
4.1 Introduction

The discovery of self-assembled monolayers (SAMs), in the 1980s, 

created a whole new scienti�ic �ield and resulted in robust, simple, 

and highly reproducible technologies that strongly contributed 

to the molecular design of biointerfaces [1–3]. Since then, 

many exciting advancements shaped the evolution of modern 

biomaterials science, which itself originated several new sub�ields, 

with physical chemistry and biology playing a major role, and 

where the boundaries between surface science and life sciences 

sometimes are hardly distinguishable. One of the key advantages 

of SAMs is that their properties, that is, thickness, structure, 

surface energy, and stability, can be easily controlled, and speci�ic 

functionalities can also be introduced into the building blocks in 
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order to expose active groups that could interact with biological 

materials in a controlled fashion [4, 5]. Hence, to some extent, SAMs 

can be considered ideal platforms for bioengineering surfaces on a 

molecular level. 

 In this context, an emerging research area in biointerface science 

is the development of substrates that dynamically regulate biological 

functions in response to applied external stimuli [6]. The ability 

to trigger the delivery or capture of bioactive molecules upon the 

emergence of external stimulus is a current challenge in biomaterials 

science that demands the convergence of tools and concepts from 

complementary disciplines. One of the most challenging goals 

in SAMs is the creation of monolayers that could undergo surface 

reactions only when needed, or, in other words, to promote “surface 

reactions on demand” that could generate dynamic surfaces in which 

the physical, chemical, and biological properties of surfaces are tuned 

at will [6]. Furthermore, provided that SAMs are fully compatible 

with a wide variety of patterning techniques, this approach would 

also enable the independent addressability of surface reactions on 

the substrate.

 In this respect, electrochemically commanded surfaces have 

some advantages over other methods for surface reactions on 

demand that make them a very interesting approach. First, dynamic 

control of surface chemistry could be easily achieved by potential-

induced redox reactions. Second, electrochemical equipment 

is readily available in any laboratory and its implementation is 

very straightforward. Chemically modi�ied surfaces can be easily 

incorporated into electronic devices, thus generating independently 

addressable electrodes because the electrochemical reaction can be 

triggered on a designated electrode [6]. 

 Even though the term “electrochemistry” evokes a wide 

variety of electrochemical processes, ranging from electrolysis 

to electrodeposition, in our case this term refers to a scenario in 

which electron transfer chemistry of species con�ined at solid-liquid 

interfaces can be controlled with accuracy and convenience. This 

is particularly obvious when we think of an electrode surface as a 

macrosize molecule whose ability to provide or accept electrons may 

be precisely adjusted by �ine-tuning of the electrode potential [7]. 

Exciting opportunities are revealed when we think in this manner. 

Electrochemistry provides a complementary perspective from 
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which to consider the manipulation of the organic groups through 

the formation of carbon-carbon bonds or bonds between carbon and 

heteroatoms and ultimately control the chemical features of SAMs. 

Harnessing the ability to change the chemical nature of terminal 

groups in SAMs [8, 9] upon modifying the electrochemical potential 

represents the basis of the dynamic control over the formation of 

covalent bonds.

 Physicists, chemists, and biologists are becoming increasingly 

interested in electrochemistry as a toolkit with which to tune and 

modulate the biological activity of biofunctional SAMs. However, 

the interdisciplinary nature of biointerface science demands the 

convergence of biology, organic chemistry, and surface science, 

together with electrochemistry, to take advantage of the strengths of 

each discipline so as to develop a highly functional SAM displaying 

electrochemically driven, well-de�ined biological activity. 

 Herein a critical review of relevant examples from the literature 

illustrating the use of electrochemistry as a key enabler to modulate 

the biological activity of SAMs is presented. From these examples it 

is hoped that the reader will get an understanding not only of the 

versatility of electroactive SAMs to promote organic reactions on 

surfaces but also of the way in which electrochemistry can open new 

opportunities to design multifunctional biological interfaces.

4.2 Electrochemistry of Thiol Self-Assembled 
Monolayers on Metal Surfaces

As mentioned in the introduction section electrochemically 

commanded SAM-based surfaces are a very interesting platform for 

performing a variety of reactions in a selective way and in con�ined 

regions of surfaces that can be patterned by soft lithography [10]. 

To design these systems one should �irst consider the nature of the 

substrate and the SAM to be used for each particular case. SAM-

based systems (devices) under electrochemical control for biological 

applications require the use of conducting, biocompatible substrates 

able to work in aqueous solutions at physiological pH values. 

 Metallic substrates are particularly useful for this purpose 

because they can be polarized in a wide range of potentials within 

the stability window of water. Among metals we are interested in 

Electrochemistry of Thiol Self-Assembled Monolayers on Metal Surfaces
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those exhibiting extremely good stability in the working conditions, 

thus avoiding metal dissolution, oxide formation, and other 

faradaic processes such as hydrogen or oxygen evolution reactions 

among others. Gold is the best option because it satis�ies all these 

requirements. Gold is chemically inert in ambient conditions, is 

easy to clean, and exhibits an extended double-layer region only 

limited by the HER from the cathodic side and gold oxide monolayer 

formation from the anodic side. Anion adsorption could take place 

in the double-layer region, although chemisorbed SAMs completely 

displace these species from the Au surface. 

 Concerning the SAMs, molecules such as thiol, alkyldisul�ides, 

and alkylsul�ides have been widely used to form dense, well-ordered 

monolayers on gold [11]. Also, carbamates [12] and thiocyanates 

can form thiol SAMs on gold surfaces [13]. 

4.2.1 Electrochemical Stability of Self-Assembled 
Monolayers

The stability of SAMs in aqueous electrolytes is a crucial point for 

their application in electrochemistry. It is well known that SAMs of 

alkanethiolates on Au, Ag, and Cu exhibit reductive electrodesorption 

[14] and oxidative desorption [15], thus de�ining a potential window 

where the SAM is stable on the metal surfaces. This potential window 

depends on several factors such as the hydrocarbon chain length, 

the nature of the terminal group, the pH and ionic strength of the 

electrolyte, and the metal substrate. Therefore, before discussing 

applications we will brie�ly discuss the electrochemical stability 

range of SAMs. 

