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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


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cs00921a

View Article Online

Chem Soc Rev

Review Article

(epndad paarop /-dING
®) NTOLAVSSd pue

Ty

LV paleuruiial-opize

pue 19159

SHN-DAd-[A3redoxd

apndad

‘(san¥do “UsoIA) sopndad uors sd1[s10400 u2aMIdq YYDND pid
80T -9UPe [IM SAVS PaxXIur pue 2Ind 3unjods AeIreoIdty payeod-ny Zurdnoo snururn-N ASWA
ID[UI] LY-"OH 3m uon
-EpIwE pajerpaw (IaD)
a[ozeprwiiipduoqied
£0T uorsuedxa o0.31a ut UOISIOWIWI  SIdJeMm UODI[IS -, 1T p1a (opndad4jod-0o
‘16 SDSINY 10] sa3ensqns aImny aensqns pareoo-ny Zurdnoo snuruia-N - o0[q dnauAs “TId paweu) (na1-1 ‘sA1-1)Ajod
sarensqns a1mynd sOSWY
103 ‘190€dS QUIIALSIN INOYIM
pue yam pasisayuAds ‘opndad sse[d
4 durpuiq ueof3oajord doy pajeood-ny DIAOOLI
€/ INOIABYQ] SDSINY JO UOB[NPON ny TIXOOLAMNODD
19Ul LV-°Dd
uoIsaype SDSIY 1593 03 dSADA PpojeuruIal-9e[AX0qIed
PIM AVS pa[quiasse-0o ‘opndad uorsIawwI 0} UONEpIWE DI
90T durpuiqg-ayeyns uereday/doH arensqns ny Burdnod snuruN-N AOTISYAL
20BJINS PAIMINS
-qNS-9PIWLIIIBOWOIq
03 3urjdnoo ‘snurus)-N (unosuona
Je anpisa1 skD WOIJ PAALIIP) ONINIHIIIONIOD
SIaJO pue (uraroxdorers osuoq wWoIy PAALIaP) WITIIHA
[EAMDUDI [0 WS UOISIOWIW]  SIPI[S SSEIS Iul LV-D4 (N4 wo1y paalIap) AVIddOMD
15 judjodunyd uewny 10y pakojdug 2ensqns payeod-ny 03 3urdnod snuruiIal-N (NA woj paaldd) OXNANTHAIIOMID (doy) urreday
[OTY32UEID0-T [IM uorsIauwwI
7€ JNVS PO[qUISSSE-00 ‘INVS POXII arensqns SNUTULIN-N
1€ Wvs-opndad aing 18 (VdIN-€) proe
dOn pue uots  sapI[s ssed oruordoxdoydeosaw-¢ (Aerdstp adeyd Aq paianod
ce Wvs-opndad aing -IoWIWI 93ensqng payeod-ny woij [o1YL, -SIp ‘1-dad se pawreN) YALTVNAOMHVYO-SH (VH) ueuoinjedq
(1g-ao1)
opndad 3urpuiqg-11 [0D PIM 1¢ 10308} YIM013
JAVS d1uadoion[j pajquuiasse-0D HSNOTdT-D durwiojsuely,
VS 3UL1eaq-ULIewnod
0] UONIOBII UONIPPE
apndad Zurpuiq-1g-gol yIm sajensqns [9BYDTIA ‘SnUTULIN-N (11-1100)
e JAVS druadoIon[j pa[quIasse-0) dJon aanoesy Sse[n Je anprsa1 sAD MAIDIT-D 11 2d4y ualeqod
(V9$-5dd-SH)
aprurereNSApIUIUIINS-HIJ-[OTY} (oad)
UM JAVS PaXIW ‘urewiop (102413 auathyae)hjod (urie
[euruial-N urde uewny jo /ST uorsIawwI sajensqns poreurwiIal-[ory} UBWINY WOIJ PIALISP YUBUIQUIOdAT ‘VINUYI syuauodwod
08 01d - 0¢ 1YL sanpisa1 sasudwo) aensqns pajeoo-ny 03 urdnod snuruig)-N Se paweu) sproe ourwre /g1 ‘9ouanbas uof A19A (N'T) ururure WOdA
dn Wav SNUTWIN-D (padesse a1om sapndad jueinu 03 3urpuiq
SOT JNVS 2Ind Ny UOIESI[IqOww] ny 1€ anpIsal skD I9YI0 UdA3S) D-ALATTISONDINOOHIOIA (Ng) unosuoIqiy  :2IMINd [[2D
PEN JUSWIWIOD  POYIdW UONEILIqe] arensqns Ioyouy ,2ouanbas apndad jodrer,  uoneorddy

