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Abstracts Self-assembled monolayers (SAMs) provide a
convenient, flexible and simple system to tailor the
interfacial properties of metals, metal oxides and semi-
conductors. Monomolecular films prepared by self-
assembly are attractive for several exciting applications
because of the unique possibility of making the selection of
different types of terminal functional groups and as
emerging tools for nanoscale observation of biological
interactions. The tenability of SAMs as platforms for
preparing biosurfaces is reviewed and critically discussed.
The different immobilization approaches used for anchoring
proteins to SAMs are considered as well as the nature of
SAMs; particular emphasis is placed on the chemical
specificity of protein attachment in view of preserving
protein native structure necessary for its functionality.
Regarding this aspect, particular attention is devoted to
the relation between the immobilization process and the
electrochemical response (i.e. electron transfer) of redox
proteins, a field where SAMs have attracted remarkable
attention as model systems for the design of electronic
devices. Strategies for creating protein patterns on SAMs
are also outlined, with an outlook on promising and
challenging future directions for protein biochip research
and applications.
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Introduction

The design and structural organization of biointerfaces
suitable for molecular recognition and mapping of protein
interaction networks are keys for obtaining protein arrays with
high performance characteristics [1-3]. In addition, many
experimental approaches in biological studies, clinical
diagnostic, drug discovery and proteomics require the
immobilization of proteins on surfaces [4-9]. Proteins can
also act as recognition elements in sensor devices where a
protein is attached to a solid support and the combined unit
acts as an optical or electronic transducer. In particular, the
success achieved by DNA arrays in genomics stimulated
scientific interest in the use of protein arrays as tools in
proteomics [5, 8]. However, since proteins are much more
complicated from both a chemical and a structural point of
view than nucleic acids, their immobilization on surfaces is
intrinsically more complicated [10—13]. Additional difficul-
ties derive from the sensitive nature of proteins, which have
low conformational stability and can be damaged upon
surface immobilization [11, 12]. Moreover, proteins can
adhere and adsorb to most surfaces through a variety of
mechanisms (electrostatic interaction, hydrogen bonding,
hydrophobic interaction and a combination of these), resulting
in non-specific protein binding [14]. Covalent binding of the
protein to a reactive surface through surface-accessible
residues often lacks regiospecificity and hence immobilized
protein may not be correctly oriented. Additionally, the
reactive site of a protein can be blocked by the immobili-
zation procedure, resulting in the reduction or loss of all of
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the protein activity. Therefore, one of the paramount
challenges for a primary enabling technology is to achieve
controlled immobilization of the proteins on surfaces in such
a way that they retain their biological features and properties
and avoiding non-specific protein binding. Molecular surface
science has greatly contributed to the improvement of this
technology by providing ideal platforms for creating surfaces
bioengineered at a molecular level [15]. Among the surface-
modification techniques, self-assembly is one of the most
popular bottom-up approaches to add the anchoring elements:
it is easy to apply and allows one to tune the functionality of
the layer created by modifying the end groups.

Self-assembly, involving spontaneous arrangements of
atoms and molecules in an ordered functional entity, is one
of the main strategies used in nature allowing life to be
created from its building blocks [16, 17]. Recently, much
effort has been devoted to a fundamental understanding of
molecular film self-organized on surfaces [18]. Among
various self-assembly processes, the formation of a self-
assembled monolayer (SAM) is one of the most elegant
ways for making an organic film with specific surface
properties [19-21]. Although the Langmuir-Blodgett method
allows the transfer of a monolayer from an air—water interface
onto a solid support, so that multilayers can be formed simply
by repeating the transfer steps, the multilayers are thermody-
namically unstable and, consequently, minimal temperature
changes or exposure to solvent can ruin their two-dimensional
structure [16, 22]. On the other hand, SAM formation does
not only give more rugged organic films, as consequence of
strong chemisorption of suitable molecules such as organo-
sulfur compounds, but is also capable of imprinting a desired
function when individual molecules are assembled into
highly oriented and ordered architecture. The aim of this
review is to highlight some smart SAM architectures and
their novel applications. The design and use of SAMs for
application in biomolecular recognition, including the use of
monolayers for assembling functional tethered bilayer lipid
membranes (t-BLMs), the development of methods to
modify the exposed surfaces of SAMs formed from thiols
and their dynamic interaction with biomolecules are
reviewed. Strategies for creating protein patterns on SAMs
and moieties bearing binding sites for specific attachment of
target protein are also outlined, with an outlook on promising
and challenging future directions for protein biochip research
and applications.

Organization and nature of the metal-SAM interface
SAMs are organic assemblies formed when molecules in
solution or the gas phase adsorb and spontaneously

organize into a single layer on a surface. The molecules
constituting SAMs have chemical functionality with a
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specific affinity for a substrate. There are a number of
chemical functionalities for binding to specific metals
[21, 23-25], metal oxides [26], semiconductors [27, 28]
and glass [29, 30]. The most widely applied class of SAMs
derives from the adsorption of an alkanethiol on gold; in fact,
it forms good (well-packed) SAMs and it is historically the
most studied. Moreover, gold is a reasonably inert metal, easy
to prepare and pattern by a combination of lithographic tools
and chemical etchants. Gold binds thiols with a high
affinity and it does not undergo any unusual reaction
with them. In particular, Au(111) yields SAMs having
both the highest density and the highest degree of
regularity [31]. Nonetheless, this thiol-gold bond leads
to facile exchange of the adsorbates. SAMs of alkanethiols
on gold provide suitable systems to explore the effect of
surface chemistry on protein adsorption and cell adhesion,
because thin gold films are common substrates for several
analytical techniques, including surface plasmon reso-
nance (SPR) spectroscopy, quartz crystal microbalances
(QCMs), ellipsometry and electrochemical methods. In
particular, cells can adhere and properly work on gold
surfaces without evidence of toxicity [32-34].

SAMs of organosulfur compounds adsorb spontaneously
on substrates from either the liquid or the vapour phase.
Assembly from solution on the laboratory bench is
convenient and sufficient for most applications of SAMs,
especially for those requiring contact with other liquid
phases in subsequent experiments. In the adsorption of
alkanethiols from solution, the desired clean substrate has
to be dipped in the required dilute solution of the thiol for a
specified time and temperature. Gas-phase evaporation of
the adsorbent can also form good monolayers, although
structural control can sometimes be difficult. The experi-
mental conditions more frequently adopted for preparing
SAMs vyield organic interfaces having reproducible and
desired functional behaviours. Nevertheless, there are a
number of experimental factors that can affect the kinetics
of formation and the structure of the resulting SAM, such as
the nature and roughness of the substrate, solvent, temper-
ature, concentration of adsorbate, immersion time, oxygen
concentration of the solution and nature of the adsorbate.
Comprehensive reviews of the practical protocols for
preparing SAMs and details of the thermodynamics and
kinetics governing the process of assembly are available
[19, 20, 35]. It was also reported how easily SAM removal
from gold surface can be achieved by cathodic polarization;
an alkaline medium constituted by KOH in water or ethanol
is usually employed. Both the thiolate and the bare metal
surface become solvated, and the thiolate diffuses away
from the surface. The process is reversible: removing the
applied negative potential can result in readsorption of the
thiolates onto the metal surface. A method for patterning
multiple types of adherent cells on the same substrate by
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electrochemical desorption of SAMs in localized areas
defined by a microfluidic system has been reported [36].
This technique has the capability to pattern different types
of cells with precisely controlled distance, allowing the
free exchange of soluble molecules. The manipulation
and microfabrication required in this approach can be
extensively applied for studying fundamental biomedical
problems based on cell-cell interactions. Furthermore,
spatially selective electrochemical transformations can
find uses in microfabrication and surface engineering
[37, 38].