 The reductive desorption limits the cathodic stability of thiols. 

This reaction can be written as follows: 

 R-S-Me + e  RS– + Me (1)

where R-S-Me stands for the adsorbed alkanethiolate. The typical 

current (j) potential (E) pro�iles recorded for alkanethiolate-covered 

Au or Ag substrates in electrochemical cells containing aqueous 

electrolytes exhibit well-de�ined current peaks related to reaction 

(1) (Fig. 4.1). The peak labeled as CI corresponds to the reductive 

electrodesorption reaction, while peak AI corresponds to the 

oxidative electroadsorption of molecules produced at CI. The charge 

density (q) involved in peak CI is that expected for desorption of a 
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complete monolayer of thiol in standing-up con�iguration (q ≈ 0.075 

mC cm–2).
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Figure 4.1 Typical current density versus potential pro�ile recorded 

for a dodecnaethiolate SAM on Au surfaces in 0.1 M NaOH. 

The potential scan starts in the negative direction. The 

electrodesorption peak, peak potential (Ep), and oxidative 

readsorption are indicated. Abbreviation: SCE, saturated 

calomel electrode (reference electrode).

 In situ scanning tunneling microscopy (STM) imaging has shown 

that the SAM structure remains practically unaltered for applied 

potentials more positive than those corresponding to peak CI, 

that is, the preceding SAM’s desorption [16]. Therefore, the peak 

potential (Ep) has been widely used to test the stability of SAMs 

against reductive electrodesorption. However, electrochemical 

measurements have shown that SAM disorder takes place at 

potentials near the electrodesorption peaks [17]. 

 In the case of SAMs on Cu, Pd, Ni, and Pt, the Ep measurements 

are not possible because SAM electrodesorption takes place 

simultaneously with the hydrogen evolution reaction (HER). In 

this case, the rotating disc-ring technique has been used for the 
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Ep determination [18]. However, H atoms can also produce thiol 

desorption not only for SAMs on these metals but also for SAMs 

on Au surfaces [19]. The reductive electrodesorption, reaction (1), 

depends on the pH value. While Ep remains nearly constant in the 

3 < pH < 14 range, it moves in the positive direction for pH values 

lower than 3, that is, alkanethiolates are less stable in strong acid 

media [20–22]. On the other hand, for a constant pH the Ep value 

moves in the negative direction as n, the number of C atoms in the 

alkanethiol chain, is increased. The Ep versus n plots in neutral and 

alkaline solutions gives straight lines with a slope ≈ 4 kJmol–1 per 

C atom. It means that the SAM stability increases with n, due to the 

increase in van der Waals interactions between the hydrocarbon 

chains and hydrophobic forces between the molecules and water 

[23]. A detailed inspection of the Ep versus n plot for pH less than 

3 shows that the straight line has a slope slightly higher than that 

observed in alkaline and neutral solutions [14]. This fact arises from 

the lower solubility of alkanethiolate molecules in acidic media 

that might be an additional factor for stabilizing the SAM against 

desorption. However, for a given thiolate the Ep value in acidic media 

is always more positive than that measured in neutral and alkaline 

solutions, that is, alkanethiolate SAMs are more stable in neutral and 

alkaline solutions [14]. 

 The terminal group of the thiol plays also an important role in 

SAM stability. In neutral and alkaline solutions Ep values for COOH-

terminated alkanethiols are 110 mV more positive than those 

for n-alkanethiols having the same alkyl chains, due to repulsive 

interaction between the negatively charged carboxylate groups 

in a COOH-terminated alkanethiol monolayer [24]. Also the ionic 

strength of the electrolyte plays a role. In fact, the positive shift of Ep, 

that is, the smaller stability range, for mercaptopropionic acid with 

decreasing concentration of KOH solution has been ascribed to the 

increasing electrostatic repulsive interactions between carboxylate 

groups. 

 The metal substrate has also a key role in determining SAM 

stability. At a constant pH and for a given thiol, the electrochemical 

stability range increases as Au [24] < Ag [25] ≈ Ni [26] < Pd [27] ≈ 

Cu [28]. Therefore for electrochemical applications one can select 

the metal considering the stability range. It has been proposed that 

the electrodesorption potential for a given alkanethiol on different 

metals results from a balance between the adsorption energy of 
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the organic molecule on the metal surface (which varies in the 40–

60 kcal mol–1 range), the energy to introduce an electron into the 

alkanethiolate–metal system, and the solvation of the metal surface 

[29].

 Much less attention has been paid to SAM oxidative desorption 

than that paid to the reductive desorption process. In contrast to 

the reductive desorption that occurs over a small potential window 

(current peak CI in Fig. 4.1), removal by oxidative desorption takes 

place over a wide range of positive potentials related to gold oxide 

monolayer formation [30]. The oxidative removal of the nonanethiol 

layer is found to be a slow multiple-step process in which the carbon-

sulfur bond can be broken and up to 11 electrons can be involved in 

the oxidation of a single chemisorbed thiol [15]. In contrast to the 

reductive process, the oxidatively desorbed molecules have very weak 

CH stretching bands. In the case of gold, reductive desorption and 

oxidative desorption de�ine a wide potential range where thiol SAMs 

are stable and then suitable for SAM-commanded electrochemistry.

4.2.2 Charge Transfer through Self-Assembled 
Monolayers

The electron transfer properties of SAMs are also a relevant point in 

order to build electroactive surfaces, particularly in those situations 

where the redox-active species constitutes the functional end group 

in the alkyl chain. Charge transfer measurements through alkanethiol 

and aromatic thiol molecules chemisorbed on Au surfaces have been 

extensively studied in electrochemical environments under potential 

control. Charge transfer processes from the metal electrode to redox 

centers in solution [31, 32], immobilized or covalently bound to the 

terminal group of the SAMs [33–38], have been reported. 