S)192 UelewW WU JO 92BJINS Y} pue syusuodulod DT Bulpuig 40} sSWYS Buipnioul ‘D3 9y BuDIWIW 104 SWYS paseq-apndad pa1os)es T ai9el

"90U8017 paliodun 0 uonng LNy suowwod aAeas) e wepun pesusol|stapiesiy) |IEEL (o)
‘02:TT:TT 9202/2/ET U0 papeojumoq 20z NBUeg Al 80 U0 paus!idnd 81y Ss300Y uadO

3719

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

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cs00921a

View Article Online
Review Article

80T

1238

0L

60T

(44

€L

90T

opndad paalap /-dING © pue
Surpuiq-doH y3m SIAVS paxTur
pue aind ‘Sunowoid uorsaype
(Dsav) s1eo wals paalap asodipy
amordno

9)LINU pPUE JUSWYJEIIe [eUuOl
-nau sjowoid 0) UMOWY ‘sUOINAU
reduresoddry asnowr osruoAiquua
Jo g% urr3ayur 03 spuiq apnded

sINvS-opndad
U0 SHUAIPEI3 UONBIFUIIUOD AQ
UOTIBISIW [[90 UUBMIDS paoueyuy

sarpnis uoneidruu pue ‘Surpeards

‘uorsaype sDIANH PUe 080T-LH
10J INVS-opndad orwreudpoloyd

SDEANH Ul
K1anoe uridagur Jo uoneOyNUEND
‘Ivs-opndad orwreudpojoyd
paIpnis sem sise[qoiqy £LE

pue s[[9o (MHH) Aoupny Iaisurey
Aqeq Jo uoISaypy ‘SIAVS Sunuas
-a1d ayeuoydsoyd 03 pasiiqouwruat
pue ‘oseunnd yiim surajoxd uoisny
Jo 1xed se passaidxs sadoyidg

S91eIISqNS 2INI[ND SDSINY
103 ‘opndad 3urpuiq uriSayur
Inoraeyaq

SDSIAY JO UOTB[NpOW IS3}

0} ‘(dnoi13 [Aoukxay-g-ourure-¢)
opndad pajeururo)-oul[y

INoIABYaq SDSINY JO UOLIB[NPOIA

uoIsaype SDSIY 159 03
MASYAL UM IAVS Pa[quuasse-oD

(SDSIAIY) S[190 WIS [ewWAYOUISIWT
uBWNY JO UONBNUIIIP JTU23091S0

IoNUI LV Pojeuruio)
-OpIZe pue 13159
SHN-DAd-[A3redoid
opndad

u2aMIdq YYOND DI
Zurdnod snuruN-N

sdfs1an0o

dumyods Ae11eoIdtN pareod-ny
IUI] LV dpIuio[ewt
s gurdnod Dag
/SHN P14 SNUTUWLIN-N
Je anprsax sAD

JAVS 9A1}0€2I ‘Uon)
-eqnoul 9)ensqns sajensqns ny
JAVS QUE[IS
~OIO[UJAISWIP[AUIXIY-G
PareuIuLIa} [AUIA TPIM UOD
-DBAI MOI[D JU-[O VI
SNUIULIS)-N J& dNPISaI SAD

uonoeal

OT[9 2Ud-[OTY} U}
‘uonyisodap modep  SIpI[S SSB[D
Ul LV-0d
PoIBUIILIS) dPIWIS[EW
01 3uridnod anpisa1 sAD

uoneqNIUI
arensqns solensqns ny
Ul LV-04d
PpojeurwIal-a)e[AX0qIed
03 3urdnod SHN

/DA pia anpisal AT
opy[nsip
poreurwuIo)-fHg ue
WOIJ PI[qUIdSSE ‘INVS
dunuoasaxd ayeuoyd
-soyd yimm uonoeiNul
Ppaerpaw-aseunn)
Taxulg

