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Self-assembled monolayers (SAMs) represent highly ordered molecular materials with versatile
biochemical features and multidisciplinary applications. Research on SAMs has made much progress
since the early begginings of Au substrates and alkanethiols, and numerous examples of peptide-
displaying SAMs can be found in the literature. Peptides, presenting increasing structural complexity,
stimuli-responsiveness, and biological relevance, represent versatile functional components in SAMs-
based platforms. This review examines the major findings and progress made on the use of peptide
building blocks displayed as part of SAMs with specific functions, such as selective cell adhesion,
migration and differentiation, biomolecular binding, advanced biosensing, molecular electronics,
antimicrobial, osteointegrative and antifouling surfaces, among others. Peptide selection and design,
functionalisation strategies, as well as structural and functional characteristics from selected examples
are discussed. Additionally, advanced fabrication methods for dynamic peptide spatiotemporal
Received 23rd October 2023 presentation are presented, as well as a number of characterisation techniques. All together, these
DOI: 10.1039/d3cs00921a features and approaches enable the preparation and use of increasingly complex peptide-based SAMs to
mimic and study biological processes, and provide convergent platforms for high throughput screening
rsc.li/chem-soc-rev discovery and validation of promising therapeutics and technologies.
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1. Introduction

Self-assembling monolayers (SAMs) are molecular monolayers
typically formed spontaneously via adsorption onto solid sub-
strates. This phenomenon was firstly described in 1983 by
Nuzzo and Allara showing the assembly of dialkyl disulfides
on gold (Au) surfaces." Conceptualisation of SAMs has evolved
over time, with most works from the 1980s> through mid-1990s,
presenting them as ordered molecular assemblies formed by
the adsorption of an active surfactant on a solid surface.® Even
though this seemed suitable for SAMs based on alkanethiols
(ATs), greater potential for SAMs technologies was early identi-
fied, leading the field to striking growth and using adsorbates
with increasing synthetic sophistication beyond AT long chain
hydrocarbons.

From that decade on, SAMs with electroconductive properties
were increasingly explored, further moving into biosensing appli-
cations involving bioinspired building blocks, which paved the way
for peptides to be incorporated into SAMs-based technologies.

SAMs are recognised as two-dimensional (2D) nanomaterials
that exhibit thickness of one or few adsorbate molecules, in
which the adsorbates organise spontaneously into highly ordered
crystalline (or semicrystalline) structures in reproducible ways.*
Typically, molecules align vertically onto the surface with some
tilt angle relative to the surface normal,” enabling molecularly
controlled nanostructured surfaces which are straightforward to
prepare, easy to characterise, and that are also suitable for high-
throughput screening of immobilised molecules.*®” Moreover,
SAMs are frequently used as proof-of-concept model surfaces,
since information in terms of surface (bio)conjugation strategies
to maintain the bioactivity of immobilised biomolecules® is easily
portable to “real world” biomaterials.

These features have made SAMs increasingly applied as
biomimetic and biocompatible materials with defined compo-
sitions and architectures as part of biomedical applications,
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including cell adhesion, migration and differentiation, biosen-
sing, antifouling and antimicrobial surfaces,” among others
that will be further described along this review article. This
ample range of applications derives from the variety of
chemical strategies that can be used to immobilise the adsor-
bates to different substrates, including chlorosilanes on quartz,
silicon or glass substrates, carboxylic acids on metal oxides
surfaces and organosulphur compounds on Au, the latter being
by far the most explored substrate for fabricating SAMs.

Even though overall progress around SAMs has been exten-
sively reviewed, particularly those involving ATs and dialka-
nethiols bound to Au surfaces,'® the present review will entirely
focus on the structure, preparation, and applications of
peptide-based SAMs formed from peptide-based building
blocks on many other inorganic substrates. Although several
multicomponent peptide assemblies'"'* and self-assembling
peptide-based functional biomaterials'® have been reviewed in
the literature, SAMs incorporating peptides as building blocks
have not been looked in a systematic extent.

This review comprises advances made in peptide-based SAMs
over the past 28 years (1995-2023), and its objectives are as
follows: (1) to review the structural, biochemical and functional
features and advantages exhibited by SAMs formed by adsorption
of peptides on inorganic surfaces; (2) to review the different
fabrication approaches and techniques to prepare and characterise
these molecularly engineered surfaces; (3) to illustrate applications
of peptide-based SAMs interacting with (i) extracellular matrix
components, (if) mammalian cells, (iii) metal ions, (iv) biocatalytic
targets, (v) biomarkers, and endorsing (vi) electron transfer, and
(vii) antifouling properties; and (4) to sketch some of the chal-
lenges and opportunities to explore as future research avenues
involving peptide-based SAMs.

In the hope of contributing to those scientific communities
interested on self-assembling biomaterials and SAMs technologies,
this review article intends to provide a comprehensive view of
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peptide-based SAMs platforms supported by selected examples,
while placing the spotlight on peptide-based SAMs and their
potential for high-throughput screening and analysis using meth-
ods established in many biomedical facilities. The enormous
potential of synergies created by merging peptide science and
SAMs technologies, i.e., what peptides can do for SAMs and vice
versa, is the focus of this review article.