 After Chidsey et al. reported the heterogeneous electron transfer 

rate and electron tunneling constant for the ferrocene-terminated 

alkanethiol monolayers with different alkyl chain lengths [39], a 

number of groups have reported values for SAMs containing redox 

couples. A description of the charge transfer between a metallic 

electrode and a redox-active moiety separated by a SAM involves a 

chemical kinetics approach to de�ining a bridge-mediated reaction 

between the electron donor and the acceptor species [38]. It has 

been found that the current decreases exponentially with the 

hydrocarbon chain length with a decay factor  ranging from 0.5 to 

Electrochemistry of Thiol Self-Assembled Monolayers on Metal Surfaces
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1 A–1, suggesting a low tunneling ef�iciency. The low and high values 

[40] re�lect different transport mechanisms: current �lows following 

the bond overlap along the molecules (through-bond mechanism) 

[35, 41] and the direct component from one electrode to the acceptor 

across the molecules acting as a dielectric medium (through-space 

tunneling). It has been considered that both mechanisms could 

be also simultaneously present. On the other hand, it has also 

been proposed that charge transport through the monolayer �ilm 

is tunneling through σ-bonds [34, 42] and that a small amount of 

charge is also transported by a process of electron hopping between 

alkane chains in the monolayer �ilm [42].

 Furthermore, similar  values have been reported in aromatic 

single-molecule junctions [43]. It has been proposed that the charge 

transfer occurs via the aromatic molecules of the SAMs to the Au 

surface [44]. It should be noted that aromatic SAMs are often more 

disordered and less packed than alkanethiolate SAMs.

 In general, the dependence of the current with distance is 

estimated from the SAM thickness or molecular length, assuming 

ordered chains and defect-free SAMs. However, chain ordering 

depends strongly on many factors such as hydrocarbon chain length, 

preparation conditions, and substrate topography. Also defect in 

SAMs, such as vacancies and domain boundaries, could strongly affect 

the charge transfer across the SAMs by introducing the preferred 

path for electron transfer [45]. Therefore, electrochemically 

designed SAMs require a careful preparation and characterization to 

minimize the presence of structural and conformational defects that 

could affect their performance.

 The charge transfer from quinone (Q)/quinol groups to Au 

electrodes through different thiol bridges has been extensively 

studied because of their importance in many �ields of chemistry and 

biology. As seen in the next sections, this reaction is very important 

in the design of electrochemically commanded SAMs. 

 The electrochemical reduction of quinones involves a coupled 

transfer of protons and electrons. Theoretical treatments of proton-

coupled electron transfer indicate that both apparent formal 

potential and apparent standard heterogeneous rate constant 

quantities should be highly pH dependent [46]. It has been shown 

that the SAM-aminobenzoquinone monolayer exhibits a nearly ideal 

Nernstian behavior. In neutral and weakly acidic electrolytes, this 

redox species is reduced in a kinetically slow, two-electron, two-
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proton (2e + 2H) process. On the other hand, in acid solutions, the 

observed reaction is consistent with an overall 2e + 3H transfer. 

Kinetic measurements have shown that the apparent standard rate 

constants range from 0.1 to 0.01 s−1.

 The local pH affects the redox behavior of Q groups. In fact, 

pyrroloquinoline Q diluted by alkanethiols of different chain lengths 

showed electrochemical reversibility and electron transfer rate 

constants greatly affected by the local proton concentration near the 

electroactive group when protons are coupled with electrochemical 

reactions. By blocking the proton access to the redox moiety, the 

reaction becomes irreversible and the electron transfer rate slows 

accordingly [47].

 Dialkyl disul�ide–linked naphthoquinone, (NQ-Cn-S)2, and 

anthraquinone, (AQ-Cn-S)2, derivatives with different spacer alkyl 

chains (Cn: n =2, 6, 12) were synthesized, and these Q derivatives 

were self-assembled on a gold electrode [48]. Voltammograms show 

a reversible redox reaction between Q and hydroquinone (QH2) with 

formal potentials at −0.48 and −0.58 V, for NQ and AQ, respectively, 

irrespective of the spacer length. In contrast, the oxidation and 

reduction peak currents were strongly dependent on the spacer 

alkyl chain length. The pH dependence of the redox couple was in 

agreement with a H+/2e− process. The  values for NQ and AQ SAMs 

were determined to be 0.12 and 0.73 per CH2, respectively. The 

Q terminal group, present in a mixed SAM on gold, reacts with a 

nucleophile, dissolved in the bulk phase. The reaction rate depends 

on the chemical nature of the tether, being seven times faster for 

quinones attached via a delocalized bridge as compared to a saturated 

alkane chain [49]. Cyclic voltammetry (CV) of the Q/QH2 redox couple 

was used to monitor the nucleophilic addition. CV data also suggests 

that the π-delocalized oligo(phenylene ethynylene) bridge facilitates 

the addition of two mercaptoethanol molecules as compared to the 

alkane bridge, where only one molecule is being added.

 It has also been observed that speci�ic and directed changes 

in structure between the bridge and headgroup can signi�icantly 

change the rate for proton-coupled electron transfer of SAMs 

containing Q derivatives with varying electronic conjugation [50]. 

The apparent proton-coupled electron transfer rates of Q SAMs 

on gold electrodes in which the Q compounds contained different 

bridging groups (i.e., a single, double, or triple bond) connecting 

the headgroup to an oligo(phenylene vinylene) (OPV) thiol anchor 

Electrochemistry of Thiol Self-Assembled Monolayers on Metal Surfaces
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were studied in the pH range 1–12. The Q compounds in the SAMs 

were diluted by octanethiol, and cyclic voltammograms of the Q/

QH2 couple were measured as a function of scan rate. It was found 

that the two-electron, two-proton couple describing a nine-member 

square scheme can �it the data with an average single-electron 

transfer rate constant re�lecting the electron tunneling parameter, 

β, of the different bridging structures. Results have also shown that 

double-bond bridge gives the fastest electron transfer compared to 

single- or triple-bond bridges.

 Reversible conductance switching in single Q-oligo(phenylene 

vinylene) (Q-OPV) molecules was demonstrated using 

electrochemical STM [51]. The switching was achieved by application 

of electrochemical potential to the substrate supporting the molecule. 