Over the past two decades, comprehensive understanding
of the assembly of SAMs evolved considerably as a
consequence of the availability of improved or new methods
for their characterization. The combination of data from
scanning probe microscopes (atomic force microscope,
scanning tunnelling microscope, etc.), spectroscopic tech-
niques such as reflection absorption infrared spectroscopy,
X-ray photoelectron spectroscopy, and ellipsometry, and
physical methods provided a reasonable understanding of
the structural organization of SAMs and the assembly
process at the molecular level [39—41]. Although many
controversies still exist about the dynamics of the assembly
process and the structural characteristics of the alkanethiol
SAM-gold surface interface, such as the head-group
bonding structure, the packing configuration and the nature
of the adsorption site [42, 43], it is clear that the process
leading to the formation of SAMs involves a subtle interplay
of the energetics of the metal-sulfur bonds and noncovalent
lateral interactions among the organic groups. Recently, the
existence of ion and water channels in highly dense and
well-ordered alkanethiol SAMs has received considerable
interest [44—46]. In most cases, the specific ordering of the
sulfur moieties on the metal lattice defines the free space
available to the organic components. The maximization of
the attractive lateral interactions (van der Waals, hydrogen
bonding) determines the organization of the organic layer.
The organic groups can also restrict the density of coverage;
steric crowding of the organic groups can limit the
arrangement of the sulfur atoms to one layer less dense than
that exhibited by elemental sulfur on a given substrate. The
formation of alkanethiolates on Au(111) requires the balance
between the adlayer structure and the lateral interactions
stabilizing the assembly: the metal-sulfur interaction drives
the assembly to the limiting case where the gold surface is
covered by an overlayer of thiolates. On the other hand, the
attractive lateral interactions also promote the secondary
organization of the alkane chains, giving a superlattice
structure (Fig. 1). To achieve a dense monolayer, several
surface-active organosulfur compounds have been studied
[20, 21]. These include alkanethiols [HS(CH,),X],
dialkyl disulfides [X(CH,),,S — S(CH,),X] and dialkyl
sulfides [X(CH,),,S(CH,),X], where n and m are the

Fig. 1 The arrangement of decanethiolates on an Au(l11) lattice
when maximum coverage of the thiolates is attained. a Structural
model of the commensurate adlayer formed by thiols on the gold
lattice. The arrangement shows a structure where the sulfur atoms
(dark-grey circles) are positioned in the threefold hollows of the gold
lattice (white circles, a=2.88 A). The light-grey circles with the
dashed lines indicate the approximate projected surface area occupied
by each alkane chain; the dark wedges indicate the projection of the
CCC plane of the alkane chain onto the surface. The alkane chains tilt
in the direction of their next-nearest neighbours. b Cross-section of the
self-assembled monolayer (SAM) formed from decanethiol. Note the
alternating rotations of the carbon chains in this view. The chains are
labelled with twist values (3) to indicate the relative orientations of the
neighbouring chains. (From [21])

number of methylene units and X represents the end group
of the alkyl chain (—CHj3, —OH, —-COOH, —NH,, etc.). The
evidence available suggests that on gold either thiols or
analogous disulfide forms SAMs of similar structure [47, 48].
The low solubility of disulfides makes them difficult to use
in solution; this leads to their precipitation and the possible
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formation of a multilayer contamination of the substrate if
the sample preparation does not occur under carefully
controlled conditions [23]. Dialkyl sulfides form SAMs that
are similar to those formed by thiols and disulfides, but the
interaction of sulfur with the metal surface is weaker than the
metal thiolate bond, and, thus, the SAMs formed from sulfides
are less stable than those formed from thiols and disulfides
[49]. As demonstrated by electrochemical [50], X-ray
photoelectron spectroscopy [51] and mass-spectrometric
[52] characterization of dialkyl sulfide SAMs, any cleavage
of'the C — S bond is observed during formation; furthermore,
scanning tunnelling microscopy studies suggest that the
adsorbates are not as well ordered as those derived from
thiols or disulfides [53, 54].

The chain length is also important for controlling the
density of the monolayer: longer-chain alkanethiols bearing
a terminal group [i.e., HS(CH,), X, where n>10] assemble
into densely packed and ordered monolayers [55]. For
example, phenyl and biphenyl SAMs show good packing
owing to 7 interactions, but are less stable than those of
long-chain alkanethiols [56]. However, although long-chain
SAMs are very stable and effective in reducing non-specific
interactions with biomolecules [57], they have limited
applications in electrochemical sensors, a field where
SAMs have attracted remarkable attention as model
systems for design of electronic devices [58, 59]. This
disadvantage could be overcome using mixtures of alka-
nethiols of different length [60, 61]. Mixed SAMs are
monolayers comprising a well-defined mixture of molecular
structures; they provide a method useful for incorporating
molecular species whose own physical dimensions would
prevent a direct, well-organized assembly. Two specific
examples include the formation of SAMs that contain
ligands or proteins retaining their active/native conforma-
tions [62], and the placement of electroactive species,
correctly oriented, at precise distances from the electrode
surface [63, 64] (see also the next section). Mixed SAMs
are also useful for defining gradients of interfacial
composition, which are useful for studying the properties
and biology of cells [32]; however, the low immobilization
capacity of these surfaces negatively affects the sensor
performance [65]. Recently, SAMs of dithiolated scaffolds
have been studied as supports for the immobilization of
biomolecules [66, 67]. These scaffolds contain two identi-
cal alkyl thiol substituents attached to a phenyl ring through
phenolate bridges, providing two attachment points on the
gold surface; this generates a SAM more stable than the
monothiol. Furthermore, it provides a more adequate
spacing of an immobilized biomolecule, thus allowing
improved mobility and flexibility at the recognition
terminus [68]. Such a structure has lower insulating ability
than alkanethiol SAMs and therefore is expected to allow
easier electron transfer; thus, this kind of dithiol-modified
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SAM can be profitably used as a support in electrochemical
sensors [69].