2. Peptides as self-assembled
monolayers (SAMs)

Proteins are part of the molecular machinery produced by cells
that are used to undertake a vast range of functions, from
providing structure (e.g., collagen, actin) to biocatalysis (e.g.,
enzymes), from defence (e.g., antibodies) to regulation (e.g.,
hormones), from storage (e.g., ferritin) to transport (e.g., hemo-
globin), and many others. Proteins constitute 17% (wt%) of the
human body weight'* being essential building blocks of biolo-
gical tissues.” Extracellular proteins have received great atten-
tion by the biomaterials community focused on the design of
synthetic extracellular matrices (ECMs). However, replicating
the intricate organisation of the complex protein network in
native ECMs remains a goal and challenge in biomaterials
engineering.

As highlighted in the comprehensive review by Ligorio and
Mata'® on function-encoding peptide epitopes, the function of
many proteins is encoded by peptide epitopes located in specific
regions of the proteins. Once identified, these epitopes can be
isolated to derive peptide segments for undertaking mechanistic
studies and yield improved understanding of their function, and
reveal potentially new applications. Due to their small size, they
can be easily synthesised in the mg-g scale, by well-established
synthetic chemical methods (solid phase peptide synthesis, SPPS)
using fully automated machines, and purified by standard
reverse phase high performance liquid chromatography (RP-
HPLC) to afford molecules with required grade to undertake
reproducible structure-function relationship studies in a range of
biological scenarios. Furthermore, they can be designed to con-
tain inbuilt desirable functionalities (-NH,, -COOH, -SH, also
present in the side chains of naturally occurring amino acids) to
enable their direct immobilisation onto diverse inorganic sub-
strates or conjugated onto pre-formed SAMs"” via modification at
N- or C-terminus (see Section 2.2).

Advantages of peptide-based SAMs

The use of peptides as self-assembling building blocks in SAMs
provides several advantages:

(i) Chemical versatility and ease of functionalisation. Pep-
tide sequences not only can incorporate proteinogenic amino acids,
but can also include unnatural ones bearing novel side chains.'®*
This allows further incorporation and display of redox- or bio-active
moieties, and non-diffusible ligands important for biomolecular
binding studies.*® Additionally, peptides can be incorporated into
pre-formed functionalised SAMs, for instance, rendering antifouling
surfaces® and functionalised surgical implants.**
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(ii) Control over secondary structure. Peptides confer dif-
ferent flexibility levels to SAMs surfaces due to their ability to
adopt secondary structures (including 3,,- and a-helices, as well
as B-sheets and B-hairpins, among others). Strict control and
stabilisation against denaturation over these structural levels
can be achieved, even for short oligomers.>® This represents a
competitive advantage of peptide-based SAMs compared to
rigid alkyl chains found in many conventional AT-based SAMs.

(iif) Electron transfer properties. Due to the polar nature of
the peptide bond, if arrayed in regular fashions (such as ao-or
3,0-helical conformations), the peptide dipole moments add up to
create a macrodipole stabilised by head-to-tail interactions.”*>**
This renders peptide-based SAMs attractive for applications in
molecular electronics.”®

(iv) Robustness and versatility. Peptides exhibit excellent
chemical stability under conditions required by different SAMs
fabrication techniques, like micro-contact printing (LCP) and
photolithography-assisted spotting, allowing their presentation
in spatial controlled manners in discrete arrayed locations,>>"°
either in isocratic and gradient surfaces.”’” More recently,
attempts have been made to create dynamic peptide-based
SAMs that can change conformation and/or presentation mode
over time due the action of light or cell activities,”® thus allowing
the study and mimicking of complex biological processes.

(v) Supramolecular self-assembling capacities. In light of
peptides’ innate supramolecular self-assembling capacities,
improved biomimetic presentation of biological epitopes and
biomolecular recognition sites® can take place in peptide-
based SAMs. This paved their way into tissue engineering and
regenerative medicine applications,*® specifically for mimick-
ing signal presentation at cellular’® or ECM**** levels and to
promote cell growth or differentiation.®®

(vi) High reproducibility. Peptide-based SAMs surfaces can
be prepared with well-defined compositions, thus reducing the
problem of high variability associated with the use of animal-
derived products to support cellular therapies,*® thus increas-
ing the predictability of cell cultures in vitro in the context of
biomedical screening applications and expanding the portfolio
of cell culture scaffold alternatives with tailored biochemical
cues.*®

Molecules used in conventional SAMs usually consist of
three segments: a head or anchor group (a thiol group), an
alkyl chain (as linker), and a tail functional group (for instance,
-COOH, -PO;>", or -OH) (Fig. 1).*" Peptide-based SAMs step-up
this molecular design and allow for increasingly more complex
nanoarchitectures. The most common strategy for the prepara-
tion of peptide-based SAMs involves direct tethering of peptide
chains to the substrate via an anchor located either at the N- or
C-terminus of the peptide (Fig. 1, panel i). These anchor
functionalities comprise ATs, disulfide bonds, cysteine (Cys)
residues, organosilanes, phosphonic acids, solid binding
sequences, and other strategies (detailed in Section 2.2). The
presence of built-in functionalities from amino acid side chains
located in mid positions of the peptide sequence can also be
exploited as anchors to the substrate (Fig. 1, panel ii). Either free
terminus can be functionalised with a reporting tag (Fig. 1,

