Open Access Article. Published on 13 September 2013. Downloaded on 8/4/2025 6:05:12 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

ROYAL SOCIETY
OF CHEMISTRY

Materials
Horizons

View Article Online

REVIEW

View Journal | View Issue

Reactive self-assembled monolayers: from surface
functionalization to gradient formation

Cite this: Mater. Horiz., 2014, 1, 32
Carlo Nicosia and Jurriaan Huskens*

This review describes the progress of the development of surface chemical reactions for the modification of
self-assembled monolayers (SAMs) and the fabrication of surface chemical gradients. Various chemical
reactions can be carried out on SAMs to introduce new functionalities. “Click” reactions, which are highly
efficient and selective, have largely contributed to the development and implementation of surface
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1 Introduction

In 1959 the physicist Richard Feynman delivered a vision of
exciting new technological discoveries based on the fabrication
of materials and devices at the atomic/molecular scale that we
call today nanotechnologies." The interesting size range where
nanotechnologies operate is typically from 100 nm down to the
atomic level. In this range the properties of materials are
different compared with the same materials at larger size
mainly due to the higher surface area and the prevalence of
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quantum effects.” These new properties of nanomaterials are
conveniently employed over a wide range of fields ranging from
catalysis, optics, electronics and informatics, to bio-nanotech-
nology and nanomedicine.®* In the 1980s nanoscience discov-
eries experienced impressive propulsion with the invention of
the scanning tunnelling microscope (STM) and the atomic force
microscope (AFM) allowing the imaging of surfaces with
molecular or even atomic resolution.

Self-assembled monolayers (SAMs) are two-dimensional
nanomaterials formed spontaneously by the highly ordered
assembly of the molecular constituents onto the surface of a
variety of solids.*® SAMs, formed by adsorption of a one-mole-
cule-thick layer on the surface, are excellent systems to study
interfacial reactions. The exponential growth in SAM research is
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justified by the multi-disciplinarity of the field that gathers
chemists, physicists, biologists and engineers.

The two most common families of SAMs are alkylsilanes on
oxide surfaces,®® and sulfur-containing molecules on gold*>'***
(Scheme 1). Because of their ease of preparation, the sponta-
neous formation of a densely packed monolayer, and the
conductivity of the substrate, the assembly of w-functionalized
thiols (or disulfide or sulfide) on gold has been extensively
studied. However, organosilane monolayers on SiO, (silicon or
glass) can be integrated into silicon technology and their
covalent nature results in high chemical and physical stability
allowing extensive modification steps.

The mechanism of formation of SAMs of sulfur-containing
molecules on gold and organosilanes on SiO, has been exten-
sively described elsewhere.*>”* Interfacial reactions are versa-
tile and essential modification schemes to control the surface
composition and density of monolayers. The terminal groups of
the building blocks of SAMs allow the fine-tuning of the inter-
facial surface properties in terms of chemical reactivity,
conductivity, wettability, adhesion, friction, corrosion resis-
tance and (bio)compatibility.” The introduction of components
with different functional end groups in the monolayers can be
performed through two different routes: (i) the adsorption of
pre-functionalized molecules or (ii) the modification of the
monolayer after formation. While the former route requires the
complete synthesis of the molecular constituent of the mono-
layer, the latter method, based on a stepwise process, offers
intrinsic advantages: (i) it enables the incorporation of groups
that are not compatible with the synthesis of the building block
(e.g silane or thiol groups); (ii) it does not affect the order of the
underlying monolayer; (iii) it allows the quick preparation of
multiple samples; (iv) it employs ordinary synthetic procedures;
(v) it requires low amounts of reagents.” On the other hand,
since purification of the functionalized monolayer is impos-
sible, high-yielding, efficient, selective and clean reactions are
essential.

The implementation of reactions for the chemical modifi-
cation of monolayers on planar surfaces is pivotal to expand the
function and to tailor the properties of surfaces and materials.
Haensch and coworkers recently described, in a critical review,’
the chemical modification of silane-based monolayers involving
nucleophilic substitution and Huisgen 1,3-dipolar cycloaddi-
tion of organic azides and acetylenes. Sullivan and Huck illus-
trated nucleophilic substitution, esterification, acylation, and
nucleophilic addition reactions on thiols/Au and silanes/SiO,
functionalized with terminal amines, hydroxyls, carboxylic
acids, aldehydes, and halogens.’* Jonkheijm and coworkers
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Scheme 1 Formation of functional silane/SiO, (A) and thiol/gold (B)
monolayers.
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outlined, in a comprehensive review,' strategies for the fabri-
cation of reactive interfaces for the fabrication of biochips.
Numerous reactions are available to modify the surface chem-
istry of SAMs*'**¢ (e.g. nucleophilic substitutions,'”** esterifi-
cation,*® amidation,** etc.).

In the last decade a lot of effort was focused on the imple-
mentation of methods to obtain selective, efficient, robust,
quantitative, simple and rapid surface transformations to
reduce the formation of by-products, avoiding the need for
purification and allowing easy surface analysis. Click chemistry
encompasses all these properties. The click reaction paradigm
delivered by Sharpless and coworkers in 2001**** is based on
implementing highly efficient and selective reactions that reach
quantitative conversion under mild conditions, essential qual-
ities for the development of surface and materials sciences.***

Microcontact printing (nCP), scanning probes, UV and e-
beam lithographies, the so-called “top-down” methods, are
commonly employed to generate patterns of SAMs with sizes
ranging from tens of nanometers to millimeters. Microcontact
printing, in particular, was introduced by Whitesides and
coworkers as a fast, flexible, simple and inexpensive way to
replicate patterns generated via photolithography.®*>* In the
conventional pCP, a microstructured elastomeric poly(dimeth-
ylsiloxane) (PDMS) stamp was employed to transfer molecules
of the “ink” (e.g. thiols) to the surface of the substrate (e.g. gold)
by conformal contact. Patterns of alkanethiols on gold were
conveniently used as an etch-protecting layer for the fabrication
of microstructures with potential application in microelectronics.