Randomly and uniformly oriented protein grafting
on SAMs: versatile platforms for bioanalytical
applications

SAMs of alkanethiols on gold provide suitable systems for
studying biological and biochemical processes. The
stability, the uniform surface structure and the relative
ease of varying their functionalities make SAMs an
appealing choice for immobilizing sensing molecules on
a transducer surface. In the following, the different
methods usually employed for protein immobilization are
reported and discussed according to the kind of interaction
exploited.

Non-covalent interactions

Conventional grafting of unmodified proteins onto a
reactive surface leads to statistical orientation of the
proteins on the underlying surface. Non-covalent protein
immobilization methods are widely employed and involve
either passive adsorption onto hydrophobic surfaces or
electrostatic interactions with charged surfaces.

Hydrophobic interactions

Immobilization via hydrophobic interactions on alkanethiol
SAMs has been shown to be suitable for certain proteins,
such as the blue copper protein azurin [70, 71]. The
molecular orientation with the copper redox centre facing
the electrode surface has been achieved by using a methyl-
terminated alkanethiol SAM on which azurin molecules are
immobilized through hydrophobic interactions between the
azurin hydrophobic area around the copper centre and the
akanethiol methyl heads (Fig. 2). A QCM coupled with
electrochemistry was recently used to examine the adsorption
of azurin on a gold electrode modified with a SAM of
octanethiol [72]. The QCM data revealed that the kinetics
of azurin adsorption onto such electrodes could be
controlled by the azurin concentration. With only modest
azurin concentrations (approximately micromolar) the
saturation coverage was attained quite rapidly (less than
3 min): this has implications for experiments where an
adsorbed layer of protein is required. The high stability
and sensitivity of this system could hold promise for
electronic mapping of a single redox protein molecule and
protein-based biosensors.

Hydrophobic interactions of alkanethiol SAM can also be
exploited to assemble a second phospholipid layer, creating a
so-called hybrid bilayer membrane (HBM) [73, 74]. This
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Fig. 2 Molecular orientation for azurin with the copper redox centre
facing the Au(111) surface, achieved by the hydrophobic adsorption of
azurin on methyl-terminated SAMs of alkanethiol. The drawing is not
to scale, and the dimensions of some atoms (e.g. Cu, S) and bonds is
deliberately exaggerated for clarity. (Adapted from [70])

system resembles a true biological membrane at least as
regards the second layer and the internal hydrophobicity. In
particular, the SAM turns the bilayer into a highly stable
structure [75]; however, its effect on the lateral mobility of
phospholipid molecules of the layer significantly limits its
biomimetic properties, especially when channelling phe-
nomena have to be observed [76]. In contrast, HBMs are
well suited for investigating reactions occurring at the
membrane interface such as protein surface interactions,
binding of ligands to membrane-confined receptors and
embedding of some redox proteins, which make these
interfaces very promising for biorecognition and biosens-
ing applications. Hydrophobic interactions have been
exploited to immobilize cytochrome ¢ oxidase in a HBM
that is able to undergo direct electron transfer onto the
electrode surface (Fig. 3a); this system has been success-
fully used for cyanide detection, owing to its inhibiting
properties [77]. HBMs have also been used recently as a
basis for developing multichannel biochips exploiting
controlled superficial charge density (Fig. 3b) [78].

To achieve highly biomimetic properties of reconstituted
systems, bilayer lipid membranes (BLMs) anchored to the
substrate by suitable tethers have been developed [79, 80].
These membranes, named tethered BLMs (t-BLMs), are
reconstituted by using a membrane phospholipids solution
where a relatively low number of tethered phospholipid
molecules are present [79-81].

Electrostatic interactions

Studies on cytochrome ¢ revealed that electrostatic immo-
bilization is a relatively mild method enabling direct
electron transfer between protein and electrode, and does
not seem to significantly affect its structure and properties
[82, 83]. The electrostatic immobilization is particularly
suitable for SAMs having either positively charged amine
or negatively charged carboxyl groups on the surface.
Successful immobilization requires the protein be suffi-
ciently charged and the distance between the electrode and
the protein redox groups not be too long. The fulfillment of
these requirements can be deduced from both the protein
isoelectric point and the analysis of the most likely
conformation of the protein on the SAM. Physical
adsorption of *?P-labelled DNA on a carboxy-modified
alkyl thiol SAM has been investigated [84]. As other
important anion-terminated SAMs and based on biomimetic
rationales, phosphate- and phosphonate-terminated SAMs
have been studied as a functional interface to immobilize
proteins [85-87]. The ionic phosphate surface exhibits
lower platelet reactivity than the carboxylic control;
however a structure with a lower order of packing was
noted on the pure SAM with a bulky phosphate terminal
end [86]. In recent reports, the direct electrochemistry of
cytochrome ¢ [88] and haemoglobin [89, 90] immobilized
on phosphate-terminated SAMs was investigated. The
immobilized haem proteins retain their native structure
and direct electron transfer is detected; this indicates that
the phosphate-terminated functional interface provides a
favourable biocompatible microenvironment for the pro-
tein. The interaction between the proteins and phosphate
groups is likely a hydrogen-bonding interaction rather than
an electrostatic interaction [89]. These studies show that the
phosphate groups play a very important role in biological
studies and provide a functional interface in the fabrication
of electrochemical biosensors.

As noted above, the major advantage of this immobili-
zation is that neither additional coupling reagents nor
further modification of the protein is required. However,
non-covalent immobilization typically involves relatively
weak and reversible interactions; this has several implica-
tions for the overall robustness and reusability of systems,
particularly when they are used in analytical assay and
sensor devices. During the adsorption, the proteins often
undergo conformational changes and denaturation that can
significantly reduce their activity [91]. Furthermore, since
the packing density of the immobilized proteins is
uncontrolled, their activity may be further reduced by steric
hindrance and non-specific adsorption [92, 93].

The turning point in the use of model substrates was the
development of so-called inert surfaces that prevent the
non-specific adsorption of proteins. A particularly versatile
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Fig. 3 a Cytocrome c¢ oxidase immobilized in a hybrid bilayer
membrane (HBM) onto an electrode surface as a model of a direct
electron transfer based biosensor. b. Lipid monolayer formation on a

approach for suppressing non-specific adsorption is based
on alkanethiol SAMs with an oligo(ethylene glycol) (OEG)
chain at the termini [94-96]; the crystalline helical and
amorphous forms of these kinds of SAMs prevent protein
adsorption, as demonstrated in an elegant study by White-
sides and Prime [97]. The amount of protein adsorption on
gold modified with ethylene glycol and unfunctionalized
alkanethiol mixed SAMs is a function of both the density of
the ethylene glycol adsorbates and the length of the
terminal chain [97]. Indeed, the length of this chain is
crucial for binding interfacial water molecules by the
ethylene glycol layer, which is very important for confer-
ring to the SAM the ability to prevent protein adsorption
[98]. The importance of water penetration into the OEG
terminus of the films to render them protein-resistant was
demonstrated [99]. The amount of water penetrating into the
SAM of OEG depends on the lateral density; this can be
regulated by controlling the adsorption of the molecules on
the gold surface. Computer simulations and neutron reflec-
tivity measurements of the SAM in contact with water
revealed that the water concentration inside a defect-free
gold-supported film is one molecule per OEG unit, whereas
essentially no water adsorption was observed on silver-
supported monolayers owing to their higher packing density
[100]. Thus, entropic forces play at most a limited role in
densely packed SAMs. To understand the contributions to

@ Springer

CZD@@

* & o0

IF?F????????