The ratio of conductances between the high- and low-conductivity 

states is over 40. The high-conductivity state is ascribed to strong 

electron delocalization of the fully conjugated QH2-OPV structure, 

whereas the low-conductivity state is characterized by disruption of 

electron delocalization in the Q-OPV structure 

4.3 Controlling Biological Activity Using 
Electroactive Self-Assembled Monolayers

4.3.1 The Diels-Alder Reaction in Two Dimensions

In a seminal work Yousaf and Mrksich described the use of SAMs 

presenting a Q group to demonstrate that the Diels-Alder reaction of 

this group with cyclopentadiene (cp) could be exploited as a versatile 

route to covalently anchor diverse functional groups [52]. One of the 

attractive features relied on the modulation of the reactivity of the Q 

group through electrochemical means. This was easily achieved by 

electrosynthesizing (reduction) of the QH2, which does not participate 

in the Diels-Alder reaction. Electrochemical studies revealed that 

mixed SAM presenting QH2 and hydroxyl groups exhibited a well-

de�ined electrochemical response, indicating that QH2 undergoes 

oxidation at 220 mV to give the Q and reduction at –150 mV (vs. 

Ag/AgCl—reference electrode) (Fig. 4.2) [52]. Long-term potential 

cycling also con�irmed that the electrochemical process is reversible 

and highly reproducible. 
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Figure 4.2 Covalent anchoring of biotin onto an electroactive SAM via a 

Diels-Alder reaction.

Addition of cp to the electrolyte promoted a signi�icant 

decrease in the peak current for both reduction and oxidation 

owing to the Diels-Alder reaction of cp with the Q-terminated SAM. 

Blank experiments involving the addition of other dienes to the 

electrolyte gave similar losses in current over consecutive cycles, 

but immersion of a monolayer presenting QH2 groups in electrolyte 

containing cp indicated no alterations on the voltammetric response, 

demonstrating that only the quinine form underwent reaction with 

cp. The electroformation of a self-assembled platform for the Diels-

Alder reaction was extended to the anchoring of biospeci�ic ligands 

in order to selectively immobilize proteins via recognition-directed 

assembly (Fig. 4.2). The association of streptavidin to surface-

anchored biotin was studied as a model system to demonstrate 

the validity of the approach. To suppress nonspeci�ic protein 

Controlling Biological Activity Using Electroactive Self-Assembled Monolayers
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adsorption, SAMs were prepared from alkanethiolates terminated in 

tetra(ethylene glycol) groups, which resist entirely the adsorption 

of protein, and an extended linker to the QH2. Then, the oxidized 

substrates bearing Q groups were treated with a conjugate of cp and 

biotin to immobilize the ligand, and subsequently the samples were 

placed into contact with streptavidin. Surface plasmon resonance 

(SPR) spectroscopy measurements con�irmed that the binding of 

streptavidin to the immobilized biotin was irreversible. Control 

experiments using streptavidin presaturated with biotin indicated 

that the binding of the protein was not feasible, thus demonstrating 

the biospeci�ic character of the interaction. Furthermore, streptavidin 

did not immobilize to monolayers that presented either Q or QH2 

groups mixed with glycol groups, which indicated the absence of 

nonspeci�ic adsorption in the electroactive platform.

 The use of electroactive SAMs was proposed as a tool to turn on the 

migration of mammalian cells [53]. This approach was based on the 

use of QH2-terminated alkanethiolates diluted into SAMs derivatized 

with penta(ethylene glycol) groups. The penta(ethylene glycol) 

groups, which comprise the major component of the monolayer, 

are critical to hinder the nonspeci�ic adsorption of proteins to the 

monolayer and ensure that the interaction of cells with the substrate 

is mediated by the immobilized ligands alone. As described above, 

the QH2 group undergoes oxidation when an anodic potential is 

applied to the gold substrate to give the corresponding Q, which 

subsequently undergoes an ef�icient Diels-Alder reaction with cp 

to afford a covalent adduct. This electrochemical route enables the 

facile formation of an electrically switched surface changing from a 

state inhibiting cell attachment to a state promoting cell attachment. 

The QH2 groups were electro-oxidized to Q and then reacted with 

a conjugate of cp and the peptide Gly-Arg-Gly-Asp-Ser-NH2 (i.e., 

RGD-cp) to covalently bind the peptide to the gold surface (Fig. 

4.3). The RGD peptide mediates cell adhesion by binding to cellular 

integrin receptors, and it is routinely used as a ligand to promote 

cell adhesion to different substrates. Experiments performed using 

Swiss 3T3 �ibroblasts demonstrated that cells were able to attach 

and spread ef�iciently onto the peptide-derivatized substrates [53]. 

Blank experiments also showed that cells were released when soluble 

GRGDS was added to the medium, demonstrating that adhesion to 

the surface was mediated by biospeci�ic interactions. 
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Figure 4.3 Immobilization of RGD peptides to Q-terminated electroactive 

SAMs through a Diels-Alder reaction.

The ability to con�ine cells on peptide-derivatized monolayers 

was combined with a microcontact printing approach in order to 

tune and manipulate the surface migration of the supported cells. 

Gold surfaces were modi�ied with microcontact-printed domains 

of hexadecanethiolate monolayers, whilst the rest of the surface 

was back�illed with a mixed monolayer presenting QH2 and 

penta(ethylene glycol) groups. Immersion of the microcontact-

printed surface in a �ibronectin solution resulted in the protein 

adsorption on the hexadecanethiolate domains, which was followed 

by selective attachment of Swiss 3T3 �ibroblasts onto these regions 

[53]. Thereafter, the nonactive regions of the substrate were 

electrochemically activated by electro-oxidizing the QH2 groups 

in the presence of RGD-cp, thus resulting in the selective peptide 

immobilization into the inert domains. Afterwards, surface-con�ined 

cells began to migrate from the hexadecanethiolate domains onto the 

regions that were previously inert, leading to an even distribution of 

cells onto the patterned substrate (Fig. 4.4). 