Soon after its development, uCP evolved as a powerful tool to
pattern functional reactive monolayers by means of the local
chemical reaction between an ink transferred by the stamp and
the functional groups introduced on the substrate. This process
is called “reactive fCP” or microcontact chemistry***” (Scheme 2).

uCP is an efficient method, and enhances slow and uncata-
lyzed reactions at the interface.*® Reactions induced by pCP
allow for near-quantitative yield, mild reaction conditions, and
short reaction times, mainly due to the high degree of pre-
organization of the surface-immobilized reactant and the high
local concentration of reagents (ink) at the stamp/substrate
interface.

Surface gradients are surfaces with a gradual variation of at
least one physicochemical property in space that may evolve in
time. Surface chemical gradients (Scheme 3) have allowed for
the gradual modulation of interfacial properties and have been
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Scheme 2 Reactive microcontact printing: stamping of a reagent onto a
reactive monolayer yields a patterned monolayer on a substrate.
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Scheme 3 Surface chemical gradient attributes. Adapted from ref. 39.

employed to generate smart materials and to investigate
surface-driven transport phenomena like the motion of water
droplets on a wettability gradient,*® or the study of biological
processes, for example the directed migration (haptotaxis) and
polarization of cells on biomolecular gradients.** Moreover,
surface gradients integrate a wide range of properties in a single
sample thus providing a valuable tool for the fast high-
throughput analysis of several parameters avoiding the effect of
the distribution of properties in different specimens and
tedious analysis of multiple samples. Two general methods are
commonly employed for the development of monolayer-based
surface chemical gradients: (i) the controlled adsorption/
desorption of SAMs on gold or silicon and (ii) the chemical post-
modification of reactive SAMs.***>

In the first part of this review the reactivity of SAMs and the
covalent modifications that have been carried out on mono-
layers by means of “click chemistry” from solution and by soft
lithography are described. In the second part the fabrication of
surface chemical gradients exploiting recent strategies based on
“click”-based chemical modifications of terminal functional
groups of SAMs is illustrated. Practically all examples deal with
monolayers on flat surfaces, not on (nano/micro)particles,
although many processes would be compatible with both.

2 Chemical transformation of
monolayers

Both thiols on gold and organosilanes on silicon or glass
produce robust dense monolayers and have been used for
subsequent modification using chemical reactions. A common
modification of the surface properties is obtained via modular
stepwise selective functionalization of pre-formed reactive
SAMs.

Below are described the main recent examples in which
reactive monolayers are employed in combination with click
chemistry, either by reaction in solution or by soft lithography
(e.g. nCP). Herein, the most attractive and common click reac-
tions were considered: the azide-alkyne cycloaddition, the
thiol-ene reaction, the Michael addition, the imine and oxime
formation, and the Diels-Alder cycloaddition (Scheme 4).

2.1 Azide-alkyne cycloaddition

The Huisgen reaction is a [3 + 2] cycloaddition that occurs
between an organic azide (1,3-dipolar molecule) and an alkyne
(dipolarophile). Owing to the kinetic stability of alkynes and
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Scheme 4 Modification of terminal groups of monolayers by means of
surface-confined reactions. Examples of “click” reactions employed for
monolayer modification, from top to bottom: Huisgen 1,3-cycloaddition,
thiol-ene reaction, Michael addition, Diels—Alder cycloaddition, and imine
and oxime formation.

azides, the reaction usually requires elevated temperatures and
long reaction times with the formation of a 1 : 1 mixture of 1,4-
and 1,5-regioisomers. This reaction has obtained substantial
attention only after the introduction of the Cu(i)-catalyzed
azide-alkyne cycloaddition (CuAAC or “click” chemistry),>**>**
providing regioselectivity towards the 1,4-regioisomer and an
extraordinary enhancement of reactivity (increase in reaction
rate up to 10’ times) under mild reaction conditions.** Cu(i)
can be provided to the reaction mixture by means of different
methods: (i) the most common approach is by chemical
reduction of Cu(u) salts (usually Cu(u) sulfate pentahydrate in
the presence of an excess of sodium ascorbate);** (ii) by direct
addition of a Cu(i) salt;* (iii) by comproportionation of Cu(u)
salts with copper metal;* or (iv) by electrochemical reduction of
a Cu(u) salt.*® Furthermore, although CuAAC works effectively
under “ligand-free” conditions, a further acceleration of the
reaction has been observed upon addition of certain chelates
(e.g. amine triazoles), allowing a drastic reduction of the
amount of the loaded catalyst.*” The numerous examples in the
literature confirm that a wide variety of reaction conditions can
be successfully employed in the CuAAC.

The use of the CuAAC reaction has found particular value in
the selective and efficient modification of SAMs. In two early
reports, Collman and coworkers employed CuAAC to function-
alize azide monolayers on gold electrodes (prepared mixing
azidoundecanethiol with decanethiol as diluent) with alkyne-
modified ferrocene in solution.’®** The reaction, in terms of
azide consumption, was monitored via infrared (IR) and X-ray
photoelectron spectroscopies (XPS) while the extent of forma-
tion of triazole was assessed via electrochemistry, exploiting the
redox-active ferrocene substituents. Furthermore, using the
same building blocks, they demonstrated the selective func-
tionalization of independently addressed microelectrodes by
means of the control of the CuAAC via electrochemical

This journal is © The Royal Society of Chemistry 2014
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activation/deactivation of a copper(u) complex (Scheme 5).°
These experiments demonstrated the potential of CuAAC for the
electrochemically driven local functionalization of monolayers
on metals.