>  (—><— Bovine serum albumin

O

@5 = &3
: ????3??3?3?5?}

hydrophobic gold substrate based on the fusion of lipid vesicles
(a Adapted from [77], b from [78])

HMB

protein resistance of OEG, it was suggested that the
unfavourable change in free energy when removing the
strongly bound water in the interface should prevent protein
adsorption as result of attractive van der Waals interactions.
The combination of high loading capacity and low non-
specific adsorption of biomolecules in one surface coating
would provide a “perfect” sensitive layer [101]. Therefore, a
mixed OEG obtained by immobilizing OEGs of various
lengths onto the surface was investigated to form a structure
with high binding capacity but keeping the benefit of
minimal non-specific binding [102]. However, the suscepti-
bility of ethylene glycol chains to self-oxidation limits their
long-term applications. Surface phospholipids also minimize
non-specific binding; their strong hydration capacity,
achieved by electrostatic interactions, is hypothesized to be
responsible for this effect [103]. For example, the zwitter-
ionic properties of oligophosphorylcholine SAMs result in
the suppression of kinetically irreversible non-specific
adsorption of proteins; however, phosphorylcholine mono-
layers are not very stable [103]. The ability of a “solute” to
render surfaces resistant to the adsorption of proteins has
also been studied [104]. There are elements of osmolytes
(organic compounds affecting osmosis) or kosmotropes
(organic compounds contributing to the stability and
structure of water—water interactions) that are responsible
for the surfaces resistance to the adsorption of proteins
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(Fig. 4). The conformational flexibility of the OEG chains
may contribute to their preferential exclusion and kosmo-
tropicity, and to the protein resistance of surfaces function-
alized with OEG [105-108]; conformational flexibility is,
however, not a prerequisite for kosmotropicity of a solute,
and is also not required for protein resistance of a surface,
albeit it may sometimes be important [103]. These elaborate
approaches proved that when elements of certain osmolytes
and kosmotropes were incorporated into alkanethiolates such
as betaine, taurine and hexamethylphosphoramide, SAMs of
these compounds displayed improved protein repellency
[109, 110].

Covalent interactions

For more stable attachment, the formation of covalent
bonds is required; in general, proteins have many functional
groups, mainly in the amino acid side chains that are
suitable for immobilization purposes. As non-covalent
adsorption, these methods can be used on unmodified
proteins since they rely only on naturally present functional
groups. A number of different classes of organic reactions
have been explored for modifying the surfaces of SAMs,
including nucleophilic substitutions, esterification, acyla-
tion and nucleophilic addition [111]. Under appropriate
experimental conditions, the terminal groups exposed on
the surface of a SAM immersed in a solution of ligands can
react directly with the molecules present in solution. SAMs
with maleimide functional groups react with proteins
having an accessible cysteine residue [112]; the maleimide
groups strongly favour conjugate addition with thiols at
physiological pH (6.5-7.5), since under these conditions
amines are predominantly protonated. The disulfide—thiol
exchange process appears to occur more readily than
displacement of the thiol on the surface; such a method is
widely used to attach thiol-modified peptides and proteins
to SAMs [113, 114]. The steric bulk of the thiol-modified

Near-surface Region”
. o (Local Domain)

_ I’I'I}Illl

biomolecules may hinder their transport into defect sites on
the surface. The ligand immobilization on SAMs by
reaction with primary amines, thiol and o-phthaldialdehyde
has recently been described [115]. These methods enable
the immobilization of proteins through amino coupling
using a chemistry which is an alternative to peptide bond
formation; the amino coupling is based on the reaction of
thioacetales, formed by reaction of thiol groups with
aldehydes, with primary amino groups, without any
preactivation of the surface, making it suitable for sensor/
array fabrication.

By far the most common method to covalently attach
proteins to surfaces involves first the functionalization of the
SAM surfaces with a reactive intermediate, which is then
coupled to a ligand (Fig. 5). In this strategy, the common
intermediate can react with a variety of ligands and it allows,
in principle, spatial discrimination of active and inactive
regions; so, the reactivity of regions on the surface can be
turn on and off. One of the experimentally simplest and most
broadly applicable methods developed for modifying SAMs
exploits the formation of amide linkages via an interchain
anhydride intermediate [116, 117]; trifluoroacetic anhydride
dehydrates the terminated carboxylic acid of a SAM, which
exposed to amine groups of the lysine chain of the protein
generates the amide bonds. As an alternative, aldehyde
groups can be coupled with exposed amines on proteins to
produce an imine that can be reduced by sodium cyanobor-
ohydride, or an equivalent reagent, to form a stable
secondary amine linkage [118, 119]. The nucleophilicity of
the amine group also allows reaction with epoxide-
functionalized materials [120]. Epoxides have the advantage
of being relatively stable to hydrolysis at neutral pH, which
allows easy handling of the materials but can result in slow
or incomplete coupling. It is important to note that the high
abundance of amino groups of the lysine side chain (greater
than 10%) can lead to protein attachment through many
residues simultaneously, thereby restricting the degrees of
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conformational freedom and also increasing heterogeneity in
the population of immobilized proteins. The aforementioned
methods do not facilitate site-specific immobilization, except
in unusual cases such as light harvesting complex 2 from
Rhodobacter sphaeroides, in which the lysine residues are
all found on the cytoplasmic face of the protein, which
means that active ester methods yield immobilization with
controlled orientation [120]. In this example, alkyl thiols in
SAMs were selectively converted into weakly bound alkyl
sulfonates using a near-field scanning optical microscopy
technique. The sulfonates were then replaced by carboxylated
alkyl thiols activated with carbonyldiimidazole. Subsequent
incubation with light harvesting complex 2 leads to nano-
patterns of less than 100 nm. However, the active ester method
has nevertheless been widely used.