LV [oIy3auedapun
-9 paddeo-proe
o11dxoq1ed 03 pard

-NOd JUTWE SNUIWLIS)-N
ToNUI[ LV

-90{ PajeuIlLIdl-opIZe
01 DVVYND pid

Zurdnod snuruin-N
oMUl LV-°Dd
PpojeurwIa]-2e[AX0qIed
0} UonIEpIWE VId
durdnod snuruia-N
Toul] LV

-90F PajeuIlIal-opIze
031 DYVND pIa
Zurdnod snuruin-N
VS
PoleuILIo)-dpIWId[eW

SI0SU9S
zyxrenb
pajeod-ny

uoneqnaur
aensqns

9yesA]
[BLI9)0Bq UI UOIS

-l ajerysqns sojensqns ny

jensqns ny

(N'T wo1j paAlIdp uordal paulropun) FSOIX
(N wo1j PaALIOp UONDAS paulIapun) S AHID

(N'T wo1y paALIdp

U0N0as PauIIapun) YAVSAVANISVVONIVAS-O
(N'T WoIj PaALIdp UONIAS paul[Iopun) ¥OSAJ-D
(N'T oy pastsp uonoss paugiopun) MQM:@&ZW.U
N1

WOIJ PIALIDP UONIS PAUIIIPUN) AVAIIVVO-D
(N'T WIOIJ PIALISP UONDAS paul[Iapun) YSHIX-D
(N wo1j PaALIap UONIIS paulIapun) S AHI-D
(N4 woxy

PaAL1ap uor3ar paurpropun ‘dnoid a[qeaea[d0l
-oyd e ‘[Aing-g-(j[Ausydontu-z-Axoyrowiip-s‘y)-¢
:gdNING) DO-[adNINa) aOa P

(N woxy

paauap uoida1 paurprspun ‘dnoid s[qeaes[ool
-oyd e ‘[fing-z-(j[Ausydontu-z-Axoyrowiip-s‘y)-¢
INIWA ‘Pasy jo

JueLIeA d[qereandeoloyd v) [DIJ(FINING) ADAP

(surezoad uorsny Ng-oseUnNd Ul passaidxa
‘N WO PaALIdp UoL3al paulropun) NISHJ
(surezoxd uorsny Ng-oseUnNd Ul passaidxa
‘Nd WOIJ PIALI9p UOL3a1 paul[lapun) @Dy

(N wo1j paALIap uorL3al paur[apun) JSADID
(N4 wo1j paALIdp UOL3al1 paul[Idapun) JSADIADOD
(N woxy

PaALIRp CO.FM@H @wﬁ:.ﬂw—uﬁﬂd dASAOIADHYTMITOHD

(N wo1j paAlIap uol3al paurIapun) dSanyd

ur OISIAVIAJASIDOD UOISIdUIWI sarensqns 0) UONOBII UONIPPE (190eds 1ATE ¢'D) ‘N woxy
57 -D M ONSLSISUAS aensqns z)1end) [9RYDIA P1a dNPISAI SAD)  PaALIdp uordal paurpapun) D-Y(¢'D)-a f ADdDd
PEN| JUSWWOD  POYIOW UOIIBILIqe] arensqns Ioyouy ,2ouanbas apndad

Chem Soc Rev

"90U8017 paliodun 0 uonng LNy suowwod aAeas) e wepun pesusol|stapiesiy) |IEEL (o)
‘02:TT:TT 9202/2/ET U0 papeojumoq 20z NBUeg Al 80 U0 paus!idnd 81y Ss300Y uadO

This journal is © The Royal Society of Chemistry 2024

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

3720


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cs00921a

View Article Online

Chem Soc Rev

Review Article

pue ‘aseunnd ym surajoid uorsny UI3IM UORIRIdUL
7L Jo 1xed se passaxdxa sadojidg sajensqns ny pajeIpow-aseunn)
sfesse uonIqIyuI WAZUD sajensqns
aaneuenb pue ‘siyse[qoiqy €LE P10
SSImS Jo uorsaype Apnis o3 apndad pue sdijs IaxUl] apY[NSIp LV
Jo uonesijiqoww] ‘paredaid azom dD1l pue UOIS  -I9A0D SSBI3  PIJBUTULId)-dOPIWIS[BW (N
g/  sdiyo ayerpAyoqieo pue apndod -IoWIwr 93ensqns pajeoo-ny 03 3uridnod snurwIsl-N WOIJ PIALIdP UOL3d1 paullIapun) S@oANN-D
U0 ,,O1[04d,, SA UOIIBULIO]
-uod pasodxa ur Isej se M) (N woxy

parerdiw sise[qoIqy €Le HIN
‘Tenuajod d1133[0 YIM saZueyd
[euOnEUIIOjUO0D 0313pUn 0) J[qe

