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Self-assembled molecular monolayers (SAMs) are long recognized as crucial "bridges" between redox enzymes

and solid electrode surfaces, on which the enzymes undergo direct electron transfer (DET)—for example, in

enzymatic biofuel cells (EBFCs) and biosensors. SAMs possess a wide range of terminal groups that enable

productive enzyme adsorption and fine-tuning in favorable orientations on the electrode. The tunneling distance,

the SAM chain length, and the contacting terminal SAM groups are the most significant factors in SAM-controlled

DET-type bioelectrocatalysis.
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1. Introduction

Self-assembled molecular monolayers (SAMs) are surface monolayers that spontaneously bind to metal surfaces

on which, for example, the unique metal-S bonding between metal and thiols offers a versatile pathway to tailor

interfacial electrochemical and bioelectrochemical properties . Thiol SAMs on metal surfaces are core

targets to provide an understanding of self-organization and interfacial interactions at the molecular level in

biological systems . Bigelow and associates were the first to demonstrate well-oriented SAMs adsorbed on a

platinum wire , but SAMs did not attract much attention until Nuzzo and associates discovered disulfide

monolayers on gold substrates in solution, as a phenomenon different from conventional Langmuir–Blodgett (LB)

films . Besides gold and platinum, SAMs can also form on the surfaces of other metals including silver, copper,

palladium, and mercury . Gold is, however, the most extensively investigated because of its

chemical inertness, relatively easy handling, and wide potential window, suitable for a range of electrochemical

studies .

In parallel, the nature of the surface Au-S bond has been in intense focus over a number of years  and was

recently overviewed . In contrast to molecular Au(I)-S(-I) complexes, the "aurophilic" effect arising from

collective interactions among surface Au atoms leads to displacement of the 6s Au electrons out of chemical reach

and the filled 5d electrons taking over in Au-S bonding. The Au-S bond on Au surfaces is thus an intriguing

example of strong, aurophilically controlled van der Waals binding in an Au(0)-•S(0) gold(0)-thiyl bond.

Electron transfer (ET) reactions between an electrode surface and an oxidoreductase is the core "elementary"

process in bioelectrocatalysis . For example, oxidoreductases possess redox/catalytic center(s) that
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catalyze the oxidation of fuels on a bioanode (e.g., glucose, fructose, lactate, and sulfite) , which can be

assembled with a biocathode undergoing biocatalytic reduction reactions, typically dioxygen reduction, in

enzymatic biofuel cells (EBFCs) . The bioelectrochemical ET processes are classified into direct ET

(DET) and mediated ET (MET) . MET utilizes external and artificial redox mediators to shuttle the electrons

between the electrode and the oxidoreductase, especially if the redox center(s) are buried deep inside the protein

structure . In DET, redox enzymes communicate directly with the electrode surface, if the redox

cofactors/centers are spatially close to the electrode surfaces (generally less than 2 nm), facilitating electron

tunneling . DET is thus a simpler mechanism by eliminating the need for external redox mediators, and it is

therefore amenable to more detailed mechanistic analysis.

Oxidoreductase immobilization is crucial to improving electrode reusability and stability . To achieve efficient

DET, the detailed surface characteristics of both enzyme and electrode for favorable enzyme orientation must be

considered, leading to shortest possible electron tunneling distance. A wide range of carbon or metallic supports

have been employed for effective enzyme immobilization . Physical adsorption and covalent

bonding are most commonly used. SAMs have been introduced to serve as a bridge for gentle protein/enzyme

immobilization on gold or other metal surfaces . SAM structures are determined by the Au-S bond, the

local surface structure of the metal surfaces, lateral interactions, as well as by the solvent and electrolytes . Use

of SAMs avoids the direct contact of enzyme and solid surfaces , and mimicks the microenvironment in

biological membranes. SAMs hold a variety of functional hydrophilic or hydrophobic terminal groups, such as

carboxyl, hydroxyl, amino, and alkyl groups . Frequently used alkanethiol and thiophenols are summarized in

Figure 1. In addition, the DET kinetics is controlled by the SAM molecular chain length, as the ET rate depends

strongly on the tunneling distance . Emerging protein engineering provides oxidoreductases directly with

thiol residues, leading to controlled orientation either by direct protein thiol binding or by thioether bond formation

with unsaturated maleimide on the surface .
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Figure 1. Frequently used alkanethiols and thiophenols in the formation of self-assembled molecular monolayers

(SAMs) with alkyl, amino, hydroxyl, and carboxyl terminal groups.