The aspartate and glutamate residues can be also
used for immobilization by converting them in situ into
the corresponding active esters with a carbodiimide
coupling agent and an auxiliary nucleophile (Fig. 6).
The most commonly used example of the former is
N-ethyl-N-(3-dimethylaminopropyl) carbodiimide (EDC),
whereas N-hydroxysuccinimide (NHS) is widely used as
the auxiliary to generate the NHS ester on the protein
[121-123]. This active ester can react with an amine-
bearing support. The immobilization efficiency depends

®

Protein with Glu
or Asp residue

Me2N~(\’)/\N’C, \Et

5C >

(O 0]

MesN
€2 HZ/\NJ\N,Et

OH
NHS ester NHS
0”0
N
? X
H 0 HN
§ SAM-NH,
S S
Au Au

Fig. 6 Covalent immobilization of protein with an accessible
glutamate or aspartate residue to an amine-functionalized SAM by
using an N-ethyl-N-(3-dimethylaminopropyl) carbodiimide (£DC)-
mediated reaction and the in situ generation of a NHS active ester
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on several parameters, for example pH, concentration,
ionic strength and reaction time, and in some cases there is
the risk that the NHS ester formed on the protein molecule
may then couple to other protein molecules to give poorly
defined polymers. Various chemically modified surfaces
are commercially available for bioanalytical applications, and
some of them are designed to suppress non-specific adsorp-
tion. Many of these methods have been established and
refined during the development of surface technologies,
providing robust platforms for in situ monitoring of binding
events (e.g. protein—protein interactions). Surface acoustic
wave (SAW) devices are important types of biosensors where
the in situ mass change is used for analyte detection [124].
The SAM formation on a SAW device affects its features
and properties. The formation of a siloxane SAM film on a
lithium niobate substrate makes it compatible with conven-
tional SAW device manufacturing techniques [125]. This
type of mass-sensitive technique is highly useful to study
monolayer formation, enzyme immobilization and selective
sensing of small organic molecules or large biomolecules
[126, 127].

Recently, different procedures have been adopted for
creating locally activated carboxylic acid groups on
surfaces, allowing for the site-selective attachment of
proteins. With use of reactive microcontact printing [128]
and microstamping [129], spatially defined patterns of
activated carboxylic acid groups were fabricated to immo-
bilize laminin and fibronectin. Precise positioning of
mercaptoaldehydes in SAMs by using an atomic force
microscope allows the creation of IgG and metalloprotein
patterns [130-132].

Although classic chemoligation is widely used for protein
immobilization, such reactions are characterized by a number
of drawbacks as a consequence of the non-specific nature of
the underlying attachment chemistry. Furthermore, the prop-
erties of the immobilized proteins may be partially or even
completely lost. To ensure accessibility of the protein’s active
site and thereby enable the detailed study of protein functions,
a homogeneous surface orientation of proteins on modified
surfaces of SAMs, without affecting their conformation and
function, should be sought. These methods are mainly based
on non-covalent interactions rather than covalent reactions to
stabilize the adsorbing biomolecules. In addition to homoge-
neous and oriented attachment, the reversibility of immobili-
zation can be very attractive from an economical point of
view, because chip and sensor surfaces might be recyclable
and suitable for repeated use.

Chelator—His-tag interactions
A chelator-based immobilization strategy, very often used

for chromatographic protein purification, exploits the use of
oligohistidine tags (“His-tags™) in combination with metal

ions immobilized via chelators such as iminodiacetic acid
[133] and nitrilotriacetic acid (NTA) [134, 135]. This small
tag, usually consisting of six sequential histidine residues,
chelates transition metals including Cu(Il), Co(Il), Zn(II),
and Ni(II), although the latter is most commonly employed.
Currently, recombinant proteins bearing an engineered
Hise-tag are produced by genetic engineering, thus enabling
immobilization of Hiss-tagged fluorescent proteins, anti-
body, virus proteins and growth factors on Ni-NTA surfaces
[136-138]. The immobilization of Hise-tagged proteins on
Ni-NTA SAMs, where it can be easily implemented, offers
several distinct advantages over biochemical recognition
elements such as antibodies systems: (1) Hisg-tags bound to
either the C-terminus or the N-terminus are commercially
available for a large number of proteins; (2) the formation of
a histidine-Ni(II) complex is a fast reaction without
significant alteration of the protein functionality; (3) the
reaction is reversible when the surface is exposed to a
stronger chelating agent, such as ethylenediaminetetraacetic
acid (EDTA) or when using a competitive agent such as
imidazole; (4) the spatially defined attachment of His-tags on
proteins or antibodies offers the opportunity for their
controlled immobilization (i.e. orientation and distance) to
the support [136, 139-141]. However, the general selectivity
level of this method is relatively low since several endogenous
proteins have been recognized to be able to bind the metal ion,
thus competing with the desired Hisq-fused protein [142]; the
strength of the binding interaction is also relatively weak
(K4 = 1 — 10uM), potentially leading to unwanted dissoci-
ation of immobilized protein. A promising strategy, in this
regard, is based on the use of NTA-derivative-based
multivalent chelators that has been proven to be powerful
and superior in comparison with monovalent NTA: the
binding affinity of the Hisg-tag for NTA receptors increases
by several order of magnitude [138, 143—145]. A systematic
structural and functional study of SAMs formed on gold
from a series of alkyl thiol compounds containing mono-,
bis-, and tris-NTA moieties (Fig. 7) with various ratios of a
protein-repellent matrix thiol, like tri(ethylene glycol)-termi-
nated alkyl thiol, was performed by the Tampé group [143,
144]. The functional characteristics of mono-, bis- and tris-
NTA were studied by SPR; the immobilization of ifnar2-Hisg
and its interaction with the ligand IFN«2 on 3 and 30 mol%
mono-, bis- and tris-NTA SAMs revealed an increased
stability of the His-tagged proteins with increasing multi-
valency of the chelator ligand as reported in Fig. 8. In
particular, the tris-NTA SAM displayed an extraordinary
stability of the ifnar2-Hiss receptor even at very low surface
coverage (3 mol%). The high excess of Ni(Il) ions on the
surface, which is required to achieve efficient immobilization
through mono-NTA, strongly increases non-specific binding
of proteins [145]. Thus, the use of tris-NTA low-density
SAMs providing a more selective capture of proteins and
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Fig. 7 Space-filling models and
chemical structures of the filling
compound tri(ethylene glycol)-
terminated alkyl thiol (EG;) and HO“S
the mono- and multivalent

chelator derivatives used to
form SAMs on gold. NTA
nitrilotriacetic acid.

(From [145])
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Fig. 8 Functional demonstration of the multivalent chelator chips
with surface plasmon resonance (SPR). Sensorgrams showing immo-
bilization of 500 nM ifnar2-Hiss (1), followed by injection of 100 nM
IFN&2 (2) and 1 mM imidazole (3) on surfaces of 30 mol% (top
graph) and 3 mol% (middle graph) mono-NTA (black line), bis-NTA
(red line) and tris-NTA SAM (blue line). As a control experiment, the
same sequence of samples were injected on the surfaces after removal
of NTA-chelated Ni(II) ions with 200 mM ethylenediaminetetraacetic
acid (bottom graph). Note the different scaling of the y-axes. (From
[145])
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detection of binding partners is very promising in functional
proteomic applications.