PaALIap UOL3a1 pauljIapun) ‘HN- AOII-93-D
(pardde st [enuajod aanedau uaym
any o104 pue ‘parpdde st renuajod aanisod

‘rerruajod 01130912 V14 LANN-ADT uoneqnour  SIpIs sse[d 1aul A UayM (DY TedUl] PIWEU ‘N WOIJ PIALIDP

€11 JO uUonE[NPOW [BUOIIEWIOJUOD arensqng PaIe0O-NY 0} PaydeNIE aNPISAI SAD uo13a1 paul1apun) EAAN-M ADAN-DT-D
sdiyDae[id

drgoororw [am-zes  suaikysAjod ((sT)aoudsq-van-1T pafed ‘uraroidorers

ur dunurnd jods payeod-ny 9U0q WOIJ PIALIAP) MAVIAL ADAdAONDD-VAIN
SNUTWIN-N ((sT)aoudsq pajres ‘urerordofers auoq woiy
1B fotow AN PaAlIap) (DLIA)-MAVIAL ADIdADNODD-VAN
uoisuedxa
Dsdy payoddns siyvs-apnidag

‘urajoxdofers auoq woiy (ewoxydoION[y DIIA
paariap undajur-fgan 103 pued uoIsIoWIWII  SIPI[S SSB[3 snuIuIN-N 031 punoq ‘(sT)anddsq pajres ‘urazordorers auoq
(481 proe-ourure g1 :(sT)anudsq aensqns pajeod-ny Je aNpIsal SAD  wWo1J PAALILP) (DLIA)-MAVIAL ADIdAONDD-D
(pay1pow
‘ureyd-A N'T WOIJ PIALIdp) XAVADIAA
(ureyo-A N'T wiolj paALIdp) SALOUDIISL
(ureyo-g N'T woij paAlIdp) ISOHIXOIAS
(ureyds-g N'T woxy paaLIdp) ¥OSAd
(ureyo-» N'T Wwo1j pasLap) YNNNIS
(ureyo-n N'T woij paalap) DILIATINIATS
(ureyo-» N'T WoOIJ PaALIdp) DATLIAISHMIN
(ureyo-o N'T Wo1j PIALIdP) JAVSAVAIISY
(ureyo-p N'T WOIJ PIALIDP) NASADA
(Joryuoo pajquieIds) NdAsod
(ureyo-g N'T woij paslLdp) DHALLOT
(ureyo-o N'T W01y paslap) NANUOIVIIAML
(ureyo-© N'T Wo1j paslap) LAISOAOTIA
(ureyo-g N'T Wwo1j paALIdp) I TAAKT
(ureyo-A N'T woj paaAlap) IMITAVING
parIpn3s Bumyods (ureyo-A N'T w01y paALIdp) JATAIALL
aIom S[[90 6H pue TH ‘sAeire [enuew ‘uots sdi[s10400 1qurf Ly 03 Surd (ureyo-A N'T WO} PoALIaDP) TANTLAIIA
9z 3uruaaids jo 11ed se SINVS POXIA -Iawiwil djensqns Ppa3e0O-NY  -NOD dUIWE SNUIWII)-N ?Eso# N'T woij vo\EoE DITIAALIA
parpms SI930 pue (N'T woiy paalap) YSOIADIASD
21oM S[[90 6H PUB TH ‘S[[90 WS uoISISWWI  SIPI[S SSB[3 Ul LV-D4 (N woxj paaL1ap) NISHAM
1S judjodunid jo a1my[nd wiId) 3uog Jjensqns pajeoo-ny 03 urpdnod snuruiia)-N (N4 WO PIALISP UONDIS paulIapun) S AOAON