Controlling Biological Activity Using Electroactive Self-Assembled Monolayers
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Figure 4.4 Immobilization of RGD peptides to Q-terminated electroactive 

SAMs through a Diels-Alder reaction.

In a similar vein, Kwak et al. reported a method for the covalent 

tethering of biological ligands to surfaces using electrochemical 

activation of QH2 monoester SAMs [54]. The reaction generates 

benzoquinone as a good leaving group, followed by nucleophilic acyl 

substitution with a primary amine to form an amide in high yield (Fig. 

4.5). The method allows the very rapid site-selective immobilization of 

ligands (one-step process) using mild electrochemical conditions for 

the formation of covalent bonds on the SAM-modi�ied surface [54].

Figure 4.5 Immobilization of RGD peptides to Q-terminated electroactive 

SAMs through a Diels-Alder reaction.
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4.3.2 Electroreductive Release of Ligands from Redox-
Active SAMs

One important aspect in the molecular design of biointerfaces is 

the creation of platforms displaying dynamic properties that can be 

altered upon the in�luence of an external stimulus. In this context, 

Hodneland and Mrksich described the use of SAMs designed to 

release the ligands when a reductive potential is applied to the gold 

substrate [55]. This dynamic property arises from the clever use 

of the Q propionic esters to covalently bind ligands, for example, 

biotin, to the SAM. Q propionic esters and amides have been used 

as protecting groups for alcohols and amines, respectively. The Q 

groups can be reduced under mild conditions to give QH2, which 

rapidly lactonizes with liberation of an alcohol or amine [55]. The two 

methyl groups at the benzylic position together with the proximal 

methyl group on the rings are important factors to increase the rate 

of the lactonization reaction and consequently the release of the 

ligand. This interesting strategy to release ligands and bioconjugated 

proteins was demonstrated through the electrochemically triggered 

release of biotin (Fig. 4.6) [55].

Figure 4.6 Electrochemical release of ligand biotin from an electroactive 

SAM.

Controlling Biological Activity Using Electroactive Self-Assembled Monolayers
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 Upon assembling streptavidin onto biotin-derivatized SAMs, SPR 

experiments con�irmed that reduction and subsequent lactonization 

and release of biotin were triggered by application of a cathodic 

potential and the amount of streptavidin that bound to the resulting 

SAM decreased by 95%.

 This platform is particularly useful, provided the substrate can 

selectively release immobilized ligands and regulate ligand-receptor 

interactions upon prede�ined external stimuli. Yeo and Mrksich 

demonstrated that this methodology is also compatible with the 

manipulation of cells deposited on SAMs bearing RGD peptide ligands 

tethered to the monolayer through an electroactive Q ester moiety 

[56]. Upon applying a cathodic potential the Q ester underwent two-

electron reduction to give the QH2, which then rapidly cyclized to 

give a lactone and the subsequent release of the tripeptide RGD [56]. 
This electroactive SAM displaying dynamic properties introduces a 

versatile approach to tune the attachment of cells, provided they can 

be combined with other nonelectroactive ligand-modi�ied SAMs. One 

interesting example was the modi�ication of gold surfaces with RGD-

terminated SAMs in which two regions differed only in the linkage 

used to tether the peptides to the monolayer. In one domain, the 

peptide was tethered through the Q ester (electrochemical release), 

and in the other domain the peptide was tethered with a linker that 

was not electrically active. The RGD-modi�ied substrates placed 

into contact with cell-culture media (3T3 Swiss �ibroblasts cells) 

ef�iciently attached cells to both regions of the patterned monolayer. 

Upon applying a cathodic potential (–0.7 V vs. Ag wire pseudo-

reference electrode), more than 70% of the cells on the electroactive 

remained unattached on the substrate and were released from the 

surface upon changing the media with fresh media (Fig. 4.7).

4.3.3 Electro-Oxidative Release of Ligands from Redox-
Active SAMs

Electrochemical oxidation of redox-active SAMs can be also used 

for release and subsequent immobilization of biospeci�ic ligands. 

This approach was demonstrated by using SAMs presenting RGD 

ligands tethered to the monolayer through an O-silyl QH2 moiety 

[57]. The O-silyl QH2 ether constitutes an electroactive functional 

group, thus providing a functional platform for selective release of 

the peptide from the monolayer-modi�ied substrate. In particular, 
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the electro-oxidation of this organic group promotes the formation 

of benzoquinone and the corresponding hydrolysis of the silyl ether 

functionalized with the biospeci�ic ligand (Fig. 4.8) [57].

cell detachment

nonelectroactive
RGD-SAM

surface-confined
cells

a) electroreduction
b) RGD release

electroactive
RGD-SAM

cell detachment

nonelectroactive
RGD-SAM

surface-confined
cells

a) electroreduction
b) RGD release

electroactive
RGD-SAM

Figure 4.7 Immobilization of RGD peptides to Q-terminated electroactive 

SAMs through a Diels-Alder reaction.

Figure 4.8 Electro-oxidative release of RGD ligand and subsequent 

immobilization onto the Q-terminated SAM via a Diels-Alder 

reaction.
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 On the other hand, as discussed earlier, the electrochemical 

benzoquinone group may undergo a selective Diels-Alder reaction 

to covalently anchor diene-tagged ligands, for example, RGD peptide. 

The accurate control over the formation of reactive chemical species 

on the electrode surface provides the basis for the manipulation of 

the electrode dynamic activity. For example, the electrochemical 

control over the benzoquinone-QH2 equilibrium may prevent or 

trigger the immobilization diene-labeled ligands.

 Its application to the manipulation of cell adhesion was 

demonstrated by patterning a gold surface with hexadecanethiol and 

electroactive RGD-terminated SAMs [57]. Peptide-modi�ied modi�ied 

domains were diluted (0.02%) into tri(ethylene glycol)-terminated 

alkanethiolate monolayers. The patterned substrate was incubated 

in �ibronectin, leading to the formation of protein domains on the 

regions modi�ied with hexadecanethiol (nonspeci�ic adsorption). 