The SAMs designed to achieve controlled immobiliza-
tion of Hiss-tagged proteins have been characterized
(composition, structure and order) with complementary
surface analytical techniques [146]. The backfill of the
OEG diluting thiol into the NTA films improved the
orientation of NTA head groups and increased the order
within the hydrocarbon region of the monolayer. SPR
measurements showed that the maximum specific binding
with a slow dissociation rate of Hiss-tagged proteins was
achieved on the highly packed pure NTA monolayer, after
which the amount of specific binding decreased owing to
significant OEG dilution of the NTA head groups.

In a recent report, the interaction of the extracellular domain
of transmembrane proteins N-cadherin and L1, a member of
the immunoglobulin superfamily, with NTA-terminated
SAMs was studied [147]. Spectroscopy investigation revealed
that L1 interacts by replacing capping ethanol molecules,
which are most likely linked to the carboxylate groups of the
NTA complex (Fig. 9). Although cell biology experiments
indicate the directional complexation of L1, these recent
findings suggest that the o-helices and (3-sheets of L1 lack
any preferential ordering. Recently, Marin et al. [148]
immobilized Hiss-tagged rhodopsin proteins onto SAMs;
mass spectrometry was employed to carry out functional
assay based on rhodopsin photoactivation. Retinal is the
chromophore of rthodopsin; it is a polyene molecule with four
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Fig. 9 The chemical structure
of the surface NTA complex
before (left) and after (right) the
binding of L1 to the NTA
complex. Upon binding, the
ethanol molecules that cover the
carboxylate groups are displaced
by the protein. (From [147])
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double bonds that can have cis and frans configurations.
11-cis-Retinal, in contrast to the frans isomer, combines
with the opsin apoprotein, via Schiff-base linkage, to form
rhodopsin. Light transforms 11-cis-retinal of rhodopsin
into the frans isomer. Photoisomerization of 11-cis-retinal
leads to a conformational change allowing the binding of
the transduction protein complex. Moreover, interaction
with non-hydrolysable nucleotides blocks the interaction
of transduction with rhodopsin.

The interaction of a Ni-NTA-terminated SAM with a
His-tag has also been exploited for reconstruction of BLMs.
These membranes, named t-BLMs [79, 80], are assembled
by fusion of liposomes embedding His-tagged transmem-
brane protein on a Ni-NTA-terminated mixed SAM. As
mentioned above, the relative amount of tether molecules is
crucial to get the best performance; in particular, it should
not exceed 10 mol% [149] and as a diluting component of
the mixed SAM a quite short OH-terminated thiols, creating
the necessary hydrophilic environment, are usually
employed [79]. The resulting BLM embeds the transmem-
brane protein, which is blocked onto the surface-anchored
Ni-NTA derivative through the interaction of its His-tag.
The presence of tethers confers stability to the BLM, which
is also characterized by good biomimetic properties, thanks
to the hydrophilic aqueous reservoir present between the
support and the BLM [150, 151]. This approach has been
adopted to obtain a BLM embedding cytocrome ¢ oxidase
tethered through a His-tag to a Ni-NTA-functionalized
SAM [152, 153]. In this case the His-tag was attached to
subunit II of cytochrome ¢ oxidase molecules that were
assembled with their binding site facing the substrate, thus
allowing a very efficient electron transfer from the electrode
to the redox centre (Fig. 10).

o. @ﬁ

(o]

A key application that has to be considered is the spatial
distribution and orientation of redox proteins on the surface,
which has been predicted to play a significant role in the
electrochemistry of the redox protein monolayer, because
the redox-active site is generally not located at the centre
of the protein [154, 155]. As a result, a distribution of
molecular orientations should generate a distribution of
redox-active site—electrode separation distances and hence a
distribution of electron transfer rate constants and redox
potentials [155]. Among the few protein-immobilization
strategies able to satisfy these multiple criteria, the method
based on SAMs of Ni-NTA/His-tag technology is the most
suitable. Accordingly, the mediated electrochemistry of
His-tagged ferredoxin/NADP + reductase [156], the hae-
moprotein human neuroglobin [157] and laccase [158],
specifically bound to NTA-modified electrodes, was
reported (Fig. 11). From the quantitative analysis of the
catalytic current recorded at these enzyme electrodes,
corroborated by an independent measurement of the
active-enzyme surface concentrations, it was shown that
the activity of the enzyme was fully preserved, indicating
that NTA coatings provide a biocompatible environment for
preserving the functionality of bound proteins. Neverthe-
less, whatever the redox enzymes investigated, no enzy-
matic activities could be observed without the participation
of a soluble mediator. The lack of a direct electron transfer
could be ascribed to the high distances between the
electrode and the active site of these enzymes. Another
facilitated direct electron transfer between a gold electrode
and His-tagged proteins was proposed at a triazacyclonane
ligand, an alternative chelator complex, covalently attached
to a short-length SAM on gold [159]. From the distinct
reversible cyclic voltammetry curves of several His-tagged
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Fig. 10 Tethering membranes
via incorporated proteins:

the solubilized membrane
proteins are covalently attached
to the gold electrode, e.g. via
NTA/Ni** coordination to the
His-tags of a genetically
modified cytocrome ¢ oxidase.
The lipid bilayer is assembled
around the protein by in situ
dialysis of micelles made from
detergent-solubilized lipid.
(From [80])

S0 Lipid
«~~% Detergent

redox proteins, the authors concluded that a rapid electronic
communication occurs between the protein redox sites and
the electrode. However, the apparent standard potentials of
the immobilized proteins did not agree with those obtained
in solution; in addition, the possible structural changes and/
or protein denaturation on this very short SAM were not
taken into consideration, preventing any comment regarding
the protein integrity.

Supramolecular interactions

Another strategy for modifying the surface composition,
through non-covalent interactions providing the highest

Fig. 11 Two-step synthesis of
the thiol-NTA ligand from .--"-_S 1 o
thioctic acid (/, 2), thiol )
chemisorption on the gold I
surface (3), pretreatment of the
NTA-modified surface with an

aqueous solution of CuCl, (4)

and addition of the His-tagged

protein to the modified surface

(5). (From [158])
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degree of specificity, is based on the use of suitable designed
supramolecular interactions [160]. Monolayers based on
supramolecular host—guest interactions of cyclodextrin
SAMs, also called “molecular printboards”, offer unique
properties for immobilizing proteins through small multiva-
lent, orthogonal linker molecules [161]. This method allows
control both over the binding strength, by varying the valency
of the linker at the printboard, and over the orientation of the
protein, by the bioengineering of a specific binding site at a
predetermined location in the protein. These monolayers have
recently been applied to study the specific binding of some
model proteins [162—164]; the multiple “host-guest” inter-
actions can stabilize the non-covalent assembly, and their
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selectivity suggests that, in principle, it is possible to place
two ligands very close together on a surface.