Electrochemically driven CuAAC via scanning electrochemical
microscopy (SECM) was presented by Ku et al. as a method to
anchor small molecules to an insulating substrate.** A gold ultra
microelectrode (UME) was brought close to an azido-terminated
monolayer on glass and the Cu(r) active catalyst was locally
generated via electrochemical reduction of a Cu(u) salt and
employed for the patterning of an alkyne-functionalized fluo-
rescent molecule via click reaction. This study thus presents a
valuable method to extend the surface patterning properties of
SECM.

Also alkyne-functionalized SAMs have been used as a plat-
form for click modification. Lee et al. explored the reactivity of
ethynyl-terminated SAMs on gold towards “click” chemistry
using an extensive surface characterization: IR and XP spec-
troscopies, ellipsometry, and contact angle goniometry were
employed to demonstrate that also ethynyl-terminated SAMs
are useful for the introduction of functional groups on surfaces
via CuAAC.”® Chaikof and coworkers prepared alkyne-termi-
nated monolayers by the Diels-Alder reaction of an a,w-poly-
(ethylene glycol) (PEG) linker with alkyne and cyclopentadiene
terminal groups on a N-(e-maleimidocaproyl)-functionalized
glass slide.** This platform was employed to immobilize, by
CuAAC, a wide range of azide-containing biomolecules (biotin,
carbohydrates and proteins).

Soft lithographic techniques were employed in combination
with “click” chemistry for spatially resolved functionalization of
monolayers. Ravoo and coworkers demonstrated fast triazole
formation induced via microcontact printing of an alkyne-inked
PDMS stamp onto an azide-functionalized monolayer on glass.”®
Surprisingly the reaction proceeded without Cu(1) catalysis
presumably owing to the high local alkyne concentration.
Further studies established that addition of Cu(i) or the use of
Cu(0)-coated PDMS stamps improve the efficiency and surface
density (Scheme 6).°*%” “Click” chemistry by uCP was conve-
niently employed by Bertozzi and co-workers®” and Ravoo et al.*®
to pattern microarrays of carbohydrates on azide monolayers as a
probe of glycan-binding receptors, antibodies, and enzymes.

Nanometer-scale patterning was obtained by Paxton et al.
by a constructive scanning probe lithography method using
copper-coated atomic force microscopy tips to catalyze the
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Scheme 5 Selective functionalization of independently addressed
microelectrodes by electrochemical activation and deactivation of a
copper catalyst for the CUAAC reaction. Adapted from ref. 50.
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Scheme 6 Various routes to achieve the Cu()-catalyzed azide—alkyne
coupling (CuAAC) in different environments: (A) solution: a solution
reaction where the azide, alkyne, and catalyst participate in a homoge-
neous reaction; (B) solution—surface: a heterogeneous reaction where
the dissolved alkyne and catalyst react with a surface bound azide; (C)
reagent-stamping: a heterogeneous reaction where the alkyne and
catalyst are brought into contact with a surface-bound azide in the
condensed phase; (D) StampCat: a heterogeneous reaction where
immobilized copper catalyzes the reaction of an alkyne with a surface
bound azide in the condensed phase. Adapted from ref. 56.

CuAAC between small alkyne molecules in solution and azide-
terminated monolayers on silicon surfaces.* The click reaction
occurred only in the areas where the Cu-coated tip was brought
into contact with the monolayer.

A rapid reaction under mild conditions has also been
obtained in a Cu-free system by means of strained dipolarophiles
such as cyclo-octynes® and dibenzocyclo-octynes.®* Recently a
Cu-free click chemistry®>® (strain-promoted azide-alkyne cyclo-
addition, SPAAC) was introduced as a surface immobilization
strategy ideal for biological applications due to the elimination of
copper salts that are potentially cytotoxic, in combination with
the high retention of activity in comparison with CuAAC.** Orski
and coworkers employed the Cu-free click chemistry using a
photoactive protected strained cyclo-octyne to achieve the selec-
tive spatial immobilization of azide-functionalized fluorescent
dyes.®® A silicon wafer was functionalized with poly(N-hydrox-
ysuccidimide 4-vinyl benzoate) brushes for the coupling of a
cyclopropenone-masked dibenzocyclooctynes (Scheme 7). UV
irradiation promoted the fast decarbonylation of the cyclo-
propenone to the alkyne that became available for the Cu-free
click chemistry with azide-modified fluorescent molecules. By
means of UV irradiation in the presence of a shadow mask they
demonstrated the fabrication of multicomponent surfaces with
spatially resolved chemical functionalities.

Furthermore, 1CP and SPAAC were employed by Ravoo and
coworkers for a fast and efficient modification of azide mono-
layers on glass for the immobilization of multiple biomolecules
on the same substrate.®® In this work they demonstrated the
orthogonality of SPAAC with other interfacial click reactions
(e.g. nitrile oxide-alkene/alkyne cycloaddition) for the fabrica-
tion of protein microarrays.

Mater. Horiz., 2014, 1, 32-45 | 35
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Scheme 7 Stepwise photodecarbonylation of cyclopropenone-masked dibenzocyclooctynes for the local immobilization of azide-functionalized

dyes via Cu-free click chemistry. Adapted from ref. 65.

2.2 Michael addition and thiol-ene reactions

The two most common thiol click reactions are the base-cata-
lyzed Michael addition reaction and the radical-mediated thiol-
ene reaction. The thiolate anion and the thiyl radical are highly
reactive species leading to extremely rapid conjugation reac-
tions with maleimides and alkenes (or alkynes), respectively.