Incubation of patterned samples into cell culture media containing 

Swiss 3T3 �ibroblast cells followed by microscopy-based analysis 

revealed that cells were evenly adhered to the substrate regardless 

of the nature of the underlying �ilm (adsorbed �ibronectin or RGD-

terminated SAMs). However, the application of an anodic potential 

promoted the detachment and release of most of the cells con�ined 

on the RGD-terminated domains due to the release of the RGD from 

the O-silyl ether-tethered SAM, whilst the cells immobilized on the 

�ibronectin domains remained unaffected (Fig. 4.9). 

cell detachment

nonelectroactive
RGD-SAM

surface-confined
cells

a) electrooxidation
b) RGD release

electroactive
RGD-SAM

cell migration

a) electrooxidation
b) Diels-Alder reaction (RGD-Cp)

cell detachment

nonelectroactive
RGD-SAM

surface-confined
cells

a) electrooxidation
b) RGD release

electroactive
RGD-SAM

cell migration

a) electrooxidation
b) Diels-Alder reaction (RGD-Cp)

Figure 4.9 Electro-oxidative release of RGD ligand and subsequent 

immobilization onto the Q-terminated SAM via a Diels-Alder 

reaction.
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4.3.4 Dynamic Control over Cell Adhesion Using Ligands 
Tethered to Redox-Active SAMs

Electrochemical strategies can be further extended to substrates 

displaying diverse independent dynamic functions for controlling cell 

adhesion, which are based on the formation of SAMs displaying two 

electroactive groups that release the tethered ligands in response to 

either reductive or oxidative potentials. For example, electroactive Q 

esters and O-silyl QH2 groups release ligands upon electroreduction 

(Fig. 4.10) and electro-oxidation (Fig. 4.11), respectively [58]. 

Figure 4.10 Coupling and electroreductive release of RGD peptides from 

electroactive maleimide-terminated SAMs.

Controlling Biological Activity Using Electroactive Self-Assembled Monolayers
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Furthermore, the use of thiols bearing maleimide groups 

tethered to the electroactive Q esters confers even more versatility 

to the molecular �ilm, provided this chemical function enables 

the conjugation of a wide variety of biological building blocks, for 

example, cysteine-terminated RGD peptide (Figs. 4.10 and 4.11).

Figure 4.11 Coupling and electro-oxidative release of RGD peptides from 

electroactive maleimide-terminated SAMs.

The versatility of this approach to tune the electrochemical 

release of cells was demonstrated by incubating patterned RGD-

modi�ied substrates involving different surface chemistries into 

cell culture media containing Swiss 3T3 �ibroblast cells. Substrate 
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anodic polarization at 0.65 V promoted the selective release of the 

cells from regions modi�ied with electroactive O-silyl QH2, whilst 

cells con�ined on electroactive Q groups were only detached upon 

applying a cathodic potential (–0.65 V) (Fig. 4.12) [58]. 
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surface-confined
cells

a) anodic polarization
b) RGD release

RGD-SAM
electroactive O-silyl

hydroquinone groups 

RGD-SAM
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hydroquinone groups 

RGD-SAM
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b) RGD release

cell detachment

Figure 4.12 Oxidative (�irst step) and reductive (second step) 

electrochemical release of RGD ligands, leading to site-selective 

detachment of surface-con�ined cells.

4.3.5 Tethering of Ligands to Electroactive SAMs 
through the Formation of Oxime Linkages 

Chen and Yousaf demonstrated a straightforward approach to 

immobilize ligands onto an electroactive Q monolayer with precise 

control of ligand density by using the coupling between the ketone-

bearing Q monolayer and soluble amino-oxy-terminated ligands 

as a general route for the preparation of substrates presenting a 

variety of biological ligands [59]. The use of oxyamines introduces 
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several attractive advantages, provided they readily react with Q 

in high yield at physiological pH and room temperature, they form 

stable oxime linkages, and the derivatization of biological functional 

units with amino-oxy groups can be easily achieved through simple 

experimental protocols [59]. In addition, the surface-con�ined oxime 

is also redox active but at a different potential and therefore allows 

for real-time monitoring of the immobilization reaction. Detailed 

electrochemical studies showed that QH2-terminated SAMs displayed 

reversible oxidation and reduction features that were affected by 

addition of amino-oxy acetic acid. The marked loss of peak currents 

corresponding to the Q groups and the increase in peak currents 

corresponding to the redox process of the oxime product con�irmed 

the successful surface immobilization. 

 The oxime conjugate is chemically stable in aqueous 

environments; however, its electrochemical reduction at pH 7 

results in the regeneration of the QH2 and subsequent release of 

the ligand from the monolayer (Fig. 4.13). It is worth indicating 

that the electroduction of the oxime not only releases the ligand 

but also regenerates the catalytic QH2 form for subsequent ligand 

immobilization [60]. 

Figure 4.13 Schematic depiction describing the formation of the redox-

active oxime conjugate and the electrochemical release of the 

conjugated ligand. 
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 The formation of oxime linkages to con�ine bioactive elements on 

surfaces was extended to biological ligand immobilization through 

the association of an anti-FLAG antibody to a surface bearing a 

FLAG peptide. A mixed monolayer containing 1% QH2 groups and 

99% tetra(ethylene glycol) groups was electrochemically oxidized 

to produce the corresponding Q that was subsequently reacted 

with an amino-oxy-functionalized FLAG peptide. SPR spectroscopy 

con�irmed the selective binding of anti-FLAG onto the SAM 

presenting the conjugated FLAG peptides [59]. Control experiments 

were performed on conjugated peptides displaying a nonbinding 

sequence, and no protein association to the surface was observed, 

thus con�irming that the anti-FLAG binding to the immobilized FLAG 

peptide was biospeci�ic.