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Structural diversity of peptide-based SAMs comprised in this review. Conventional SAMs typically display functional tail groups attached to a rigid
alkyl tail linker, which is covalently attached via an anchor moiety. Peptide-based SAMs comprise peptide motifs with varying flexibility extents and
different binding modes to the substrate: (i) peptide bound via a N- or C-terminal anchor; (ii) peptide bound via a mid-chain anchor; (iii) peptide chains
functionalised with a reporting electroconductive or bioactive tag; (iv) dynamic peptide-SAMs, comprising input-responsive moieties; (v) linker-bound
(typically AT or PEG or other reactive groups) peptide-based SAM; (vi) solid-binding sequences (schematic representations, not to scale).

panel iii). However, other strategies have been reported; pep-
tides can be presented in dynamic/stimuli-responsive fashions
(Fig. 1, panel iv), they can also be coupled to preformed reactive
SAMs or be incorporated as part of AT-substituted peptides
(Fig. 1, panel v), and solid-binding sequences can also be used
to adsorb the peptide directly onto the solid substate without
the need of a proper anchor as in the aforementioned systems
(Fig. 1, panel vi).

The following subsections present a detailed description of
substrates, anchoring functionalities, and peptide families,
sequences and structural features displayed as part of selected
peptide-based SAMs examples.

2.1 Substrates

Even though other noble metal surfaces have been studied,’”
Au surfaces represent the most extensively studied members of
the class of organic SAMs for several reasons. First, Au surfaces
are reasonably inert, but bind to organosulphur species with
high affinity'® (S-Au bound energy of ~ 40 kcal mol ), leading
to Au-S bond formation” as part of low cost surfaces with high
structural order and packing.®*® Second, Au thin films are easy
to prepare through a number of deposition techniques, and
they are easy to pattern via lithographic and chemical techni-
ques. Au substrates are of common use in various analytical and
spectroscopic techniques (see Section 4), such as ellipsometry,
surface plasmon resonance (SPR) spectroscopy, and quartz
crystal microbalance with dissipation (QCM-D), which facilitates
their straightforward characterisation. Third, Au is compatible

This journal is © The Royal Society of Chemistry 2024

with cells and cell culture media conditions, allowing their use
as biological interfaces with no evidence of toxicity.*

Consequently, SAMs based on organosulphur compounds
on Au are straightforward to prepare and exhibit good chemical
and thermal stability suitable for a variety of applications.*®
Peptide-based SAMs research has mostly focused on sulphur-
mediated anchoring to Au substrates, including alkanethiols
(ATs, R-SH), dialkyl disulphides (R-S-S-R) and dialkyl sul-
phides (R-S-R) and will be further described in Section 2.2.
As thiols and other organosulphur functionalities can be easily
incorporated in peptide sequences to enable immobilisation on
Au, numerous Au-peptide-based SAMs have been prepared.

Apart from Au, peptide-based SAMs have also been prepared
on other inorganic substrates, including metals such as Ti, Co,
Cr, and stainless steels,”* metal oxides via phosphonic acids
(R-PO;, R = alkyl chain),’® as well as other substrates such as
quartz,*>*! silicon, glass,** and modified glassy carbon electro-
des (GCE), using different organosilane species (R-Si-X3, R,~Si—
X, or Rz-Si-X, R = alkyl chain, X = Cl or alkoxy group)** and
other chemical surface reactions,'”**** as detailed in Sections
2.2.5 and 2.2.6.

2.2 Anchoring functionalities

Selection of anchor functionalities in peptide-based SAMs plays
a pivotal role and must be made as a function of the substrate
and application. For instance, the stability of organic SAMs on
different substrates has been studied. Thiol-SAMs are not
adequate for applications that require long term stability, since

Chem. Soc. Rev,, 2024, 53, 3714-3773 | 3717
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thiols tend to be oxidised and be displaced from the
surface.’®*” SAMs of organosilanes also have limitations, as
they can be hydrolytically unstable in aqueous systems and
biological media.**"*® By contrast, phosphonate SAMs are more
stable and are a promising system for applications that require
long-term stability and have been studied as coatings for dental
implants.*

The bond between Au substrates and sulphur atoms repre-
sents the most frequently used in the formation of peptide-
displaying SAMs (Tables 1-3, substrate column). It is important
to note that anchor location plays a pivotal role in peptide
orientation after tethering, as has been evidenced in the case of
Au-bound helical peptides. Morita and collaborators have
shown that N-terminally bound peptides generate more
densely-packed SAMs than those from C-terminally bound
peptides,*® these packing differences could be possibly attrib-
uted to several factors, including unfavourable electrostatic
repulsion between the dipoles of the helical peptide directing
toward the aqueous media and the dipoles of S-Au linkages
(S™-Au") opposing the dipoles from the helix, chain-length
difference at the anchor segment of the molecules and different
size and polarity of the protecting terminal groups. Therefore,
attention must be paid to peptide molecular design and its
further surface orientation before peptide-SAMs fabrication.

This section groups six main tethering strategies for designing
peptide-displaying SAMs: peptide coupling to ATs, disulfide bonds,
Cys residues, solid binding sequences, organosilanes and phos-
phonic acids, and others approaches including reactive SAMs.

2.2.1 Alkanethiols (ATs). In SAMs literature, ATs have
demonstrated to form defined assemblies important to gener-
ate reproducible biological activity. This can be extrapolated to
peptide-SAMs, in which AT moieties have been extensively used
for attachment to Au substrates,”® leveraging a well charac-
terised pathway involving an oxidative addition of the AT S-H
bond to the Au substrate, followed by a reductive elimination of
the hydrogen.?