Using thiols as reactive building blocks for the functionali-
zation and/or patterning of surfaces has a unique biological
benefit. Cysteine (Cys) is the only naturally occurring amino
acid containing a thiol group in its side chain, and its relative
abundance in proteins is small (less than 1%). Cys residues can
be introduced in a protein through site-specific mutation of, for
example, Ser or Ala residues, preferably in a remote solvent-
accessible part of the protein. Gaub and coworkers genetically
modified an enzyme to carry an accessible C-terminal cysteine
residue, which was then shown to selectively bind to a mal-
eimide-functionalized surface.®”

Among other advantages, complex and diverse biologically
active arrays can be prepared using large numbers of cysteine-
functionalized peptides generated in solid-phase schemes.
Owing to the high yield and excellent selectivity for immobili-
zation of the maleimide-thiol reaction, Mrksich et al. demon-
strated that SAMs presenting a maleimide functional group can
be conveniently used for the preparation of biochips upon
reaction with thiol-modified biologically active ligands (e.g
peptides and carbohydrates, Scheme 8).°* An interesting appli-
cation was developed by Magnusson and coworkers for the
fabrication of surfaces with specific effects on cell behavior.* In
particular they used a maleimide-functionalized SAM to
immobilize a Cys-modified peptide that triggers cellular
chemotaxis and a calcium-dependent oxidative metabolism.

Jonkheijm et al. employed the thiol-ene reaction to pattern
proteins onto a surface using the biotin/streptavidin (SAv)
approach.” An alkene-modified biotin was patterned on a thiol-
modified silicon surface upon exposure to UV light at 365 nm
through a micro-featured photomask or at 411 nm by means of
laser-assisted nanopatterning. The biotin pattern was incubated
with Cy5-labeled SAv yielding fluorescently visible protein
patterns employed in a SAv sandwich approach, to immobilize
bioactive enzymes. In a similar approach, Escorihuela and
coworkers used UV-promoted thiol-ene coupling for the fabri-
cation of DNA microarrays and the implementation of hybrid-
ization assays on silicon.” The selective attachment of DNA
occurred through a multistep process including the preparation
of a thiol-functionalized silicon slide, the UV-promoted thiol-
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Scheme 8 Structure of a self-assembled monolayer used to immobilize
thiol-terminated ligands. Adapted from ref. 68.

ene coupling of an alkene-modified biotin and the subsequent
immobilization of SAv and biotinylated DNA. A photochemical
nCP method was employed by Ravoo and coworkers to pattern
bioactive thiols on alkene- or alkyne-terminated SAMs on
silicon oxide (Scheme 9).”> An oxidized PDMS stamp was incu-
bated in a diluted solution of thiol and a radical initiator (a,o-
dimethoxy-a-phenylacetophenone, Irgacure 651), dried and
brought into conformal contact with the functionalized
substrate. Successful immobilization was achieved upon short
time (5-600 s) UV irradiation at 365 nm. This technique, in
combination with orthogonal contact chemistry for amide and
triazole formation, was employed by the same group for the
fabrication of multifunctional platforms for the immobilization
of biomolecules in microarrays.”

2.3 Diels-Alder reaction

The Diels-Alder (D-A) reaction is a reversible [4 + 2] cycloaddi-
tion occurring between a conjugated diene (in the cis configu-
ration) and an electron-deficient dienophile. The reaction is
orthogonal, efficient, atom conservative, does not require a
catalyst and is insensitive to the reaction conditions (e.g
solvent, air).

The pioneers to investigate the D-A reaction for the immo-
bilization of biologically active molecules on SAMs were Yousaf
and Mrksich.” Hydroxyl and hydroquinone mixed SAMs on

This journal is © The Royal Society of Chemistry 2014
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Scheme 9 Schematic illustration of photochemical uCP by thiol-ene chemistry: an oxidized PDMS stamp inked with a thiol and a radical initiator is
placed on an alkene-terminated SAM and irradiated with UV light (365 nm). Immobilization of the thiol occurs exclusively in the area of contact.

Adapted from ref. 72.

gold were prepared and the D-A reaction with cyclopentadiene-
modified ligands was electrochemically modulated via oxida-
tion of the hydroquinone to the active quinone. The D-A reac-
tion between the quinone monolayer and a cyclopentadiene-
modified biotin in solution was monitored via cyclic voltam-
metry, resulting in a loss in current due to the cycloaddition (the
quinone reagent is electrochemically active while the product is
not). Furthermore they used the association of biotin/strepta-
vidin as a model system for the D-A-mediated immobilization
of proteins. In this work and in follow-up studies they demon-
strated that the interfacial reaction occurs following a pseudo-
first-order rate law (with excess of cyclopentadiene in solution)
that strongly depends on the nature of the microenvironment
surrounding the quinone moieties in the monolayer.”>””
Moreover, exploiting the local electrochemical activation of the
hydroquinone groups, this reactive monolayer was conveniently
and elegantly employed to direct the selective stepwise attach-
ment and microscale patterning of two different cell types,”® to
switch on cell migration” (Fig. 1) and to fabricate peptide chips
to quantify the enzymatic activity of protein kinase.*®

Mrksich and coworkers introduced a variation of the
system for the photopatterned immobilization of ligands.**
The hydroquinone equipped with a nitro-
veratryloxycarbonyl (NVOC) group resulting in a photoactive
monolayer. Upon UV irradiation through a microfiche mask or
using the light through an optical microscope, the hydroqui-
none was locally deprotected and extended for the subsequent
electrochemical oxidation to quinone and the D-A-mediated
immobilization of cyclopentadiene-modified ligands.

More recently, Ravoo et al. performed the D-A reaction via
reactive nCP.*” Cyclopentadiene- or furan-modified carbohy-
drates were immobilized on maleimide-functionalized glass
and silicon substrates by means of fast cycloaddition locally
induced via pnCP. Microarrays containing up to three different
carbohydrates were prepared using this method and the
binding of lectins was assessed.