(ourp  eALIp uonOW IEAU (sonarowr

1E€T-GIN-VAIN) S[[99 I90UeRD ISBaIq uaALIp-103ndwIod YO INOYIIM PUB M)

€0T  oneiselaw jo uoneiSiw Apnis 03 Aq pareard I[uI LY &x0qIed 0)

‘47 sopndad otusaZojowr ‘SINVS PaXIA  SIUSIPRIS [BOTWAYD Sajensqns ny  pa[dnod ureydapis sAT (N WOIJ PIALISP UONDIAS Paul[Iopun) M- ADAD

pEN| JUSWWOD  POYIdW UONEILIqe] aensqns Joyouy ,2ouanbas apndag

3031e],  uoneorddy

"90U8017 paliodun 0 uonng LNy suowwod aAeas) e wepun pesusol|stapiesiy) |IEEL (o)
‘02:TT:TT 9202/2/ET U0 papeojumoq 20z NBUeg Al 80 U0 paus!idnd 81y Ss300Y uadO

(panunuoo)

T 919eL

3721

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

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cs00921a

View Article Online

Review Article

Chem Soc Rev

sdrypreqid (€£8V-VAW-TT pa[[ed
uorsuedxs  dIyooIdrw [[om-g€s ouarfysAjod SNUTWIN-N ‘opndad 3urpuiq urida)ur-Ig pue [-ueddpuAs surIdaur-Tg
(418 0Sdy payoddns siNvs-apndad ut Sunund jodg pajeoo-ny 1e fotow yNIN B :€£3V Wo1J paAlIap) LIISTOAOITIIOD-VAIN 3 [-UBDIPUAS
sarensqns ny
Pa3e0d-N g 03 paredwiod uoisaype
[[29 BWODIBS02)S0 SOTN JO IUIW (sepo1sasoueu
-onoxdwr onjewWeIp ‘SII[qUISSSE Iefoure[run paseq-prdiy
JUBIOBJINS PUE [0I2ISI[OYD UO rewosodrjuou)
sadojida uorsoype ([0 Surkerdsip A3aens uon sawosyenb ur uonejuas
LIT ‘INVS POINONIISOURU [BIIYOIRISIH  -edliqey doisnniA  sojensqns ny -a1d rernosjoureidng
Surpeaids pue uorsaype VS Suiderdsip-vnn
uump ae1 3uipeoy [0 (I-OHD) pourroj-axd
Areao 193sUIRY 9SaUIYD SUIAL] woij sdnoid o1jAxoq
amseaw 0) pamojre INvS-opndad uoneqnoul  SI0Suas WO  -Ied pue sdnoid ourwre
91T ‘surIarur €0 THIM UOnORISNUL arensqng pajeoo-ny  apndad pia uonepruy
uonerpeLI VS 3uiderd
Y31 VAN -stp-auouadordorosd
(SVHdI-Nd) Adoos  uay ‘INVS Suiderd yim (DVvds)
-o1302ds uondiosqe-uonospgar -sip-auouadoido[ohdo UOTIIPPRO[IAD apIze—au
pare1jur uone[npow-uonezrrejod ‘uony  sopIs sse[d  -Ayre payowoid-urens
GIT UM paziIopereyd sWvs-opndod  -eotiqey doasniniy pajeoo-ny [eroejraul (N WOIJ PAALISP UONIAS paulIapun) [MF dDu o
STAVS [013
sdi[s10400 P27BUTIIS)-PIOBOXO
S[[99 TA-ELEDIN JO INOIA pue 03 sorryd
-B[2(] UOISAYPE JO UOR[NPOWI uoneqnaur sarerd [om  -ryduwreejoq (SAOYD)-®
ians o) 10J INVS-opndad a[qrs1oasy  2jensqns daisnnA Pajeod-ny  Jo 3urpurq oneIsonod[d  (NJ WOIJ PAALISP UOMIIS PIaul[Iapun) SADUD
13Ul
LV-"Dd Axoqied 03
pordnoo ureyoaprs sAT (Joryuod pajquiesds) ¥-OOAIL
(ouI] TET-AIN-VAIN) QALIp UONIOW IBdUI| (sonarowr
S[[22 I9oUED ISBI( J1IEIS uaALIp-19ndwod DT INOYIIM pUE [IIM)
€0T  -ejow Jo uoneidrwr oY) Apnis o) Aq pareand 19Ul LV AXoq1ed 03
‘2t sopndad otua8ojow ‘SINVS POXIA  SIUSIpRIS [RdTWAYD pardnod ureyoapris SAT (N WOIJ PIALIOP UONDAS Paul[rapun) M-O aDI
IoUI] (NJg woxy
Iv-¢0q ue 0) 3ur[dnopy  paAldp uordal paurropun) aerenbs-yx aogo
Sumods
PaIpnis sem STT-NA U] [[29 [enuew ‘uots Ul LV-£09 ue
0S BWOUB[OW UBWNH 'SINVS PIXIA -Towrwil 9Jensqng  sojensqns ny 03 Surdnod snurwiie) (NJ WOIJ PIALIOP UOLIDI Paul[Idpun) HdsS aDao
(Burdnoo uonIppeo[oLd
103 ouatp ‘Aotowr duarpeiuadordAd :dp ‘NA
wolj paALIdp uordal paurprapun) dp-yq aouo
auo 1eaur] 03 paredwod Ul LV-£0d pa)
uoIsaype pasoidwr pamoys apn -euruI-duouInbozuaq
-dad o1104d ‘sase[qoiquy €1.E SSImMS sdI[s10400 03 UONORAI IAP[V-S[AIA (Burpdnoos uonip
Jo uorsaype Apnis 03 sapndad UOISISWIWT sse[d i po[dnod snuIwiIag-N -pPeo[oLd 10J aualp ‘Aotowr auarpeuadorofd :dp
9/  3unuasard-qoy o1[94d 10 IEIUTT aensqns payeod-ny 1e fptowr dD ‘N woIj paALIap uordal pauljapun) Saodn-do
palpms
SISE[qOIqY £1.€ PUe S[[20 (MH4) 9PY[NSIP PAIEUIULI)
Asuppy 193swey Aqeq Jo UOISAYPY 9yesA| -0 ue Woij (surayoxd
"SINVS Sunuasaxd-syeuoydsoyd [e11210Bq UI UOIS pa[quasse ‘INvS Sur UoISNJ UNYoUO0IqI-ISeUNND UT PIssardxa
0 pasIjIqowur -Towrwil 93ensqng “uoasaid areuoydsoyd ‘N WOIj PIALISp UOI3a1 paurIopun) NISHA
PEN| JUSWWOD  POYIOW UOIIBILIqe] arensqns Ioyouy ,2ouanbas apndad 1081e1,  uoneorddy
(ponunuoo) T 9lqel