R-S-H + Au) —» R-S~ Au™Au® + 1/2H,

For instance, ATs presenting short linear and cyclic RGD
derivatives (integrin-binding ligands) were prepared by Derda
and collaborators and used to form arrays of peptide-displaying
SAMs that support cell adhesion.’® In another work, Kiessling
and co-workers systematically used AT-linkers to screen 18
peptide-SAMs in order to identify peptide surfaces that sustain
pluripotent stem cell self-renewal (Table 1, peptide-SAMs bind-
ing to cell membrane proteins).”*

Thiol functionalities have also been incorporated to peptide
building blocks via N-thiolation approaches without the need
for a long alkyl chain. In this regard, Bilewicz et al. prepared a
series of ferrocene (Fc) containing oligoglycine derivatives (Fc-
CO(Gly),,NH-(CH,),-SH) (Gly = glycine; n = 2-6) via SPPS tech-
niques using a cysteamine 4-methoxytrityl resin.>” This same
type of resin was also employed to prepare polyalanine deriva-
tives R-(Ala);,NH-(CH,),-SH (R = ferrocenecarbonyl or hydro-
gen) containing the same cysteamine linker (Table 2, peptide-
SAMs for molecular electronics).>® Using a different approach,

3718 | Chem. Soc. Rev., 2024, 53, 3714-3773
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but a much shorter hydrocarbon chain, Azevedo and collabora-
tors performed the 3-mercaptopropanoyl derivatisation at the
N-terminus of the 12-mer GAHWQFNALTVR peptide before Au
surface attachment (Table 1, peptide-SAMs binding to ECM
components).>3%3

2.2.2 Disulfide bonds. Chemisorption via disulfide bonds
on Au substrates forms Au(r) thiolates (RS™) species and pro-
ceeds through an oxidative addition of the S-S bond to the Au
surface:

RS-SR + Au? — RS~ Au*-Aud

Disulfide bonds have been extensively used to prepare helix-
forming peptide-displaying SAMs, as the helix macrodipole
(whose positive end is located at the peptide N-terminus)*®
stabilises the polar Au-sulphur bond. Peptide-displaying SAMs
endowed with disulfide functionalities have been prepared via
different synthetic approaches, including coupling to lipoic
acid and the use of several organosulphur specialised reagents
(for instance, peptide-SAMs for electron transfer, see Table 2).

Worley and collaborators coupled the rodlike polypeptide
poly(y-benzyl r-glutamate) (PBLG) to (+)-a-lipoic acid via its N-
terminus (Table 2, peptide-SAMs for electron transfer). Peptide-
SAMs were prepared by field-induced in situ molecular alignment
by applying a voltage between two Au electrodes, this promoted
higher lipoic acid-mediated chemisorption on the negative elec-
trode compared with either the positive electrode or control
samples without an applied voltage.>* Miura and collaborators
prepared several helix-forming oligo- and polypeptide derivatives
containing either lipoyl groups or disulfide functionalities
(Table 2, peptide-SAMs for electron transfer). This report includes
systematic variations in the solvent of choice, as well as the self-
assembling peptide sequence, secondary structure (one or two
helixes), length, and composition, leading to different tilt angles
of the helix axis from the metal surface normal. It was also found
that one-helix peptide with a lipoic acid group at the N-terminus
showed a lower tilt than a two-helix peptide, in which the two
helical peptides were connected by a disulfide linkage. These
findings helped gaining a better mechanistic understanding of
helix-forming peptide-SAMs. Initially, terminal lipoic acid groups
cluster on one face of the helix bundle, then the cluster rapidly
reacts with the Au substrate with the consequent fixation of the
peptides with a vertical orientation, which is hindered by steric
factors, as surface access of peptide clusters becomes statistically
more unlikely.”®

Venanzi and collaborators also employed lipoic acid cou-
pling for preparing peptide-based SAMs. A helix-forming hex-
apeptide was N-terminus conjugated to (+)-o-lipoic acid
(Table 2, peptide-SAMs for electron transfer). Self-assembling
peptide units included a high content of 2-aminoisobutyric acid
(Aib, a strongly helicogenic amino acid), which rendered a rigid
helical conformation and contributed to the formation of a
complex morphology made of ‘stripes’, which consisted on
peptide aggregates horizontally layered on the Au substrate,
and ‘holes’, that consisted on Au vacancy islands coated by the
peptide monolayer.*® Lipoic acid conjugation has demonstrated
to be friendly even with SAMs containing unnatural amino

This journal is © The Royal Society of Chemistry 2024
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acids, as demonstrated by the work of Gatto and collaborators,
who linked lipoic acid to a hexapeptide containing a 2,2,6,6-
tetramethylpiperidine-1-oxyl-4-amino-4-carboxylic acid (TOAC)
residue.>® TOAC is a rigid, paramagnetic, redox active amino
acid, commonly used as a spin label in electron paramagnetic
resonance (EPR) studies®” and as a fluorescence quencher.’®

SAMs displaying two photoresponsive helical peptides
attached to Au substrates via N-terminus lipoic acid coupling
were prepared by Tada and collaborators (Table 2, peptide-
SAMs for probing protein and peptide folding and interac-
tions). Both peptides included two 16-mer helical segments
with an intervening azobenzene at their C-terminus, both
acquired vertical orientations, as well as exhibited cooperative
conformational changes upon photoirradiation as a conse-
quence of isomerisation of the azobenzene unit.”®

Yasutomi and co-workers coupled lipoic acid moieties at
either N- or C-termini of hexadecapeptides containing chromo-
phores, this varying position permitted control over the helix
dipole direction when immobilised as part of mixed SAMs on
Au, allowing the fabrication of a molecular photodiode
(Table 2, peptide-SAMs for electron transfer).®

The formation of helical poly(r-glutamic acid)-based amphi-
phile (PLGA) SAMs on Au substrates via interaction with a
disulfide group at the N-terminus has also been reported. The
source of choice for providing disulfide bonds was 11-(ethyl-
dithio)undecanoic acid. Different packing densities were found
as a function of adsorption rate and pH, and specific interac-
tions with guest PLGAs containing a ferrocenyl group (as a
redox active moiety) at the N- and C-termini were investigated,
finding that guest helix PLGAs are captured through antipar-
allel, side-by-side helix-macrodipole interactions.®!