Photochemically activated D-A reactions were recently
developed for the spatially controlled cycloaddition on
SAMs.**# Barner-Kowollik et al. achieved spatial control by

unit was

This journal is © The Royal Society of Chemistry 2014

na'
s g
% M I
2K U'(H SN o
RGD-Cp "'}D}“ o
NHy
o. NH
HO, o, o,

m] (:“ §“ Oxidation n: {m
b)ﬁ Y — \«0
) € op = o
? H {;° b) Reduction 2,
3388 2dad
[ T ]

Fig. 1 Strategy for the design of a substrate that can be electrically
switched to turn on cell adhesion. Adapted with permission from ref. 79.
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immobilization of the photoactive component and subsequent
direct UV activation (Fig. 2).** The strategy is based on the
immobilization of a triethoxysilane-functionalized o-methyl-
phenyl aldehyde on a silicon substrate followed by the photo-
isomerization to photoenol that undergoes a fast D-A reaction
in the presence of a dienophile (e.g. maleimide) (Fig. 2). A
selective local surface-confined reaction was confirmed by the
photopatterning of a small-molecule ATRP initiator (Fig. 2B), a
polymer, and a peptide.

Arumugam and Popik employed a photochemically inert
surface and a light-sensitive compound in solution to perform a
hetero-D-A addition of 2-napthoquinone-3-methides (0NQMs)
to a vinyl ether-functionalized substrate (Fig. 3).** Irradiation of
a 3-(hydroxymethyl)-2-naphthol (0NQM precursor) resulted in
efficient and fast dehydration to oNQM that underwent a fast
and quantitative D-A cycloaddition with vinyl groups on the
surface. The facile D-A reaction combined with the short life-
time of the photoactivated species allowed the spatial control of
surface derivatization. The interface reaction was visualized by
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(A) Photoinduced isomerization of a 2-formyl-3-methylphenoxy (FMP) derivative and subsequent Diels—Alder [4 + 2] cycloaddition with a

dienophile. (B) Structure of the FMP-functionalized monolayer and representation of the phototriggered Diels—Alder surface grafting of a bromine-
containing maleimide derivative through a shadow mask. The inset shows a ToF-SIMS image of the patterned silicon wafers. Adapted with permission

from ref. 83. © 2012 Wiley-VCH Verlag GmbH, Weinheim, Germany.
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Fig. 3 (A) Mechanism of the dehydration of the substrate and the
formation of oNQM and quantitative Diels—Alder cycloaddition to yield
photostable benzo[glchromans. (B) Schematic representation of the
preparation and light-directed biotinylation of vinyl ether-coated slides
followed by immobilization of FITC-avidin. The inset shows a fluores-
cence microscopy image of a vinyl ether-coated surface irradiated
through a 12.5 um pitch copper grid. Adapted with permission from ref.
84. © 2011, American Chemical Society.

the immobilization of a biotin-modified oNQM and subsequent
co-localization of avidin-FITC (Fig. 3B).

2.4 Imine and oxime formation

The reaction between an amine or an aminooxy moiety and
an aldehyde (or a ketone) for the preparation of an imine or
oxime, respectively, is widely employed in the fabrication of
monolayers in which the interactions between the molecules in
solution and the counterpart immobilized on the surface occur
through the formation of reversible molecular bonds. Myles and
coworkers were pioneers of the immobilization of amines on
aldehyde-terminated monolayers on gold substrates, providing
a comprehensive characterization of the imine formation by
means of FTIR, XPS and contact angle measurements.®

38 | Mater. Horiz., 2014, 1, 32-45

Ravoo et al. have described a method for the reversible
formation of imines from the reaction of amines/aldehydes
with aldehyde/amine monolayers on gold and silicon oxide.*
An amino-terminated monolayer on gold or silicon was directly
reacted with aldehydes in solution or via pCP to form full or
patterned imine monolayers. Alternatively, the amine-reactive
functionality was switched to aldehyde via reaction with ter-
ephthaldehyde to allow the reaction with aliphatic amines or
the fluorescent Lucifer Yellow for the optical readout of the
imine formation. Contact angle goniometry, FT-IRRAS, AFM
and fluorescence microscopy attested the reversibility of the
obtained imine monolayers under acid-catalyzed hydrolysis. In
a following study, aldehyde-terminated monolayers were
employed for the microcontact printing-mediated covalent
immobilization of collagen-type protein col3al for studies on
adhesion, proliferation and migration of HeLa cells.*”

Barner-Kowollik and coworkers combined the phototriggered
deprotection of an o-nitrobenzyl derivative to obtain spatial
and temporal control of the oxime reaction.®® Silicon wafers
were coated with a 2-[(4,5-dimethoxy-2-nitrobenzyl)oxy]tetrahy-
dro-2H-pyranyl (NOTP) silane derivative that experienced fast
photocleavage upon irradiation at 370 nm, yielding a nitro-
sobenzaldehyde-terminated monolayer. When the silicon wafer
was covered with a photomask, the photo-deprotection led to the
formation of a pattern of aldehyde groups. Next, the oxime
formation was demonstrated by means of the reaction with
O-[(perfluorophenyl)methyl] hydroxylamine hydrochloride (fluoro
marker) and GRGSGR peptide, and subsequent surface imaging
via time-of-flight secondary ion mass spectrometry (ToF-SIMS).

Yousaf et al. proposed, in a set of studies, a system for the
reversible and tunable attachment of aminooxy-functionalized
ligands: a redox-active hydroquinone monolayer on gold was
electrochemically oxidized to benzoquinone, which was subse-
quently reacted with aminooxy-containing molecules to form
the corresponding oxime (Fig. 4A).* Since both quinone and
oxime are electrochemically active (characterized by different

This journal is © The Royal Society of Chemistry 2014
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redox potentials) the yield of the reaction and the density of the
immobilized ligand were determined and modulated (Fig. 4B).
The versatility of this method was demonstrated by the immo-
bilization of peptides for protein binding® and for cell adhe-
sion®* (Fig. 4C) and differentiation® studies, and by the
fabrication of renewable microarrays.®

2.5 Fluorogenic monolayers

Fluorescence-based technologies are employed in materials
science and (bio)sensing since they allow the fast, simple,
sensitive and non-destructive detection, diagnosis and investi-
gation of (bio)chemical processes.”>** Many fluorescent probes
have been designed and employed to be selective and sensitive
towards various analytes operating through specific chemical
reactions.