"90U8017 paliodun 0 uonng LNy suowwod aAeas) e wepun pesusol|stapiesiy) |IEEL (o)
‘02:TT:TT 9202/2/ET U0 papeojumoq 20z NBUeg Al 80 U0 paus!idnd 81y Ss300Y uadO

This journal is © The Royal Society of Chemistry 2024

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

3722


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cs00921a

View Article Online

Chem Soc Rev

Review Article

paIpnis a1om S[[39 6H
6, ‘s[[oo was yunodunid jo arnmnD

SDAANH Ul (JI9FA) 103doda1
06 ADFA 193183 03 ‘SINVS PaXIIN

uorsuedxa

(48 0Sdy payoddns sNvS-apndad
UOIIEIIULIJIP d1u23093150

SDSIN pa1ad3in-uoneurwny[y

*19Y[UI] 2[qeyeanoeoloyd e y3noryy

8¢ ureyd 209¢nFg 03 pardnod spndad

SDSIA QULINWI JO UONBNUSIIP

Ge  o1ua30931S0 2onpuUl 01 SINVS 2Ind
(soswy) sied

W9)s [RWAYIULSIW UBWINY JO U0N
-eNUAIYIP 91ud3021s0 Ul D-Y(?1D)

7 -3 @DADO YIm 19932 dNSISIouLg
paIpnis a1om parpnis

91am DSAV pue (SIAN) SIseq

-01qIj dTUOAIqUId dsnow (YSU)
opndad Zurpuiq-uireday e pue
‘(saoao “4soIx) sepndad uors