The functionalised helix-forming 8-mer derivative Boc-(Ala-
Aib)g-OCH,C¢H; with 3,3’-dithiodipropionic acid was described
by Knoll and collaborators, rendering a peptide with two
helices connected at the N-terminus via a short spacer contain-
ing a disulfide bond. Similarly, the 8-mer derivative Boc-(Ala-
Aib)g-OH was made to react with cystamine dihydrochloride,
generating a peptide with an equivalent disulfide bridge at the
C-terminus. Both peptides were tethered to Au substrates to
form either pure or mixed (multicomponent) SAMs. The thick-
ness of the former suggested that helical peptides were
adsorbed with a preferred orientation parallel to the surface.
However, helix-forming peptides in an equimolar mixed SAM
adopted a vertical orientation from the surface, as antiparallel
helix packing is significantly more favourable than a parallel
one, as suggested by the authors.**

2.2.3 Cysteine residues. Thiol side chains from Cys resi-
dues have been also exploited for peptide-SAMs fabrication. For
instance, Uvdal and Vikinge studied the chemisorption, orien-
tation, and binding of the dipeptide Arg-Cys on Au substrates,
as part of a system to probe molecular interaction and recogni-
tion of G-protein-coupled receptors (GPCRs). X-ray photoelec-
tron spectroscopy investigations indicated a chemical shift in
the S(2p) core level spectrum of the peptide adsorbate on Au,
consistent with a strong molecular binding between the metal
surface and the sulphur atom from the Cys side chain of this
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Fig. 2 Preparation of peptide-based SAMs via Cys anchoring. (a) Multistep preparation of peptide-based SAMs on quartz substrates via a Michael
addition reaction, starting with a blank quartz substrate, which is converted into a maleimide terminated substrate for peptide immobilisation, and then
applied to culture MSCs and promote their osteogenic differentiation [adapted with permission from ref. 41].** (b) Work-flow followed to prepare
peptide-SAMs onto glass substrates via reactive pnCP. Peptide immobilisation took place via the reactive nCP of a coumarin derivative on an azide-
terminated SAM, followed by covalent immobilisation and detection of Cys-terminated bioactive peptides via a fluorogenic Michael addition reaction

[adapted with permission from ref. 42].4?

minimal peptide sequence (Table 2, peptide-SAMs for probing
protein and peptide folding and interactions).®>

Moreover, Cys residues have been employed for peptide
tethering to other substrates apart from Au. For instance, Yin
and co-workers anchored a bone morphogenetic protein-7
(BMP-7) derived and cyclic RGD peptides via a Michael addition
reaction between peptide Cys residues and a maleimide termi-
nated surface, achieving control over differentiation behaviours
of mesenchymal stem cells (MSCs) (Fig. 2a).** Another example
based on organosilane-based peptide-SAM anchoring was
reported by Cabanas-Danés and collaborators. They used a
multi-step immobilisation strategy to tether Cys-terminated
peptides to a modified glass surface. First, glass substrates
were modified to include an azide-terminated SAM, these
functionalities underwent a Huisgen 1,3-dipolar cycloaddition
reaction with a triple bond linked to a coumarin derivative (via
reactive nCP) which also carried a methyl-4-oxo-2-butenoate
moiety, the latter was used to attach Cys-terminated peptides
by means of Michael addition reactions (Fig. 2b).*>

2.2.4 Solid binding sequences. Solid binding peptides
(SBPs) consist of short amino acid sequences that can specifically
recognise and attach to solid surfaces via multiple non-covalent
interactions.®**> SBPs are employed to increase the biocompat-
ibility of hybrid materials under physiological conditions, and
exhibit tunable properties for the presentation of biomolecular
cues with minimum impact on their function as part of biome-
dical applications, such as drug delivery, biosensing, and regen-
erative therapies.®® In the context of peptide-based SAMs, SBPs
have been employed for non-covalent surface modification as
part of biosensing platforms and dental implants. Their ability to
immobilise probes combined with their antifouling protection of
metal surfaces against nonspecific adsorption make them suita-
ble candidates for biosensing applications.