Fluorogenic molecules have been employed as reactive
monolayers for the fabrication of microarrays®*® and for the
simultaneous immobilization and detection of bio- and macro-
molecules.**** To this end, Salisbury et al. synthesized a wide
range of fluorogenic peptidyl coumarin substrates, 7-amino-4-
carbamoylmethyl coumarin peptides, to study protease
activity.”” A set of peptide-modified fluorogenic coumarins were
spotted and immobilized via oxime ligation onto an aldehyde-
terminated monolayer. The microarrays were incubated with a
variety of serine proteases and the fluorescence intensity
recorded after proteolysis was used to quantify the extent of the
cleavage, giving direct information on the enzyme/peptide
specificity. In a similar approach, Zhu et al. described the
synthesis of different coumarin-based fluorogenic molecules
and their use in microarrays to quantitatively and specifically
detect the activity of four classes of enzyme hydrolases.*®

Also in our group technologies based on the construction of
fluorogenic platforms were recently developed. Huskens et al.

A) @
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Fig. 4 (A) Redox-active hydroquinone monolayer undergoes electro-
chemical oxidation to benzoquinone. The resulting quinone then reacts
chemoselectively with aminooxy acetic acid to give the corresponding
oxime. (B) Cyclic voltammograms showing the extent of the interfacial
reaction between soluble aminooxy acetic acid and a quinone monolayer.
(C) A fluorescence microscopy image of attached cells on a surface
arrayed with immobilized aminooxy-modified RGD and GRD peptides.
Cells attached only to the spots presenting the RGD peptide. Adapted
with permission from ref. 89. © 2006, American Chemical Society.
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described the immobilization of a pyrylium derivative on a glass
substrate for the anchoring of amines (e.g. aliphatic amines, a
fluorescent protein and a lissamine rhodamine B ethylenedi-
amine) through pCP and dip-pen nanolithography (Scheme
10).* Upon reaction with a primary amine the initially intense
fluorescence of the pyrylium monolayer faded out proving the
actual covalent immobilization.

Velders and coworkers demonstrated the selectivity and
specificity of orthogonal covalent and noncovalent functionali-
zation for small molecules.’® In their work bifunctional alkyne-
cyclodextrin patterned surfaces were prepared via reactive pnCP
of an azido-modified B-cyclodextrin on a fluorogenic alkyne-
modified coumarin monolayer. The fluorescence enhancement
upon alkyne-azide cycloaddition was used to monitor the
effective bond formation and to localize the PB-cyclodextrin
monolayer.

Recently Huskens and Jonkheijm described the fabrication
of a thiol-sensitive fluorogenic reactive platform that allowed
reporting of the immobilization of thiols by fluorescent signaling
using an orthogonally modified coumarin (Fig. 5)."**** The flu-
orogenic coumarin was equipped with an alkyne moiety for the
immobilization on azide monolayers on glass via CuAAC and a
methyl-4-oxo-2-butenoate group for the fluorogenic Michael
addition of thiols. The fluorogenic platform allowed for the spatial
identification and coverage determination of the thiol immobili-
zation. A powerful aspect of the platform is the visualization of
binding events onto the bound thiol ligand by colocalized fluo-
rescence imaging, witnessing local binding events onto immobi-
lized ligands which are signalled by the underlying coumarin
layer. This system was employed for biological applications, such
as the anchoring of cell adhesion' and cell differentiation”
promoting peptides, and the orthogonal immobilization of fluo-
rescent proteins'® (Fig. 5). In the latter case, a patterned fluores-
cent protein array was fabricated through the combination of
covalent and non-covalent chemistry. Oriented protein immobi-
lization was achieved using a cysteine-engineered fluorescent
protein (Clavularia cyan fluorescent protein, TFP) for the direct
formation of a covalent bond with the surface-confined coumarin
and a thiol-modified nitrilotriacetate ligand for the supramolec-
ular binding of hexahistidine-tagged red-fluorescing protein
(Entacmaea quadricolor, TagRFP) in the presence of NiCl,.

o
0
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N
N —_— NN
(})9 '; Reactive uCP (>)9
$iOH —— “click” SIOH

Nt R-NH,

o0 ¢9
[ifsio; ] [ifsio, ]

Scheme 10 Preparation of a pyrylium-terminated monolayer. The
printing of the alkyne-functionalized pyrylium is followed by the covalent
immobilization and detection of amines. Adapted from ref. 99.
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(A) Schematic procedure of the surface functionalization by printing the bi-functionalized coumarin via “click” chemistry onto an azide

monolayer and followed by simultaneous covalent immobilization and detection of thiols by means of the fluorogenic Michael addition to the methyl-
4-ox0-2-butenoate moiety. (B) Fluorescence microscopy image after incubation of the fluorogenic platform in a RGD-SH solution and subsequent
C2C12 (mouse myoblast) cell culture. Adapted with permission from ref. 101. © 2012, Wiley-VCH Verlag GmbH, Weinheim, Germany. (C) Bright field
microscopy image after reported immobilization of a cysteine-modified peptide for binding and delivery of growth factors (TGF-p1) for chondrogenic
differentiation in bone marrow mesenchymal progenitor cells. Adapted with permission from ref. 102. © 2013, The Royal Society of Chemistry. (D)
Fluorescence microscopy images after the detection of immobilization of a cysteine-engineered green fluorescent protein. Adapted with permission

from ref. 103. © 2013, American Chemical Society.

