300 µM G2-CH3 exhibiting Γ = 3.9 x 10-12 mol cm-2 ; E0  =  -

0.48 V (c) and 30 µM G3-CH3 exhibiting Γ = 6.6 x 10-12 mol cm-2 ; E0  =  -0.48 V (d). (II) 

Plot of peak current versus scan rate for case d) in I.  

                                                 
* Γ  =  Q/nFA , where n is the number of viologen sub units in a molecule and others are as defined in eq. 2.  
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2. Layer-by-layer electrostatic self assembly of dendrimers and DNA     

Having established the fact that polycationic dendrimers bound to the negatively 

charged surfaces Au/MPS, the possibilities of growing dendrimers on surfaces by layer- 

by-layer electrostatic self assembly (LBL-ESA) of the electroactive dendrimers and 

polyacrylic acid (PAA) (Figure 40) or double strand calf thymus DNA (Figure 41) as 

polyanionic species were explored. 
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Figure 40. (I) LBL-ESA of G3 using PAA as sandwiched:  

(a) Au/MPS/G3, (b) Au/MPS/G3/PAA/G3, (c) Au/MPS/G3/PAA/G3/PAA/G3,  

(d) Au/MPS/G3/PAA/G3/PAA/G3/PAA/G3, and 

 (e) Au/MPS/G3/PAA/G3/PAA/G3/PAA/G3/PAA/G3. Concentration of G3-CH3 = 24 µM 

in DMF and PAA = 6.6 µM in H2O. (II) and (III): Plot of peak currents (II) and surface 

overages (III) from CVs shown in I as a function of number of layers. IV) Idealized 

multilayer structure depicting electron hopping between dendrimers in the layers.  
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Figure 41. (I) LBL-ESA assembly of G3-CH3 using double strand calf thymus DNA 

as sandwiched: (a) Au/MPS/G3, (b) Au/MPS/G3/DNA/G3,  

(c) Au/MPS/G3/DNA/G3/DNA/G3, (d) Au/MPS/G3/DNA/G3/DNA/G3/DNA/G3, and  

(e) Au/MPS/G3/DNA/G3/DNA/G3/DNA/G3/DNA/G3. Concentration of G3-CH3 = 24 µM 

in DMF and DNA = 200 µM in 10 mM Tris-buffer, pH 7.5. (II) and (III): Plot of peak 

currents (II) and surface coverage’s (III) as a function of number of layers. The idealized 

multilayer structure depicting electron hopping between dendrimers in the layers shown 

in Figure 39 is also applied here.  
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In both cases (Figure 40 and 41):  

(1) The increase in the response of the LBL-ESA indicates accumulation of additional 

amount of dendrimers after each dip and wash step and the formation of a multilayer  

structure [124-127]. 

(2) The reduction potential of the dendrimer in the first layer is more positive (by 15 mV) 

than the dendrimers sandwiched in the consecutive layers. This is presumably due to the 

presence of excess un-neutralized negative charges within the consecutive films which 

makes the addition of electrons into the consecutive layers relatively difficult.  

(3) The LBL film grows faster in the first few dips and saturates after the fifth dip. This is 

a typical behavior of LBL films [124-127].  

 

3. Interaction between surface-bound DNA and solution born dendrimers  

Knowing the fact that calf thymus DNA binds  to a gold electrode surface [128, 

129], a gold electrode was incubated with a drop of DNA solution over night. The 

response at this electrode designated as Au/DNA, in 10 mM Tris-buffer (TE), pH 7.5, 

without and with the electroactive dendrimer G0-OH in solution is shown in Figure 42.  
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Figure 42. (I) Au/DNA electrode in 10 mM TE, pH 7.5, in the absence (a) and 

presence of: 5 µM G0-OH (b). The broken line shows CV of 5 µM G0-OH in 10 mM TE, 

pH 7.5 on blank Au electrode. (II) Plot of peak current vs. scan rate for case I, b.  
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The significantly reduced capacitive current contribution observed in the CV 

recorded at the DNA-coated electrode in comparison to that of the uncoated electrode 

confirms the DNA layer formation on the electrode (refer to part I of the thesis). 

Furthermore, the linearity of the plot of peak current versus the scan rate [92] indicates 

accumulations of the dendrimer at the DNA-modified surface. Similar behavior was 

reported with calf thymus DNA on gold electrode and benzyl viologen in solution [129]. 