This journal is © The Royal Society of Chemistry 2024

For instance, Lee and collaborators reported the Au-binding
peptide WAGAKRLVLRRE (selected by directed evolution to speci-
fically bind to Au substrates)®” as part of a chimeric biomolecule
that also included a peptide nucleic acid domain that facilitates
the anchoring of antisense oligonucleotide probes for the detec-
tion of nucleic acids (Table 3, biosensing of nucleic acids).*® SBP
have also proved effective as part of coatings for Ti implants
(Table 2, peptide-SAMs for osteo-integrative surfaces).*®

2.2.5 Organosilanes and phosphonic acids.
peptide-SAMs systems undergo anchoring to substrates via orga-
nosilanes and phosphonic acids. Organosilane species (R-Si-X3,
R,-Si-X, or R;-Si-X, R = alkyl chain, X = Cl or alkoxy group)
tethered to hydroxylated substrates, such as glass, silicon, titanium
and aluminium oxide, allow siloxanes to condense with hydroxyl
groups of the surface and neighbouring siloxane moieties, render-
ing a crosslinked network by eliminating HCI (in case of chloro-
silanes) or an alcohol (in the case of ethoxysilanes).* For
instance, Motta and co-workers studied Schwann cell migration
on 5-hexenyldimethylchlorosilane terminated glass slides using
concentration gradients of laminin-derived peptides (Table 1,
peptide-SAMs binding to cell membrane proteins).”® Ti substrates
were peptide-grafted for cell-adhesion and antimicrobial applica-
tions by silanising the metal surface and further grafting RGD and
a lactoferrin-derived LF1-11 antimicrobial peptides (Table 2,
peptide-SAMs for osteo-integrative surfaces).”

On the other hand, phosphonic acids (R-PO3H,, R = alkyl
chain) can be incorporated onto hydroxylated substrates, such
as Ti and silicone oxides, by thermal annealing, allowing the
covalent binding between the phosphate group and the hydro-
xyl groups (P-O bound energy of ~80 kcal mol ')." Other
strategies involve surface decoration with phosphonate ligands,
as described by Eisenberg and collaborators, presenting several
epitopes on a SAM via attachment to a fusion construct

Several
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containing cutinase, a serine esterase that forms a site-specific
covalent adduct with phosphonate ligands (Table 1, peptide-
SAMs binding to cell membrane proteins).””

2.2.6 Other strategies. Peptides have been incorporated as
part of reactive SAM systems by functionalising them via a large
variety of chemical approaches,'” including: amidation,”® Michael
addition,” host-guest interactions,”* 1,3-dipolar cycloaddition
(copper(1)-catalysed azide-alkyne cycloaddition: CuAAC),””> and
Diels-Alder reactions.”® For instance, recent reports on the immo-
bilisation of helical peptides onto Au NPs involve a mixed SAM
consisting of oligo-EG ATs terminated with either hydroxyl or
azide groups, the latter can be subsequently linked to alkyne-
functionalised helical peptides, via a CuAAC click reaction. Spec-
troscopic evidence revealed retention of the a-helical conformation
after covalent binding, which will be handy to encourage biomi-
metic attachment to further orient protein adsorption.””

Kato and collaborators presented peptide ligands containing
either linear or cyclic RGD motifs attached to a benzoquinone-
modified SAM. Ligands were immobilised to this surface through
a quantitative Diels-Alder cycloaddition coupling between the
benzoquinone groups presented by the SAM and either
cyclopentadiene-conjugated linear GRGDS or cyclic RGDFK pep-
tide building blocks. This Diels-Alder coupling was selective, high
yield, ensured constant densities of ligand (even when different
ligands were employed), and took place to completion as verified
through cyclic voltammetry.”® This kind of method presents a
synthetic setback, as each ligand-cyclopentadiene conjugate must
be individually synthesised before immobilisation.”®

2.3 Peptides

Most functional biomaterials are based on a rather limited
number of peptide sequences derived from protein ligands for
cell surface receptors. As few proteins possess short peptide
sequences that alone can engage cell surface receptors, the
repertoire of receptors that can be targeted using this approach
is rather narrow.”® Peptide-based SAMs have benefited from
this strategy, however, other approaches have nurtured the
diversity of applications of peptide-based SAMs platforms.
2.3.1 Peptide selection and design. While many peptide
sequences displayed in SAMs are derived from natural
proteins®®°"%9"% (Tables 1 and 2) their primary structure can
be rationally designed (e.g., antimicrobial peptides (AMPs)) or
obtained through combinatorial peptide library methods,
which includes biological (e.g., phage display) and synthetic
library methods.*"*%7%%678% For example, phage display has
generated thousands of peptide ligands with great utility for
biomaterials engineering,®® including ECM- and growth factor
(GF)-binding peptides. The technology, pioneered by George P.
Smith in 1985%° and 2018 Nobel Prize in Chemistry “for phage
display of peptides and antibodies”, employs a library of phage
particles displaying a vast diversity of peptides or proteins to
select those that bind to a specific target through a selection
process called panning. It has been applied on a large variety of
targets, from single molecules to cells and tissues. Also, de novo
designs®® and fully synthetic®® sequence examples can be
found as part of peptide-based SAMs. In a number of studies,

3740 | Chem. Soc. Rev., 2024, 53, 3714-3773

View Article Online

Review Article

peptide-SAM bioactivity is assessed with and without the
presence of a triglycine spacer, which increases peptide spacing
away from the SAM substrate,”>°® thus representing a widely
used strategy to modulate biological and chemical response.

Table 1 shows selected peptide-based SAMs aimed at binding
ECM components (including structural components like hyalur-
onan (HA), and soluble components like growth factors (GFs) and
enzymes), and proteins located at the surface of mammalian cells
(integrins, receptors, lectins), either derived from natural pro-
teins or discovered by phage display (technologies).