Current density and enzyme loading can be promoted using nanostructured materials . Among these,

metallic nanomaterials exhibit excellent electronic conductivity and large surface area, with clear potential for

improved catalytic response and stability of immobilized redox enzymes . Nanoporous gold (NPG), prepared via

de-alloying Au alloys or electrodeposition, with three-dimensional porous architecture and relatively uniform pore

size, is a particular candidate for immobilizing enzymes in DET . Gold nanoparticles (AuNPs)

featuring a spherical nanostructure and large surface areas have also been widely studied in bioelectrocatalysis 

. The combination of SAMs and nanostructured gold offers new opportunities in bioelectrochemistry and

has been extensively reviewed , but only a few reviews cover SAMs on planar or porous gold electrodes

for controlled enzyme orientation . DET on carbon electrode materials (carbon nanotubes, graphene-based

materials) is another major parallel sector, beyond the scope of the present focused review but recently reviewed

elsewhere .
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2. Preparation and Characterization of SAM-Based Au- and
Other Electrodes

2.1. Preparation of SAMs

Thiol SAMs form spontaneously on electronically soft metal substrates such as gold surfaces from liquid or vapor

media under mild conditions . Well-defined SAMs are formed by immersing the clean metal surface into a thiol

solution, commonly ethanol or aqueous solution, for a certain period of time (hours to days), followed by washing

with the same solvent. The SAM quality is determined by the variety and concentration of thiol solution,

temperature, soaking time, and the metal surface structure. Vapor deposition is also used to prepare SAMs, but the

SAM morphology is here hard to control. Single-crystal, atomically planar gold electrodes are the best substrates

for SAM studies, companied by characterization by several in situ techniques including electrochemical scanning

tunneling microscopy (in situ STM). Nanomaterials with porous structure and high surface area are also used as

substrates , and a potential-assisted method to accelerate the SAM formation process has been developed 

. The electrochemical potential range is then a key parameter that strongly affects the quality of the SAMs,

evaluated for example by the surface coverage.

2.2. Characterization Methods

2.2.1. Electrochemistry

SAMs can be characterized by a range of methods, among which electrochemical methods have been widely

reported . Electrochemical methods involve cyclic (CV) and linear sweep voltammetry (LSV), and

electrochemical impedance spectroscopy (EIS). CV of non-redox active SAMs, i.e., capacitive voltammetry,

generally shows decreased double-layer capacitance after SAM adsorption on a metal surface. LSV and CV

records the irreversible reductive (and oxidative) desorption of SAMs at a negative (or positive) potential. Reductive

desorption is well suited to evaluate the surface coverage and the thermodynamic stability of the SAM Au-S units.

The shape and position of the desorption peaks are sensitive to the crystalline surface structure and the SAM

species. EIS can disentangle the ET resistance from the mass transfer or diffusion resistance. The ET resistance

increases with increasing chain length because of the increased tunneling distance . Electrochemical quartz

crystal microbalance (EQCM) is an in situ technique that allows real-time monitoring of the SAM adsorption

process with high sensitivity to the mass changes on the electrode .

2.2.2. Microscopy

Electrochemical scanning probe microscopies (SPMs), especially STM and atomic force microscopy (AFM), have

been extensively used to provide structural SAM properties at the single-molecule level. STM rests on the quantum

tunneling effect. A bias voltage is applied across the metal support and the extremely sharp STM probe, generating

tunneling currents, transformed to high-resolution conductivity images as the STM tip is scanned across the SAM-

modified metal support. Zhang and associates have reported extensive in situ STM investigations using a wide

range of alkanethiols on single-crystal gold , recording high-resolution mapping of SAM thickness and
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molecular orientations. In situ STM combined with electrochemical control can also directly map real-time SAM

evolution of structural features. In situ AFM has also attracted attention in bioelectrochemistry . AFM records

complex forces, mapping the surface structure by allowing the tip to directly contact the redox protein/enzyme

molecules. Contact angle (CA) measurement is a simple and straightforward method for monitoring the

hydrophobic/hydrophilic properties of SAMs .