In conclusion, these observations reveal the interaction between the surfaces 

tailored DNA and solution born dendrimers. Having established this, and keeping in mind 

the continues interest in compounds that interact with DNA molecules in solution [130-

134] because of their use as sensors, this interaction were studied in more detail. Notably, 

the interaction between solution born DNA and solution born dendrimers investigated in 

this study, has so far been not reported except for the case of DNA intercalating metal 

chelates [85, 130, 135].  

 

4. Interaction between dsDNA and dendrimers in solution 

Figure 43 shows the response at a blank Au electrodes in 10 mM Tris-buffer (TE), 

pH 7.5, containing a fixed amount of different generations of dendrimers (I to III) and 

varying amounts of double strand calf thymus DNA.  
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Figure 43.  Blank Au electrode in 10 mM TE, pH 7.5, containing: (I) 39 µM G0-OH 

(a); 39 µM G0-OH and 116 µM DNA (b); 39 µM G0-OH and 300 µM DNA (c). (II) 9.5 

µM G1-OH (a); 9.5 µM G1-OH and 65 µM DNA (b); 9.5 µM G1-OH and 120 µM DNA 

(c). (III) 7µM G2-OH (a); 7µM G2-OH and 47 µM DNA (b); 7µM G2-OH and 98 µM 

DNA (c). The broken lines show the responses after the respective electrode have been 

polished (the solution concentration of DNA = 300 and 98 µM in case I and III, 

respectively). (I´) Plot of Ipc vs. charge ratio (DNA to G0-OH) from CVs shown in I and 

other not shown. Scan rate = 0. 4 V/s. (I´´) Plot of Ip vs. scan rate for case b in shown in I. 
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The gradual negative shift in the reduction potential of the dendrimers observed 

upon increasing DNA concentration indicates the complexation of dendrimers by the 

DNA in solution. The process can be described by the scheme of squares (shown for G0-

OH, but applicable for all others) similar to that proposed previously by Bard et al. for 

metal complexes intercalating into ds-DNA [85]. 

 

 

 

 

 

 

 

 

 

 

Scheme 2. Scheme of squares for ET induced change in the DNA-dendrimer 

interaction 

 

Eb
o´ − Ef

o´  =  0.059/n V log (KIII/KVI)          (35) 
where: KIII, KVI, Eb

o´ , Ef
o´ and n are defined as indicated in the scheme of squares. 

 

From ΔE, the ratio of the binding constants (KVI/KIII) for the oxidized and reduced 

form of G0-OH can be obtained. This suggests that the oxidized form, Vio6+, interacts 

with the DNA stronger (ca. 110 times) than the triply reduced form Vio3+. This value is 

 
     
Vio6+  +   3e-                Vio3+            Ef

o´ 

         (dendrimer free in solution) 
 
 

    
    KVI                         KIII 

        
 

     
 

 
Vio6+-DNA   +   3e-                Vio3+-DNA         Eb

o´ 
                      (dendrimer bound to DNA) 
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larger than the value reported for benzyl viologen which points only to a 5 times more 

favorable interaction for the oxidized form [129]. The effect is even more pronounced 

with higher generation of dendrimers as deduced from the larger ΔE. However, for bis-

(2-hydroxyethyl) viologen no shift in potential was observed (not shown). These 

observations confirm that the interaction between the dendrimers and the DNA is very 

effective and dominated by charge-charge interactions.   

In order to check the contributions of surface adsorbation in case of the series of 

observed CV’s in Figure 43 after achieving the maximum potential shift, which may 

indicate completion of the interaction, the electrode was thoroughly polished and returned 

to the measurement cell. Interestingly, there was almost no current observed (Figure 42, 

broken lines) after this treatment. This shows that the solution concentration of the 

dendrimer drops considerably probably due to complex formation with the DNA and 

precipitation of the complex onto the electrode surface. With increasing exposure time 

the peak current develops in height and position as in case of the unpolished case.  

These observations lead to the following assumptions:  

(1) upon addition of the DNA, the DNA may accumulate at gold electrode and this may 

induce the dendrimer to accumulate on top of the surface confined DNA (confirm section 

3 and see also Figure 42). This explains the increase in current with DNA concentration 

[110, 129]. 