3 Surface chemical gradients of self-
assembled monolayers

Surface chemical gradients are surfaces with gradual, contin-
uous or discrete, variation in space and/or time of physico-
chemical properties. Surface gradients have been successfully
employed for the study of interfacial phenomena in the areas of,
among others, biology to investigate cell migration (haptotaxis)
and polarization, materials science, e.g. for the study of the
driven motion of liquid droplets,'**'® and combinatorial/
analytical chemistry.**¢-1®

The first study describing the fabrication of surface chemical
gradients was illustrated by Elwing et al. in 1987.' The gradient
was the result of controlled silane diffusion in liquids. A
hydrophilic silicon plate was placed in a cuvette filled with a
biphasic solution of dimethyldichlorosilane in trichloroethy-
lene covered with xylene. In this system, organosilane mole-
cules diffuse to the xylene phase and deposit on the silicon
substrate yielding surface gradients. The resulting gradient was
employed to study the wettability-driven adsorption and inter-
action of proteins and polymers at the liquid-solid interface.
From that very first study, a wide variety of methods and tech-
niques were developed for the generation of surface chemical
gradients mainly based on the controlled adsorption/desorp-
tion of monolayers on substrates.

In 1992 Chaudhury and Whitesides prepared wettability
surface gradients by vapor diffusion of decyltrichlorosilane
along a silicon substrate, one of the most commonly used
techniques to prepare silane-based gradients in the millimeter—

40 | Mater. Horiz., 2014, 1, 32-45

centimeter scale.’® These gradients were employed to study the
motion of water droplets based on the surface tension acting on
the liquid-solid interface on the two opposite sides of the drop.
An exhaustive description of gradient fabrication methods
has been reported in recent comprehensive reviews.*** There-
fore we focus here on the preparation of surface chemical
gradients by means of local chemical modification of reactive
terminal functional groups of SAMs. Below are described flex-
ible and dynamic methods where the formation of surface
gradients is driven by interfacial chemical reactions and inter-
actions with the possibility of tailoring and controlling the
functionalization of arbitrary surfaces in space and time.

3.1 Photochemically controlled surface reactions

A common strategy to develop surface patterns is based on the
photochemical deprotection of terminal photosensitive groups
of SAMs. Yousaf and coworkers have employed this method-
ology to pattern ligands and cells in gradients on inert
surfaces."®"* A nitroveratryloxycarbonyl (NVOC)-protected
hydroquinone ethylene glycol-terminated alkanethiol mono-
layer on gold underwent photochemical deprotection upon UV
illumination to reveal the electrochemically active hydroqui-
none unit. When the irradiation was performed in the presence
of a grayscale photomask, a surface gradient of hydroquinone
moieties was obtained. An aminooxy reactive quinone was
obtained upon electrochemical oxidation of the hydroquinone
while the NVOC-protected units remained completely redox
inactive. The quinone gradient was reacted with soluble ami-
nooxy-tagged ligands to form a stable oxime conjugate via

This journal is © The Royal Society of Chemistry 2014
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chemoselective ligation. A rhodamine-oxyamine was used to
visualize the surface gradient while an RGD-oxyamine peptide
was immobilized to study cell migration and proliferation along
the gradient. Interestingly the dynamic character of the mono-
layers allowed the electrochemical release of the ligands by
means of the reduction of the oxyamine bond and the restora-
tion of the surface for a further ligand immobilization step.

Ito and coworkers prepared a surface chemical gradient via
photodegradation of an octadecylsilane (ODS) monolayer on
silicon."” The photodegradation was performed using a
vacuum UV light (VUV) setup with an excitation wavelength of
172 nm. The VUV light was absorbed by the ODS layer with
formation of radicals due to the dissociation of C-C, C-H and
C-Si bonds that can react with oxygen and water to give surface
oxidized species. A millimeter-scale surface gradient of oxidized
groups (e.g. carboxy, aldehyde and hydroxy) was obtained by
moving the substrate, positioned on a sample holder, at a
controlled velocity of 50-100 um s~ '. The formation of the
gradient was confirmed by water contact angle goniometry and
fluorescence microscopy after labelling the carboxylate groups
with fluoresceinamine. Furthermore, the obtained surface
gradient was employed to investigate the motion of water micro-
droplets from the hydrophobic to the hydrophilic side. A similar
approach was described by Gallant and coworkers."™ An ODS
monolayer on silicon was gradually oxidized by placing the
substrate on a motorized stage next to the slit aperture of a UV
lamp. The exposure time-dependent ozone-derived oxidation of
the monolayer resulted in the formation of surface gradients of
oxidized species (alcohols, aldehydes, and carboxylic acids). A
bifunctional propargyl-derivatized amino linker was attached to
the acid gradient by using standard amidation methods to yield
a surface possessing varying coverages of alkyne groups: a
useful platform for the subsequent “click” modification. In this
way an RGD peptide surface gradient was fabricated to inves-
tigate cell adhesion and spreading behavior.

3.2 Electrochemically driven surface chemical reactions

Control over the length-scale, shape and functionality of surface
chemical gradients was recently achieved by means of electro-
chemically mediated reactions, in particular the electrochemi-
cally activated copper(i) azide-alkyne cycloaddition (“e-click”)
and atom transfer radical polymerization (“e-ATRP”).

By means of stenciled"* or bipolar'*® “e-click”, surface
gradients of covalently bound alkyne-bearing molecules were
created on azide-functionalized conductive polymers. Hansen
et al. fabricated surface gradients of fluorine-rich and bioactive
alkyne-modified molecules using a stenciled electro-click
process, by tuning the amount of electrochemically generated
Cu(r) (by reduction of CuSO,) by spatial confinement of the
active electrodes.* The shape of the gradient obtained on the
conductive polymer (poly-3,4-(1-azidomethylethylene)-dioxy-
thiophene (PEDOT-N;)) was defined by the geometry of the
insulating layer positioned on the copper counter electrode. The
distance between the counter electrode and the reactive surface
dictates the speed of generation of the catalyst while the reac-
tion conditions (e.g. concentration of reagents and catalyst,