80T -9UpE YIIM SIAVS PIXIW pue aIng

SpueSI[ 97eIpAYOqIed 9ANOROI] JO
81T Ae[dsIp pa[[01U0d U3 I0F NVS PIXIA

<z sajensqns a1mynd DSINY 104

dumods ‘uon
-eoriqey days-om,

Aeire SINVS

diyoomoru [pm-zes
ur unuud jodg

uoneqnoul
arensqns

UOTSIoWIUT
aensqns

Sumods Aeireoidny

uoneqnoul
arensqns

sajensqns
payeood-ny

S9pIfs Ny

sdryoreriid
aua1fysAjod

pajeod-ny

sayensqns
z)1end)

sdijs1aa00

pajeod-ny

sajerd ny

sajensqns ny

Ul LV-*Dd ue

03 3urjdnoos snuruey-n

IaNull LV-°Dd
PaleUTWLII-AX0q TR

03 SHN/DAH pia pard

-NOY ultue SNUIWLIS)-N

wﬁC_E.Hou-Z
1e forowr AN
90BJINS IpIwIrd[ew

0} UOTIPPE [9BYDIA Vi

Zurpdnoo ‘snururiel-n
03 Je anpisa1 sAD
aoeyins
Pa3eIOodap-opIWIo[BW

0] UONIppE [9BYDIA DI

Surdnoo ‘onprsar sAp
J0BJINS IpIruIIdeW

0] UONIppE [9BYDIA Vi

durdnoo ‘snuruuiel-N
03 3S0[d aNpIsa1 kD
VS

PolBUTWIS}-OPIUId[BW

0] UOIOBII UONIPPE

[9BUDTIA D14 dNPISAI SAD

|

IV Pajeurtuio}-aopize pue
12159 SHN-DAd-A3redoxd
apndad usamiaq yvond
p1a Suridnod snurIal-N

SNUIIN-N
e farow VAN

IMUI] LV [OToued

-opun-29y paddeo-proe

o1Axoq1ed 03 pajdnod
SuTUIe SNUTWIY-N

*2ouanbas ays jo 31sa1 oy woiy pajeredas pue ‘proq
ut pajy3IySIy aIe sioyoue ajensqns se pako[dws sauo a3 pue ‘(proe ourure d1uadodray Aduons e ‘proe sukinqosiourure-o) qry 10j 3dodxa ‘9pod 19139[-0U0 UT UALS 918 SINPISal PIOk OUTWY

(Aerdsip o3eyd Aq paynuapr) YLANADIAV.LLT
(Aerds1p 23eyd Aq paynuapr) OdHTVAdIHIAL

(sorrear ur umoys 1o0eds

‘ud1sap 0aou ap) IDNANTOATIOMLTI-995

((1-0£)o104-¥NIN-TT
pareo ‘Aerdsip spndad [er1syoeq woiy

PaALIaP) RIdYDADINA)OPAI-CHIJ-DD-VAIN
((¢z-<T1) TROUI-VNIN-TT PO[[ed ‘urajordorers
9U0q WOIJ PAALIAP) O TLLITINVIIIIO-VAN