Bioaffinity interactions

The control over protein adsorption at surfaces and interfaces
is also one of the current challenges for mimicking biological
interfaces, proteomics and medicine screening. In most cases,
this control relies upon a “key—lock system” for the specific
attachment of a particular protein to an engineered surface.
Biochemical affinity reactions allow a gentle oriented
immobilization of proteins, providing an important advantage
over other orienting immobilization techniques. Additionally
to the realization of an oriented and homogeneous attachment,
by this method it is also possible to detach proteins and to use
the same surface more times. Undoubtedly, one of the most
well-known and extensively researched protein-mediated
immobilization methods exploits the non-covalent interaction
of either avidin (or alternatively streptavidin (SAv)) with
biotin-functionalized proteins [165—167]. Avidin is a homo-
tetrameric protein with individual subunits, every one of
which can bind to biotin (vitamin B,/H) with a high degree
of specificity and affinity (Kp=10""> M), thereby making the
avidin-biotin system one of the strongest known non-
covalent binding entities in nature [167, 168]. In pioneering
experiments, Héussling et al. [169] and Miiller et al. [170]
showed that immobilization of SAv could be performed on a
specifically designed SAM [169, 170]. Keeping in mind both
specific and non-specific adsorption of SAv, the possibility to
use mixed SAMs of biotin-substituted and hydroxyl-
substituted alkanethiols assembled on gold was successfully
explored; in the early 1990s it was shown that they provided a

Biotin-plactamase

NeutrAvidin

Biotin-terminated thiol

OH-terminated thiol

Cr/Au

Fig. 12 Lactamase chip set-up: different biotinylated (-lactamase
solution concentrations were immobilized through a biotin—NeutrAvidin—
biotin sandwich on a SAM created on a gold surface, resulting in different
enzyme surface coverage. The chip was then used to monitor enzymatic
activity of the immobilized enzyme by SPR. (Adapted from [176])

platform for the fabrication of novel biosensors [169-171]. A
more detailed study on these mixed SAMs to optimize the
immobilization with respect to surface coverage, specificity
and activity for various types of SAv (both wild type and
mutants) has been carried out [172]. Recently, it was found
that biotinylated reductase, immobilized onto a biotin—SAv
chip in a uniformly oriented way, showed a remarkable
increase of activity in comparison with the randomly

aliphatic amine monolayer on gold or glass

+ grafting of NHS-lc-biotin + NHS-PEG
MMM

* Immobilization of streptavidin

* loading of biotinylated vesicles or proteoliposomes

Fig. 13 The step-by-step assembly for the supported membrane.
Whatever the solid support, gold or glass, the process starts from the
same amine monolayer. Note that the formation of the continuous
bilayer is triggered by a concentrated solution of PEG (molecular
weight 8,000) in the last step. (From [178])

@ Springer



1558

M. Frasconi et al.

Fig. 14 An immobilization
method that controls the space
around individual probe
molecules: / fabrication of a
dendrimer monolayer, 2 removal
of dendron spacers and intro-
duction of a matrix molecule
and 3 modification of a probe
molecule. (From [180])

0 =

—@ - An anchor molecule
~~ . Cleavable linkage

immobilized enzyme [173]. Different biotinylated protein A/
G were immobilized on parallel channels for use in sensor
applications [174], whereas the use of a bifunctional linker,
such as 2-(biotinamido)ethanethiol, enabled the preparation
of immunoarrays on gold surfaces [175].

In another biosensor set-up, the model enzyme [3-
lactamase was genetically engineered to insert a single
cysteine at a specific site of its surface; then the residue was
biotinylated with the aim of obtaining an enzyme molecule
immobilized with the right orientation especially as regards
its active site [176]. A binary mixture of biotin-terminated
thiols and hydroxyl-terminated diluting thiols was assem-
bled onto a gold surface to form a biotinylated SAM as
shown in Fig. 12. Once the binding of the NeutrAvidin
monolayer with molecularly controlled orientation had been
established, the remaining free binding sites exposed to the
aqueous phase were used to immobilize the biotinylated
enzyme. By SPR measurements it was demonstrated that

Fig. 15 The electrochemically
oxidative reaction for the

generation of bioactive biotin on |
the hydroquinone-caged biotin-
modified gold surface. (Adapted I
from [181])
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surfaces with different coverage degrees of the enzyme can
be obtained by adding differently concentrated biotinylated
[3-lactamase to the NeutrAvidin monolayer coated surfaces.

The biotin—avidin interaction has recently been used for
functionalizinga HBM [177]. A suitable avidin-functionalized
protein was incubated with a biotinylated octadecanethiol/
phosphatidylcholine HBM, providing a convenient tool for
the preparation of sensor surfaces. The proposed method,
investigated and optimized for the realization of a QCM
sensor chip, was characterized by enhanced performance
compared with the analogous system directly anchored by the
EDC/NHS method: furthermore, the polar head groups of
phosphatidylcholine on the sensor surface significantly
reduced the protein non-specific adsorption. Analogously,
Elie-Caille et al. [178] used biotin—avidin interaction to
prepare t-BLM for studying mitochondrial proteins
embedded into the membrane. Figure 13 illustrates the
procedure for t-BLM preparation, whose behaviour and
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performance were studied by SPR, fluorescence and
fluorescence recovery after photobleaching.

A critical point of the biotin—SAv approach for creating
proteins patterns is the optimization of the protein—target
interaction: probe—target binding at highly packed probe
arrays may differ significantly from the same binding
occurring in a biological setting [179]. These differences
can be caused by several probe—probe interactions (e.g.
steric or electrostatic interactions between probe molecules)
that prevent binding of the target. For generation of probe
surfaces, an optimal method is one allowing control over
the space around each probe individually to both reduce
probe—probe interactions and maximize the density of
probe molecules (and target binding capacity as well);
these attributes are desirable for applications that require
highly sensitive sensing or arrayed interfaces.

Significant research efforts have been addressed for the
fabrication of mixed SAMs comprising various types of
biotin-substituted alkanethiols and other alkanethiols to
study different aspects of avidin immobilization, and its
variants, on the engineered molecular templates for biosen-
sor applications. A biotinylated surface, whose biotin probe
density was suitably controlled by using a labile dendron
spacer, was recently reported [180]. In this process, anchor
molecules are first adsorbed to a surface, with dendron
modifiers attached; steric interactions of the bulky dendrons
control the density of anchor molecules bound to the
surface. The dendron branches are subsequently detached
from the anchor molecules, and the anchors are chemically
modified with probe (biotin) molecules; this produces a
surface with controlled spacing among probe molecules
(Fig. 14).