This journal is © The Royal Society of Chemistry 2014
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applied potential and reaction time) control the steepness and
density of the gradient. The parameters affecting the formation
of the surface gradient were first investigated by immobilization
of a fluorine-rich alkyne-bearing molecule and characterization
by XPS. Thereafter, biological applications were demonstrated
by fabrication of cell adhesion peptide and protein gradients.
Huskens and coworkers described a method for the inves-
tigation of the reactivity of interfacial reactions in space and
time."*® Electrochemically derived solution gradients of a reac-
tion parameter (pH) and of a catalyst (Cu(r)) were employed to
fabricate micron-scale surface chemical gradients and to study
the kinetics of the surface-confined imine hydrolysis and the
CuAAC (Fig. 6). This method suggested the possibility of
investigating the effect of the reaction parameters of a wide
range of reactions on the reaction kinetics in space and time.
Li and coworkers demonstrated that a solution concentra-
tion gradient of Cu(r) can be exploited to initiate ATRP on non-
conducting substrates (silicon) for the preparation of grafted
gradient polymer brushes.'” A stable diffusion gradient of
activator Cu(i) and deactivator Cu(u) was formed at the gap
between the working electrode and the initiator-terminated
substrate. The ratio of Cu(i)/Cu(u) was tuned on different loca-
tions of the surface by placing the substrate at a tilted angle

Fig. 6 lllustration of the fabrication of surface chemical gradients via
electrochemically promoted CuAAC of an alkyne-modified fluorescein on
an azide monolayer on glass between platinum microelectrode arrays.
Inset: a fluorescence microscopy image of the surface chemical gradi-
ents. Adapted with permission from ref. 116. © 2013, Nature Publishing
Group.

[Cu(N}/[Cu(l)]
gradient

Scheme 11 Illustration of the diffusion-controlled eATRP for the fabrica-
tion of a surface gradient of polymer brushes. Adapted from ref. 117.
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(A) Schematic representation of the basic mechanisms involved in multivalent surface diffusion. (B) Fluorescence microscopy images (top) and

integrated line profiles (bottom) of printed lines of a bis-adamantyl fluorescent ligand on a B-cyclodextrin-terminated surface after incubation for given
amounts of time in a solution with 2 mM B-cyclodextrin. Adapted with permission from ref. 118. © 2011, Nature Publishing Group.

along the Cu(u)/Cu(i) gradient, thereby creating different poly-
merization rates at different areas, leading to a gradient in the
polymer brush length (Scheme 11).

3.3 Non-covalent interactions and dynamic chemical
reactions

Huskens and coworkers analyzed the directional spreading of
multivalent ligands along self-developing gradients on a receptor
platform.**® To this end, fluorescent ligands bearing one, two or
three legs functionalized with adamantyl units were micro-
contact printed onto a cyclodextrin monolayer on glass. The
surface diffusion of the ligands was driven by the developing
concentration gradient of free surface receptors. The multivalent
surface diffusion was monitored by fluorescence microscopy and
the mechanisms involved were investigated using different
concentrations of a soluble receptor (cyclodextrin) as a compet-
itor: in pure water the divalent ligand was strongly engaged with
the surface receptor monolayer and thus it walked slowly down
the receptor concentration gradient; at moderate concentrations
of soluble cyclodextrin, the system experienced weakening of the
multivalent interaction and one of the ligand’s feet was capable
of making a ’solution’ complex, allowing the ligand to hop along
the surface using the second foot; when the cyclodextrin
concentration was increased, the probability of both feet binding
to soluble cyclodextrin increased, and the ligand became free to
fly further across the surface leading to more rapid spreading of
the fluorescent ligands (Fig. 7).

Giuseppone and coworkers developed dynamic self-assem-
bled monolayers for the fabrication of mixed surface gradients of
small molecules and proteins.™ In particular they used dynamic
covalent chemistry as a tool to control the selective functionali-
zation of surfaces in space and time: an aldehyde-terminated
monolayer on silicon was incubated in a solution of various
amine-functionalized fluorophores of different pkK, values (e.g
benzylamine (9.5) and alkylamine (10.5)) with simultaneous
modulation of the pH (time-dependent parameter) and with-
drawal of the sample at constant speed (space-dependent

42 | Mater. Horiz., 2014, 1, 32-45

parameter). As a result, highly modular (bio)functional surface
imine gradients were obtained with applications for the fabri-
cation of protein and wettability gradients. This example repre-
sents a method to design new responsive interfacial systems that
can adapt their constituents to external parameters.

4 Conclusions

Reactive monolayers constitute a powerful tool for the modifi-
cation of surfaces with the introduction of new functionalities for
the preparation of novel materials with crucial relevance in the
fields of biological microarrays, surface science and molecular
discovery. A vast number of reactions can be successfully applied
on monolayers to tailor the nature of terminal functional groups.
The yield or rate of reactions at the surface can be limited by
steric hindrance and diffusion at the solid-liquid interface.
Moreover, since purification of the monolayer is impossible,
high-yielding, efficient, selective and clean reactions are
required. To this end, the introduction of the click chemistry
paradigm has given beneficial propulsion over the last decade to
materials science with the implementation of simple, orthogonal
and highly efficient reactions. The development of strategies to
control and switch the surface chemistry and properties by
means of the integration of dynamic monolayers (e.g. electro- and
photo-active SAMs) has allowed numerous applications for the
investigation of the behavior of biological systems at interfaces,
in particular for cell adhesion and migration studies.

Control of the local surface composition of monolayers
appeared remarkably important for the systematic investigation
of physicochemical phenomena at the interface in space and
time, laying the foundation for gradient surfaces. In the last two
decades this field exhibited an incredible growth. More
importantly, surface chemical gradients recently evolved in
combination with reactive monolayer technologies with the
development of novel flexible and powerful strategies allowing
the exploration of new surface properties. Existing space and
time-dependent surface reactions are good candidates for the

This journal is © The Royal Society of Chemistry 2014
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development of powerful dynamic surface chemical gradients.
We expect that these highly efficient and flexible reactions will
be used for the development and implementation of new
functional surfaces with tailored surface properties and
performances for important applications, among others, in the
fields of biology and surface science.
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