 Wescott and Yousaf combined the use of electroactive SAMs 

and micro�luidic devices as a straightforward and �lexible route to 

pattern a variety of ligands and cells [61]. Spatial control over the 

surface functionalization was achieved through the implementation 

of poly(dimethylsiloxane) (PDMS) microchips that con�ined the �low 

of electrolyte within the channels in contact with the substrate. The 

regions on the surface under the channels were electrochemically 

activated by the oxidation of the QH2 groups to quinine [61]. Or in 

other words, the surface was selectively activated only in regions 

where the electrolyte contacts the surface. After the removal of 

the elastomeric chip, the substrate was placed into contact with 

an oxyamine-terminated ligand solution. This process enables 

the chemo- and site-selective reaction of the Q, resulting in the 

patterned immobilization of the ligands. The low oxidative potential 

does not damage the inert properties of the surface and oxidizes 

only the QH2 to the reactive Q within the channels for subsequent 

rapid conjugation of oxyamine derivatives. The dynamic nature of 

the QH2-Q redox couple allows for the construction of platforms that 

can be easily manipulated to generate different surface chemistries 

within a modular approach [61]. 

4.3.6 Photochemistry as a Tool to Control the Spatial 
Distribution of Electroactive Groups

The use of SAMs bearing nitroveratryloxycarbonyl (NVOC)-

protected QH2 introduces the possibility of exploiting light as a 
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stimulus to trigger the desired functionality. Upon UV irradiation 

(NVOC)-protected QH2-modi�ied surfaces are able to expose 

electroactive QH2 groups [62]. The photogenerated QH2 moiety 

is then electrochemically oxidized to the corresponding Q, which 

subsequently reacts with the cp-tagged ligand (Fig. 4.14) [62].

Figure 4.14 Coupling of RGD peptides onto photoactive QH2-terminated 

SAMs.

The photogeneration of reactive domains was achieved by sim-

ple illumination through a mask (Fig. 4.15) or by using an optical mi-

croscope with a programmable translational stage to write patterns 

of deprotection [62]. One interesting aspect of this approach relies 

on the use of chemistries like photodeprotection, electro-oxidation, 

and surface Diels-Alder reactions that proceed with high yield, and 

can be readily accomplished using simple experimental protocols. 

The combination of diverse chemical strategies allows for the design 

of biointerfaces with excellent control over spatial distribution of 

ligands.
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a) electrooxidation
b) Diels-Alder reaction (RGD-Cp)

site-selective cell attachment

NVOC-protected
electroactive SAM

UV illumination

a) electrooxidation
b) Diels-Alder reaction (RGD-Cp)

site-selective cell attachment

NVOC-protected
electroactive SAM

UV illumination

Figure 4.15 Photopatterning and subsequent electrochemical coupling of 

RGD ligands leading to site-selective immobilization of cells.

 In a similar way, Yousaf et al. used NVOC-protected QH2-modi�ied 

SAMs to photo-pattern a variety of oxyamines onto Q-terminated 

domains (Fig. 4.16) [60]. 

 The potential of this approach was demonstrated by attaching 

and releasing cells from tailored gradient surfaces containing 

photo- and electroactive functional groups [60]. Hexadecanethiol-

patterned SAMs were microcontact-printed on gold surfaces and 

back�illed with a mixed monolayer bearing both the NVOC-protected 

QH2 and tetraethylene glycol groups. UV photopatterning through a 

mask revealed well-de�ined domains containing QH2 groups that 

were electro-oxidized to Q and subsequently reacted with soluble 

RGD-oxyamine conjugates to form bioactive domains onto the gold 

surface. Addition of Swiss 3T3 �ibroblasts to the patterned substrate 

resulted in the immobilization of cells only on the hexadecanethiolate 

domains (due to nonspeci�ic hydrophobic interactions) and the 

photoactivated regions (due to the conjugation of the RGD peptides). 

The application of a reductive potential promoted the release of 

the cells from the domains presenting the RGD peptides, whereas 

cells con�ined on the hexadecanethiolate domains remained 

unperturbed.
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4.3.7 Electrochemical Deprotection of “Caged” Ligands 
Immobilized on Self-Assembled Monolayers

Kwak et al. reported a very elegant method for activating ligands on 

surfaces based on an electrochemically active biotin derivative that 

generates biotinylated surfaces after mild electro-oxidation of the 

SAM [63]. The electrochemical deprotection of the “caged” biotin 

takes place after electro-oxidizing the QH2 moiety that is converted 

to a benzoquinonium cation and subsequently released after 

nucleophilic acyl substitution in the presence of water (Fig. 4.17) 

[63]. Detailed SPR studies corroborated that this electrochemical 

strategy permits the modulation of the biological activity of modi�ied 

gold surfaces in the presence of streptavidin (biotin receptor).

Figure 4.17 Electroinduced exposure of biotin ligands upon controlled 

electrochemical oxidation of SAMs containing QH2-caged 

biotin. 

Controlling Biological Activity Using Electroactive Self-Assembled Monolayers
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4.3.8 Electrochemical Cleavage of Azo Linkages for Site-
Selective Immobilization of Biofunctional Units

Chung et al. proposed an interesting electrochemical strategy focused 

on the use of azobenzene-derivatives as redox-active platforms for 

the site-selective immobilization of ligands and biomolecules, which 

undergoes a four-electron reduction to yield the corresponding 

anilines at a low reduction potential. The application of reductive 

potentials to azobenzene-bearing SAMs produces hydrazobenzene 

species that, upon further electroreduction, leads to complete 

cleavage of the hydrazo bond at low pH. The result of the whole 

electroreduction process is the formation of amine-terminated SAMs 

from an azobenzene-modi�ied SAM (Fig. 4.18) [64]. 

Figure 4.18 Electroformation of amine-terminated SAMs followed by 

peptide conjugation.

To demonstrate the potential of this approach to manipulate 

surface bioaf�inity, these authors cultured primary hippocampal 

neurons on triethylene glycol (TEG)-tethered 3-(4-(phenyldiazonyl) 

phenoxy)propane-1-thiol SAMs, which prevents the nonspeci�ic 

adhesion of cells. Then, the Cys-Gly-Gly (CGG)-linked Ile-Lys-Val-

Ala-Val (IKVAV) peptide (a hippocampal neuron adhesive peptide 

that originates from laminin) was conjugated to electrochemically 

activated domains on the TEG-terminated surface using a 

heterobifunctional N-hydroxysuccinimide (NHS)-maleimide linker 

[64]. Microscopy imaging of hippocampal neuronal cells two days 

after seeding on the activated TEG-tethered azobenzene surface 

showed that neurons with extensive neurites were only grown on 
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the IKVAV-conjugated, electrochemically activated domains of the 

SAM-modi�ied surface [64].