A method for protein patterning based on an electrochem-
ically active biotin derivative that generates a bioactive biotin
surface by a mild electrochemical perturbation has been
described [181]. In this case a hydroquinone protecting
group is electrochemically oxidized to benzoquinonium
cation; subsequently, benzoquinone and CO, are released
after nucleophilic acyl substitution by water and, finally, the
bioactive biotin surface is generated (Fig. 15). Since this
method can be conducted under neutral buffered conditions

Fig. 16 Preparation and immunolabelling of multiple, aligned SAMs. p

a Patterning multiple, aligned SAMs using a photomask. A mixed
SAM containing HS(CH,);;EG,NPOC and HS(CH,);;EG(OH was
illuminated through an area-selective mask that transmitted light at
either 220 or 365 nm only or that blocked light at all wavelengths, to
produce a region containing the original SAM, a SAM that terminated
in primary amines, and a region of bare gold (or oxidized gold). This
allowed (+)-biotin NHS ester to react with the primary amines and
also formed a new SAM composed of HS(CH,);;EG,DNP and HS
(CH,)11EG¢OH on the exposed gold. The SAM was labelled using
anti-biotin mouse IgG (followed by fluorescently labelled anti-mouse
IgG) and anti-DNP rabbit IgG (followed by fluorescently labelled
anti-rabbit IgG). b Fluorescence images of patterns of multiple,
aligned SAMs. (From [182])

in a short time, it enables the serial patterning of multiple
proteins, whereas previously attached proteins retain their
activity. In a photochemistry approach, deactivated biotin
contains a photolabile protecting group that can be selec-
tively activated by photoirradiation to obtain patterns of
biotin available for binding proteins. For example, when all
amine groups in SAMs are initially masked with methyl-6-
nitroveratryloxycarbonyl groups, local release induced by
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photolysis allows for the incorporation of biotin [182, 183].
This technique, however, requires the synthesis of alkane-
thiols containing photoprotecting groups and the availability
of a photomask (Fig. 16). The ability to produce multiple,
aligned patterns of SAMs in a single step, without alignment
of photomasks in separate steps, increases the versatility of
SAMs for studying different interfacial phenomena, including
dewetting and adhesion.

A new photochemical method for the site-specific immo-
bilization and patterning of proteins employing a thiol-ene

H
=8
adsorption
of specific

reaction onto a surface by using the biotin—SAv approach has
also been developed [184]. An olefin-modified biotin derivate
was photochemically attached to a thiol-functionalized
surface; a SAv-patterned surface was produced by Cy5-
labelled SAv incubation. The SAv patterns were used as a
template for alkaline phosphatase and Ras GTPase immobi-
lization; this template allows the retention of structure and
activity of considered proteins.

Recently, Ballav et al. [185—188] developed an alternative
approach, based on irradiation-promoted exchange reaction

H EG3 A2H H H
any
non-specific
(NS) proteln
protein Au

2a | 1PER for EG3

EG3 EG3
s H ©OH ©H ©H H Egs H H e H
EG7, EG7 EG7
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= [
electron adsorption of
Irradiation 3 a NS protein
Au Au

H
Au

2b | PeR torea?

H EG7 H H H
b 3b
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adsorption adsormption
of a NS of specific
Au protein

4

Au proteln

Fig. 17 The individual steps and processes occurring during the
fabrication of mixed SAMs designed for avidin immobilization by
irradiation-promoted exchange reaction (IPER). The starting point
is highlighted by the grey background. Step 1: general effect of
electron irradiation on the oligo(ethylene glycol) (OEG) HO
(CHzCHzO)j,(CHz)]lSH (EG3) and HO-(CHzCH20)7(CH2)1ISH
(EG7) SAMs. Step 2: depending on the identity of the primary
OEG SAM, the outcome of IPER with a biotin-substituted alkanethiol
(BAT) can be different. Steps 2a and 2b are characteristic of the EG3/
EG3-Bio and EG7/EG3-Bio systems, respectively. Step 3: adsorption of a
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specifically binding protein (avidin) on the mixed OEG/BAT SAMs
prepared by IPER. Steps 3a and 3b are characteristic of the EG3/EG3-Bio
and EG7 + EG3-Bio systems, respectively. Step 4: verification of non-
specific proteins adsorption onto the mixed OEG/BAT SAMs designed
for the specific protein immobilization. Steps 4a and 4b are characteristic
of the EG3/EG3-Bio (no adsorption of bovine serum albumin) and EG7/
EG3-Bio (some adsorption of globulin) systems, respectively. Step 5:
non-specific adsorption of proteins (including avidin) onto the irradiated
OEG SAMs. (From [188])
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(IPER), to prepare mixed SAMs of OEG-substituted
alkanethiols and biotin-substituted alkanethiols on gold for
specific attachment of target protein [188]. In this approach,
the mixing of both components of a binary film occurs by
the exchange reaction between the primary SAM (one
component) and a potential molecular substituent (second
component) (Fig. 17). Electron or UV irradiation creates
subtle structural and chemical defects in the primary SAM,
which promote the molecular exchange. As a result, the
kinetics and extent of the exchange reaction can be tuned by
selection of a proper irradiation dose, so a mixed SAM of a
desired composition can be prepared. The tenability of the
SAM composition is one of the major advantages of IPER in
comparison with the lithographic technique exploiting
UV-promoted molecular exchange [182]. In general, the
avidin immobilization onto the mixed SAMs prepared by
IPER is found to be consistent with earlier reports on
analogous films fabricated by the coassembly method
[189]. The concentration of the biotin-substituted alkane-
thiol component in the mixed SAMs necessary for the
maximum surface coverage of the specific protein was
found to be somewhat lower than the expected value; in
contrast, in the case of the use of IPER, the maximum
avidin coverage was somewhat higher than that obtained
by means of the coassembly method. The authors ascribed
these differences to the lack of phase segregation and to
better separation of the individual biotin-substituted
alkanethiol species in the SAM matrix in the case of IPER.

Concluding remarks

SAMs of alkanethiols on gold are prototypal surfaces for the
fabrication of highly efficient protein biochips. The flexibil-
ity to design different head groups of monolayers using a
large number of functional groups makes this functionaliza-
tion strategy especially useful for the controlled fabrication
of structurally ordered assemblies of proteins on surfaces.
SAMs are also a very useful tool to adjust surface properties:
a lot of methods have been established to obtain chemical
gradients. The formation of mixed a thiol-OEG monolayer
generates a surface displaying protein resistance and ade-
quate surface coverage without creating steric hindrance
among immobilized molecules. The past few years have
witnessed impressive progress in the design of different
immobilization strategies attempting to obtain full coverage
of the surface and the best detection performance. Further-
more, SAMs of alkanethiols on gold have been highlighted
as one of the most promising surfaces owing to the ease of
real-time detection via imaging techniques.

Although the details of the thermodynamics, kinetics and
mechanisms of assembly will differ significantly, the recent
progress of SAM technology in obtaining full control over

nanofabrication indicates that the next generation of
functional protein chips possessing unique architecture
through molecular design will soon be available for use as
biochips and devices.
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