(2) one should consider the possibility that the DNA-dendrimer complex is formed in 

solution first and then adsorbed at the electrode most probably in form of multilayer 

(confirm section 2 and see also Figure 41).  
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It is difficult to distinguish case 1 and 2, and mixtures of both may be active as 

well. However, there exists a maximum in relative concentration of DNA and dendrimer 

which shows up in the following way: starting with a pure dendrimer solution the current 

grows upon addition of DNA steadily with a concomitant shift in the reduction potential 

to more negative values. Once the ratio of dendrimer : DNA reaches a value of ca. 1:3 for 

G0-OH, 1:12 for G1-OH and 1:12 for G2-OH, the highest current is achieved. Upon 

further addition of DNA, the current drops again, but the potential continues to shift in 

negative direction. The highest current may corresponds to an ideal charge ratio for 

cluster formation, a well known phenomenon in DNA chemistry [136]. Thus, in contrast 

to the well known electrochemistry of relatively small electroactive intercalators such as 

metal complex and the current drops steadily because of the retarded diffusion of these 

species upon DNA addition without going through a maximum (or minimum) [85, 135]. 

Typically, these molecules do not induce DNA clustering.  

 The above mentioned concentration ratio of the dendrimers to DNA at the 

maximum current suggests that the bigger the dendrimers the more DNA is required. This 

is presumably either in accordance to the charge or size of dendrimers [137]. The plot of 

the current due to the DNA-dendrimer complex versus the charge ratio (Figure 43, I´´ 

shown for G0-OH) reveals the existence of an optimum charge ratio for favorable 

interaction between the dendrimer and DNA. This optimum charge ratio is found to be 

0.49 for G0-OH, 0.69 for G1-OH and 0.33 for G2-OH.  
In conclusion, the experimental results presented above reveal that the interaction 

between the polycationic dendrimers and DNA is dictated by the dendrimer generation, 
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i.e. the charge and size. The complex formation takes place exclusively in solution and 

then adsorbed at the electrode surface. 

 

5.  Dendrimer-DNA interaction in the presence of other molecules 

As the dendrimer-DNA interactions are widely used in biological science [138], it 

is of practical interest to study the above interaction at biological conditions. Thus, the 

interaction between G0-OH and calf thymus DNA as a model was further studied in the 

presence of 150 mM NaCl and 250 mM sucrose (Figure 44), both corresponding to the 

levels typically observed in biological systems [74]. The influence of DNA interacting 

molecules such as ethidium bromide and polyamidoamine (PAMAM) dendrimer [137] on 

the above interaction were also studied (Figure 45)  

 

5.1. Biological conditions 

When a biological level of NaCl (150 mM) is spiked into the DNA-dendrimer 

complex system, the current decreased significantly and the peak potential shifted 

towards that of the free dendrimer case (Figure 44, I). This points to the dissociation of 

the dendrimer-DNA complex upon salt addition. It is well known that the electrostatic 

interaction of DNA with oppositely charged poly-ions weakens with increasing salt 

concentration. Thus, a similar effect was reported for the interaction between benzyl 

viologen as well as tris(1,10-phenanthroline)cobalt(II) complex and calf thymus DNA on 

a gold surface [85, 129, 135, 139, 140]. However, for concentrations less than 10 mM 

NaCl, no effect was observed. On the other hand, there is no influence of biological level 

sucrose (250 mM) on the dendrimers-DNA complex (Figure 44, II).  
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Figure 44. (I) CV of 39 µM G0-OH in TE buffer, pH 7.5 (a); case a in presence of 110 

µM DNA (b); case b in presence of 150 mM NaCl (c). (II) CV of 39 µM G0-OH in TE 

buffer, pH 7.5 (a); case a in presence of 110 µM DNA (b); case b in presence of 250 mM 

sucrose (c). Scan rate = 400 mV/s. 
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5.2. Ethidium bromide and Polyamidoamine (PAMAM) dendrimer  

Upon addition of ethidium bromide (EtBr) or polyamidoamine (PAMAM) to the 

G0-OH - calf thymus DNA complex, the observed current decreased significantly and the 

peak potential shifted towards that of free dendrimer in solution (Figure 45). This 

indicates the dissociation of the dendrimer-DNA complex by competitive complexation 

of the DNA by the intercalating additive EtBr or by the clustering additive PAMAM 

[136, 137]. 

 

 

Figure 45. (I) CV of 39 µM G0-OH in TE buffer, pH 7.5 (a); case a in presence of 110 

µM DNA (b); case b in presence of 4.8 mM EtBr (c). (II) CV of 39 µM G0-H in TE 

buffer, pH 7.5 (a); case a in presence of 130 µM DNA (b); case b in presence of 47 µM  

PAMAM,G4. (c)  Scan rate = 400 mV/s. 



Results and Discussions Part-IV                                                            109 

 

6. Conclusions 

In this section, the interaction of polycationic electroactive dendrimers at 

negatively charged SAMs surfaces was studied. It was found that the higher the charge 

on the dendrimer (i.e., the higher the generation), the more efficient is the immobilization 

of the dendrimer on the oppositely charged surface. The use of the polycationic 

electroactive dendrimers for the fabrication of layer by layer electrostatic self assemblies 

with other polyanionic species, such as PAA and DNA was successfully demonstrated. 