Table 2 focuses on peptide-based SAMs applied in a variety
of biomaterials science and engineering, including: AMPs
(binding bacterial cell membranes), peptides designed for elec-
tron transfer (mostly helical and electroconductive ones), metal
ion binding, and peptides with antifouling properties, including
surface modification of implants and biomedical devices. Each
system is presented with information on the displayed peptide
sequence, anchoring mode, substrate, linker (if applicable), and
fabrication method. Additionally, Table 3 outlines selected exam-
ples from the vast amount of peptide-based SAM combining
several of these features (for instance, binding affinity and anti-
fouling properties) as part of platforms devoted to biosensing
applications. Here, the information is organised as a function of
the binding target, including enzymes, antibodies, nucleic acids,
and other clinically relevant biomarkers.

2.3.2 Types of peptide-encoded functionalities. This sec-
tion describes sequences displayed as peptide-based SAMs and
some of their structural features that make them relevant to
nanobiomaterials engineering for cell culture (binding to ECM
components and cell membrane proteins, Table 1), antimicrobial,
osteo-integrative, antifouling and nanoelectronics applications
(Table 2). Further discussions on these and other applications in
biomedical and nanomaterials design are presented in Section 5.

2.3.2.1 ECM-mimicking peptides. Cells interact with the ECM
via multiple mechanisms using specialised transmembrane pro-
teins. For example, cell adhesion to ECM proteins is generally
mediated via integrins on the cell surface that bind to precise
regions of the proteins, while binding to soluble ECM components
is mediated by specific receptors. Peptides intended for controlling
cellular functions include ECM-derived or ECM-mimicking pep-
tides, as well as ECM-binding peptides. ECM proteins can be
divided into insoluble macromolecules that provide physical sup-
port (collagens (Coll), elastin; glycoproteins, such as fibronectin
(FN), vitronectin (VN), tenascin (TN), laminin (LN); proteoglycans
(PGs)), and biochemical signals to cells as soluble proteins (ECM
regulators, such as GFs, cytokines, chemokines; ECM-crosslinking
and -degrading enzymes, like lysyl oxidases and transglutaminases,
and matrix metalloproteinases (MMPs)).”

Polysaccharide-binding peptides. The ECM is also occupied
with specific anionic polysaccharides (glycosaminoglycans,
GAGS) that confer not only hydration to the matrix but are also
implicated in the sequestration, retention, stabilisation and
activation of GFs involved in many cellular activities (adhesion,
proliferation, migration, differentiation and gene expression).
GAGs include non-sulphated members (i.e., HA) and sulphated

This journal is © The Royal Society of Chemistry 2024
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polysaccharides (heparin (Hep), heparan sulphate, chondroitin
sulphate, dermatan sulphate, keratan sulphate). The formation
of macromolecular complexes between sulphated GAGs and
basic GFs are mediated by electrostatic interactions.”® Not
surprisingly, peptide-based SAMs used to bind Hep are rich
in basic amino acids (Table 1, peptide-SAMs for cell culture and
binding ECM components). Non-sulphated GAGs of the ECM,
being an exception, do not bind to GFs, but participate in the
ECM organisation, through binding to certain ECM proteins
(link protein, aggrecan, versican, TSG-6) and specific receptors
on the cell surface (CD44, RHAMM).**

HA-Binding proteins, known as hyaladherins, interact with
HA through a common domain (~ 100 amino acids), called link
module, which also contain clusters of basic amino acids.’”
HA-binding peptides displaying binding motifs found in
hyaladherins could be rationally designed to form SAMs for
the subsequent supramolecular immobilisation of HA and
studying its role on cellular activities.

On the other hand, phage display on HA as a target has
rendered a 12-mer GAHWQFNALTVR peptide®® (Table 1, peptide-
SAMs for cell culture and binding ECM components). This HA-
binding peptide does contain clusters of basic amino acids seen
in hyaladherins. Nonetheless, this HA-binding peptide, also
known as HA inhibitor or HA blocking peptide, has been applied
in a vast number of studies, from mechanistic studies to eluci-
date the role of endogenous HA to the functionalisation of
biomaterials.®® It was found that the peptide binds strongly to

(a)

HA Cells

HS-Pep-1
- Supramolecular HA-binding

Au-coated surface Pep-1 SAMs.

100 pm

(f)  BareAu HS-Pep-1 HS-Pep-1 + 5 kDa HA HS-Pep-1 + 60 kDa HA

HA-cell interactions

HS-Pep-1 + 700 kDa HA
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cell surface HA and less strongly to HA in the ECM. Its HA-
binding ability has been demonstrated in tumours®” and healthy
tissues,”® and it inhibits a number of HA-mediated cell signalling
pathways.”®

Azevedo and collaborators reported the use of this oligopep-
tide presented via SAMs on Au surfaces via N-terminus thiolation
(Fig. 3a) for the supramolecular immobilization of HA.*'** They
prepared patterned Pep-1 SAMs to investigate the contribution of
HA to glycocalyx regulation of endothelial cells function and its
effect to vascular integrity. SAMs surfaces allowed the non-covalent
immobilisation of HA of different molecular sizes, and low
molecular weight HA was shown to improve cell adhesion and
stimulate the migration of human umbilical vein endothelial cells
(HUVECS) cultured atop these bioengineered surfaces. Pep-1 has
also been used to anchor HA at different densities.>* Different
ratios of a thiolated peptide derivative and 1-octanethiol were
tethered to Au substrates, originating mixed SAMs with different
hydrophilicity, which achieved supramolecular immobilisation of
varying size HA molecules, ranging from 5 to 700 kDa (Table 1,
peptide-SAMs binding ECM components). Low molecular weight
HA facilitated HUVECs alignment and elongation under laminar
flow conditions and potentially drives their directional migration,
not by the expression of CD44 (the major cell surface receptor for
HA)'® but by the assembly of focal adhesions instead. This was
apparently the result of higher expression of vinculin and stress
fibres during cell-HA interaction, whereas soluble HA did not
induce these effects in a significant manner (Fig. 3f).