2.2.3. Spectroscopy

Spectroscopic techniques are needed to map the complex interactions between SAMs and the metal support 

. X-ray photoelectron spectroscopy (XPS) records the element composition and the chemical state of the SAMs.

High-resolution XPS spectra of S 2p usually show a doublet at the binding energy ranging from 160 to 165 eV,

attributed to the formation of the Au-S bond between alkanethiol molecules and the metal support. The functional

SAM groups can be identified by Fourier-transform infrared spectroscopy (FTIR), and Raman spectroscopy can be

used to detect structural changes in SAMs . Surface plasmon resonance (SPR) spectroscopy is a powerful

technique to measure the SAM thickness and shows a change in the tilt angle when the SAM thickness varies.

Adsorption kinetics can be monitored online by SPR coupled with ellipsometry .

3. SAMs and Electrochemical DET of Redox
Proteins/Enzymes

Redox proteins and enzymes immobilized on solid surfaces are fragile biomolecular entities. With a few

exceptions, they retain ET or enzyme function only in prepared microenvironments that somehow emulate their

natural aqueous/membrane reaction media. With such perspectives SAMs have received considerable early and

recent attention as substrates for interfacial bioelectrochemical redox protein and enzyme DET reactions. Self-

assembled molecular monolayers with multifariously functionalized thiols are close to ideal SAM building blocks

which have emerged as the core SAM class over the last couple of decades. The -SH thiol group ascertains robust

Au-S linking, now increasingly well understood as dominated by the Au(0)-•S(0) gold-thiyl and strong van der

Waals Au-S interaction. The opposite functionalized end of the SAM thiol molecules offers the choice of hydrophilic

or hydrophobic, electrostatically charged or neutral, and structurally large or small terminal groups, well suited for

designed gentle protein/enzyme linking to the solid SAM-modified electrochemical surface. The option of varying

the length of the SAM-forming molecules offers additional control of the electron tunneling process, as well as of

the dielectric and other local environmental properties crucial in the overall control of the electrochemical activity of

the immobilized proteins or enzymes.

A wide range of metalloproteins have been investigated and their catalytic mechanism and ET kinetics on various

SAM-modified electrode surfaces mapped in detail. The redox active centers of protein/enzymes in DET can be

roughly categorized into two major groups: metal-based (iron, copper and molybdenum centers etc.) 

and non-metal-based (e.g., flavin adenine dinucleotide (FAD) and pyrrolo-quinoline quinone (PQQ)) centers 

. Most, although not all, DET-capable enzymes harbor multiple redox centers, with internal ET relays via heme

groups, copper clusters, or Fe-S clusters, which shuttle electrons between the electrode surface and the catalytic
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cofactors . Recent core studies where strategically chosen SAMs in DET-type electrocatalysis have been

crucial, and mechanisms of interfacial DET mapped in detail are summarized in Figure 2 

. Particularly, these studies have focused on, how favorable enzyme orientations can be obtained using

structurally versatile SAMs, and how the interactions between the redox protein/enzyme and the SAM-modified

electrodes can be tuned. In these ways the studies show, how the impressive potential of well-chosen thiol-based

SAMs ascertains robust performance and can lead to detailed molecular mechanistic mapping of the

electrochemistry of large complex biomolecules.

Figure 2. (a) Illustration of common proteins/enzymes capable of direct electron transfer (DET) on electrode

modified by self-assembled molecular monolayers (SAMs). The proteins include: horse heart cytochrome c (cyt c),

PDB 1HRC; cellobiose dehydrogenase (CDH) from Neurospora crassa, PDB 4QI7; gamma-alpha subunit of FAD-

dependent glucose dehydrogenase (FAD-GDH) from Burkholderia cepacia, PDB 6A2U; chicken liver sulfite

oxidase (SOx), PDB 1SOX; Pseudomonas aeruginosa azurin T30R1, PDB 5I28; monomer of Achromobacter

xylosoxidans copper nitrite reductase (AxCuNiR), PDB 1HAU; bilirubin oxidase from Myrothecium verrucaria

(BOD), PDB 2XLL; laccase (Lac) from Trametes versicolor, PDB 1KYA; [NiFe]-hydrogenase from DesulfovVibrio

Vulgaris Miyazaki F (DvMF), PDB 1UBU. Schematic view of representative DET processes of (b) mvBOD and (c)

SOx on the electrode modified with negatively and positively charged SAMs, respectively.
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