4.4 Controlling the Release of Bioactive 
Elements by Electrochemical Desorption of 
Self-Assembled Monolayers

4.4.1 Reductive Electrodesorption of Self-Assembled 
Monolayers as a Strategy to Release Cells and 
Proteins from Surfaces

While organic electrosynthesis on SAMs provides an elegant 

approach that allows sophisticated manipulation of the chemical 

groups at the biointerface, the synthesis of electroactive alkanethiols 

is not very straightforward. Along these lines, electrodesorption of 

alkanethiolate monolayers, through the application of cathodic 

potentials that ultimately leads to the reduction of the gold-thiolate 

bond, offers a simple avenue for controlling biointerfacial properties 

of gold electrodes.

 Whitesides et al. exploited the electrodesorption of alkanethiolate 

SAMs to release patterned mammalian cells from the constraints 

of these patterns [65]. Microcontact-printed domains presenting 

octadecanethiolate and oligo(ethyleneglycol)-terminated SAMs 

were used to con�ine cells into well-de�ined regions of the modi�ied 

surface. These authors demonstrated that electrochemical 

desorption of oligo(ethyleneglycol)-terminated SAMs promotes the 

release of patterned bovine capillary endothelial (BCE) cells from 

their con�inements. Oligo(ethyleneglycol)-terminated SAMs resist 

the adsorption of proteins, and since mammalian cells attach to and 

spread on surfaces only if suitable extracellular matrix (ECM) proteins 

are present, these SAMs also resist the attachment and spreading of 

cells. Cells were con�ined on these micropatterns in normal growth 

media for 24 hours. After application of a cathodic voltage pulse (< 

–1.2 V), cells began to spread perceptibly from the microdomains (Fig. 

4.19). The electrodesorption of oligo(ethyleneglycol)-terminated 

SAMs in the presence of ECM proteins such as �ibronectin (secreted 

by cells) rapidly adsorbed onto regions that had been previously 

rendered inert by these SAMs, and consequently, cells migrated 

Controlling the Release of Bioactive Elements
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across the entire surface upon electrodesorption [65]. This strategy 

has been also extended to the release of different antibody- and RGD-

bound cells [66, 67].

 

site-selective cell attachment

reductive electrodesorption of
OEG-terminated thiols

Cell migration

site-selective cell attachment

reductive electrodesorption of
OEG-terminated thiols

Cell migration

Figure 4.19 A simpli�ied cartoon describing the migration of cells on surfaces 

upon reductive electrodesorption of oligo(ethyleneglycol)-

terminated SAMs.

 In a similar vein, Jian et al. reported a method for patterning 

multiple types of adherent cells on the same substrate by 

electrochemical desorption of SAMs in localized areas de�ined 

by a micro�luidic system [68]. This method also employs an 

oligo(ethyleneglycol)-terminated thiol chemisorbed on a gold 

surface, which resists adsorption of proteins and adhesion of 

cells. A micropatterned PDMS stamp with prede�ined micro�luidic 

channels is used to carry out selective electrochemical desorption 

of the thiol from the gold substrate. This strategy enables the site-

selective “activation” of the inert surface, promoting the adsorption 

of proteins, for example, �ibronectin, and the subsequent adhesion 

of cells. Because electrodesorption only takes place in areas exposed 

to micro�luidic channels, patterned cells are selectively con�ined to 

activated regions, which are de�ined by these channels upon removal 

of the stamp that carries the �luidic system [68].

 Simonian et al. explored the use SAM electroreduction as 

a methodology to release surface-bound proteins [69]. Model 
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proteins like bovine serum albumin (BSA) and immunoglobulin 

G (IgG) were conjugated via carbodiimide (EDC) chemistry to a 

mercaptoundecanoic acid (MUA) SAM. Deposition of alkanethiols 

and proteins was monitored by ellipsometry and SPR techniques and 

was further con�irmed by cyclic voltammetry using [Fe(CN)6]3– as a 

redox probe. The surface-bound proteins were completely removed 

by applying a reductive potential of –1.2 V (vs. Pt electrode) in 

phosphate buffered saline (PBS) buffer. Importantly, these authors 

demonstrated that the protocol involving immobilization and release 

of the proteins could be repeated multiple times, thus evidencing the 

robustness and reproducibility of the approach [69].

4.5 Conclusions

Biosurface organic chemistry is an emerging research �ield at the 

boundaries of surface science, organic chemistry, and biophysics, in 

which SAMs are essential building blocks to design with molecular 

detail a wide variety surfaces [70, 71]. However, this scenario 

becomes more fascinating when electri�ied interfaces come into 

play. Electrochemistry introduces a complementary perspective 

from which to consider the manipulation biochemical features 

of tailor-made interfaces. Electrochemically induced interfacial 

reactions are becoming an increasingly important subject for studies 

in biofunctional surfaces [72–84], provided the electrode potential 

represents an alternative variable to manipulate in a predictable 

manner the chemical characteristics of terminal organic groups in 

SAMs as well as the surface stability of the whole self-assembled 

�ilm. In this chapter we reviewed some recent �indings in the �ield 

of biosurface organic chemistry by focusing on electrochemically 

induced interfacial chemical reactions on SAMs. These examples 

illustrate the combination of electrochemistry and SAMs as a versatile 

platform for the manipulation of biological phenomena on surfaces 

that may include electrochemically stimulated protein release or 

potential controlled cell migration, just to name some examples. 

As electrochemistry is becoming more available to a wide range of 

research groups in biology, organic chemistry, and surface science, 

we fully expect SAMs on electrode supports to become a versatile 

toolbox to design and manipulate biofunctional interfaces.

Conclusions
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