The charge propagation within the multilayer involves an electron hopping mechanism 

between the electroactive dendrimers sandwiched in the layer. Furthermore, the 

interaction of solution born dendrimers with DNA precipitated onto an electrode surface 

has been described. AFM investigation may provide further information on the later case. 

The dendrimer-DNA interaction was found to be influenced by a biological level of salt 

concentration but not by sucrose concentration. Further more, both ethidium bromide and 

PAMAM were found to replace the dendrimer from the complex.  
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4. SUMMARY   

 

This thesis describes studies on the charge propagation of highly charged 

electroactive marker ions through (poly)electrolyte type alkane thiol-, protein- or 

dendrimer-modified gold electrode surfaces using different electrochemical techniques. 

We found a common behaviour for the three types of irreversibly modified electrodes 

that can be summarized as follows: 

 (i) The modification of gold surfaces with charged alkyl, protein or charged 

dendrimer SAM’s leads to electrical isolation for marker ions with the same 

charge sign as the modifying layer.  

(ii) The higher the charge on the marker ion, the smaller is the current due to the 

discharge of the marker ion at the electrode with a modifier of equal charge. 

(iii)  The more dense the charge of the modifier, the smaller is the current for equally 

charged marker ions. In case of ionizable groups on proteins, alkanes with 

carboxylic acid or amine head groups or ionizable groups on dendrimer modified 

electrodes, the surface density of charged group is a function of pH. This leads to 

the sigmoidal current versus pH titration curves.  

(iv) Situations reflecting attractive interactions between surface charge and marker ion 

or situations with one of the partners in the neutral state show currents close to 

diffusion control in spite of the presence of the modifying layer.  

(v) For layers consisting of proteins, alkanes with charged head groups or dendrimers, 

it was shown that multiply charged marker ions of opposite charge are 
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electrostatically bound to the modifying layer even in the micromolar 

concentration range (Model B). Charge transports “through the modifying layer” 

occur via electron shuttling involving these surface confined electroactive species 

(Model B). Thus, the charge propagation consists of a heterogeneous ET followed 

by a series of ET self exchange reactions between surface confined species, 

followed by an electron transfer to the solution species. The solution species may 

be identical (self exchange) or it may be one with a more positive reduction 

potential (exergonic electron transfer).  

 

 
  Model A: Diffusion                                  Model B: Electron Hopping 
 (Commonly used)                     (Identified in this study) 

 

 

 

 

 

 

 

 

 

 

 

(vi) The pore shown in the above sketch is interpreted for the case of protein or 

dendrimer modified electrodes as the interstitial space between the surface 
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confined species. Though it needs further investigation, a few nanometers 

diameter is expected to be necessary for the efficient repulsion of equally charged 

ions from the orfice of the pore. In case of an alkane SAM, the “pore” may 

correspond to a single or a group of neighboring electroactive marker ions that are 

coordinated to the oppositely charged head group of the alkane that builds up the 

SAM.  

(vii) Electroactive marker ions and non-electroactive (innocent) ions compete for 

coordination sites on the pore walls.    

(viii) The surface confinement of multiply charged electroactive marker ions or non-

electroactive (innocent) ions inverts the apparent inner wall charge of the pore. A 

second ionic layer with opposite charge can coordinate onto a first coordinated 

layer. All types of electroactive or non-electroactive inner- outer layers have been 

observed.  

 

Further studies towards a more precise definition of the channel architecture 

would be of great interest.  However, the insights developed in this study so far should be 

very helpful for the further development of marker ion based sensor systems. 
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Abbreviations  

 

SAMs  Self assembled monolayers 

DNA   Deoxyribonucleic acid 

PNA  Peptide nucleic acid 

ICSs   Ion channel (mimetic) sensors  

ET  Electron transfer  

LBL-ESA  Layer-by-layer electrostatic self assembly  

EDTA  Ethylenediaminetetraacetic acid 

PAA  Polyacrylic acid  

DPV  Differential pulse voltammetry 

CV  Cyclic voltammetry 

RDE  Rotating disk electrode  

AFM    Atomic force microscopy 

ca.  circa 

MUA   11-Mercaptoundecanoic acid  

AUT   11-Amino-1-undecanethiol 

MPS   Mercapto-1-propanesulfonic acid sodium salt 

PAMAM  Polyamidoamine dendrimer 

DMF  N,N-Dimethylformamide 
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