(e) Au-coated Au + Pep-1 Au + Pep-1 + HA

CA1

Fig. 3 Supramolecular presentation of HA onto peptide-displaying SAMs. (a) Schematic illustration of supramolecular immobilisation of HA on Pep-1
SAM surfaces to study the role of HA in cancer stem cells and HUVECs. (b) Localisation of fluorescein-HA (green) on the SAM peptide areas. (c)
Fluorescence images of surfaces patterned with a Pep-1-coated PDMS stamp, demonstrating the recognition of presented HA by an HA-binding protein,
creating a spot pattern where HA is deposited in distinct foci or (d) a “negative” drop pattern in which HA forms a background coating (scale bar = 200 um
(large images) & 100 pm (inserts)) [reproduced from ref. 31 with permission from the Royal Society of Chemistry].®* (e) Fluorescence microscopy images
of cultured CAl and LUC4 cancer cells show an increased number of epithelial-to-mesenchymal transition cells bound to HA functionalised surfaces
(scale bar is the same for all panels) [adapted with permission from ref. 33].%* (f) Confocal microscopy images demonstrating formation of focal adhesion
of HUVECs seeded on bare Au and Pep-1 SAMs with or without HA for 24 h (scale bars = 20 um; green, vinculin; red, F-actin) [adapted with permission
from ref. 34. Copyright 2021, American Chemical Society].>*
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Cell adhesive and motogenic peptides. Bioactive surfaces
involving peptide-based SAMs have demonstrated their efficacy
to bind diverse classes of cell receptors, thus becoming important
tools for the high-throughput identification of recognition elements
for guiding cell growth and differentiation. Kiessling and co-workers
presented the well-known integrin-binding RGD motif (linear and
cyclic) as part of arrays atop Au substrates, which adequately
supported adhesion of human melanoma cells.*

The interaction of cells with certain glycoproteins of the
ECM has been elucidated to take place via dynamic binding
events between integrins on the cell surface and specific domains
or segments in the ECM protein, typically comprising short
peptide sequences (FN: RGD (osB; integrin); LN: IKVAV (o6f;
integrin); Coll: GFOGER (014 B4, 0,B1, o10B1, 011f; integrins)). While
the RGD and IKVAV sequences from FN and LN, respectively, have
been widely applied for promoting cell adhesion onto surfaces,
many other sequences have been also utilised (Table 1, peptide-
SAMs binding to cell membrane proteins). In addition to cell-
adhesive sequences, glycoproteins also contain additional peptide
segments that either bind to ECM components (e.g:, heparin, GFs)
or are involved in other cell activities rather than cell adhesion.
For example, the cryptic FN motif IGD, from the gelatin-binding
domain in FN, was shown to possess motogenic activity in human
dermal fibroblasts.’®® This peptide motif can be applied to
stimulate cell migration in biologically relevant scenarios, such
as in cancer metastatic progression (Table 1, binding cell
membrane proteins) (Fig. 5b).>”'%>1%

Peptide-SAMs have contributed greatly to develop ECM
models. For instance, the work by Mrksich and collaborators
has contributed to elucidate the role of peptide and protein
ligands in cell-ECM interactions, by studying SAMs presenting
RGD motifs with different packing densities and spacing to
study the adhesion and spreading of different cell types.*" The
work of Derda and co-workers demonstrated that peptide-SAMs
enable the high-throughput discovery of sequences that sup-
port proliferation of pluripotent cells.”® For example, they have
employed peptide-displaying SAMs to assess embryonic stem
(ES) cell growth and renewal of 18 laminin-derived peptides.®
SAM-mediated display allowed for uniform density and defined
peptide orientation. Five of these peptides proved effective at
promoting ES cell proliferation in an undifferentiated state.
This platform also offered the possibility to investigate on the
mechanism and selectivity behind the receptor-ligand inter-
action, and also demonstrated the transferability of the infor-
mation from the SAMs screen when presenting the sequence
RNIAEIIKDI as part of peptide amphiphile molecules that self-
assembled into nanofibers and generated 3D hydrogels.

In a remarkable study, phage display-based approaches were
employed by Derda and collaborators to identify peptide
sequences that bind specifically to the surface of pluripotent
human embryonal carcinoma (EC) cells. The peptides were
displayed by SAMs of ATs on Au substrates.”’ These surfaces
supported undifferentiated proliferation of human embryonic
stem (ES) cells, and when cultured on SAMs presenting the
sequence TVKHRPDALHPQ or LTTAPKLPKVTR they expressed
markers of pluripotency at levels similar to those of cells
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cultured on Matrigel®. It is noteworthy that neither of these
epitopes mediate cell adhesion via integrin binding, thus
suggesting the combination of phage display technologies
and SAMs approaches for investigating the mechanisms that
govern cell growth and differentiation. Other known ECM-
binding peptides (Coll-II, LN) can be used to retain nascent
ECM proteins produced by cells known to impact cell fate.*?

These studies showed the uti