((paurpropun ‘TdHNG) T opndad

Zuroy Mo1IeUI dUO( WOIJ PIALIDP) O- IDLLSSAd

((paurropun ‘TdHINg) T opndad Zurwoy

MOITEW dUO( WOIJ PaALIdp) [ IILSSAd-D-O°

((paurrepun ‘tdHNg) T opndad Surwoy

MOILIBW dUO( WOIJ PIALIdP) ATMISSAd-D-D

((t-aag) 1-opndad 3urwioy auoq paweu

‘/-dING WO1] PIALIAP) OLSIAVIAIASIDOD-D

(£-dNg w01y paalIap) NTOLAVSSI

(esouuewr-a)-¥(qrv)-vaIa-€
(9-¥% = u) ngIYN-*(qIv)-vaW-¢

(cdINg w01y palIap) TATLSIVSTALAASSYIADI

surajoxd
JueIqUIdW [[9
paymadsun 1030

(unoay
durpuiq asouuewr)
V UI[eABUBOUO)D

(dzdwg) 101daoar
7 uraoid ondu
-a3oydiow auog

SIaJO pue
21m3[nd (DSAY) S[[90 WIS uorsIawIwil  SIpI[s sse[s ID[UI] LV-DF (sorrear s103dada1 10308]
1S JTUOAIqUIS UBWINY UI PaIpnis arensqns pateoo-ny 03 urdnod snurui-N ur umoys 120eds) VISIDOONAVAAAAT-DDD amoi1d Ise[qoiqra
PaIpn3s aIom auI] HANUWIN
a3 woij S[[2d pue[d Arew (Kerdstp a3eyd Aq paygnuapl) TLLITISINIHIN
-urews asnoN “Jurpreusdss ¢-IoL SopI[S sse[d INUI LV-DF II pue
0¢C JO uoneAnRdE 119Xd 03 pakordwyg dumods pajeoo-ny 03 3uridnoo snurwial-p  (Aedsip adeyd A4q paynuapl) NITHANIINIOLT 1 s103dadar ¢-I01
PEN JUSWIWIO)  POYIoW UONBILIqe] arensqns Ioyouy ,2ouanbas apndad 1081er,  uoneorddy
(ponunuoo) T 9lqel

"90U8017 paliodun 0 uonng LNy suowwod aAeas) e wepun pesusol|stapiesiy) |IEEL (o)
‘02:TT:TT 9202/2/ET U0 papeojumoq 20z NBUeg Al 80 U0 paus!idnd 81y Ss300Y uadO

3723

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

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cs00921a

View Article Online

Review Article

Chem Soc Rev

suadoyyed FAVISH Isurede

‘Ua) ‘souIE 20BJINS 9)BIAUIS 03

€CT Aranoe wnnoads-peorg  3unjeid aensqng SALAV yim pastuefis sdnoid HO (9114 pawreu) AINITAANTIOARDIA
JoejIns (TIMMIMMI :dIAV UB YIIM PauIquIod
[erqomrwnue pue 1-apndad uoneqnoul soensqns  ‘1-opndad Surpuiq aryedeAxoIpAy TdGVHO
LET Zurpuiq s1medeixoipAH aensqns BIUEIN IB[NQNIOUBU Pajeod VH “onnsuod apndad enp) DVOHHITIND
UOTIOBIIIID,, (°¢DHH-DAd
ST Wvs-opndad 1, [erlqomdrunuy  Sunjeid ayensqng B 10j A)I[EUONOUNJ-PIZE [BUTWIA], paureu) AMMIMMII-*TOAd-EN
(9ouanbas Zurpuiq
[e19W :paul[Idpun ‘zddil) SSHSOOXONJUS
saouanbas (9ouanbas Jurpuiq
Zurpuiq [ejowr 3y YIIm IUl] uoneqnourt [e39W :pauIIopun ‘IddLl) TOTTADAINTITT
69 ounA[S-ordin e via paurquod arensqng arensqns 11, soouanbas urpuiq pros  ODITHIA Pawel ‘dINV) TXINTIITIINTIIT
dnoi3 ourwre [eurIa) B YPIm JINV
METTO Jo 3unjeid uayy ‘(vadia)
aurwre[dy3s-[Adoidosup pue (€11 powreu ‘urajoid A1030109s
16T syuepdwr [ejuap [EL19)0RqHUY SHLD Buisn sHSIP LL PasIue[iS pnored woly paAlIdap) TIIISYITIIDIO
SOWOSOWSIPIUIAY (uqury ‘unseqoroure
JO UONEBULIO} PUE U393} ((saLdD)  wo1y paslLLdp) LdIOdAVIANIAADOOI
punozIe juawyoene ferRyds aueisAxoyparn-(jAdoxdororyo)-¢ (zee NT
0ST pajowoid sopndad payeln Buisn) winiueiny pasiue[ls 0juQ  WOIJ PAALISP) DALLSONTTNTAddDDO
Imo1d [erqoIdru jo sadeys
Ajrea pajyuasaid “uerdur
LL 03 UOISAYPE SNLIDADS T
6FT pUue Smumguvs ‘s Jo uononpay I9UI] (E(xyy) satun proe srouexayourure-9 saueIqUIOW
syuejdur [eyuap 10§ SNUTULIN-N Wolj (V) pIoe 9911} SUTBIUO0D ‘ULII9J0IOB] WO} PIALIDP [[99 [B1I2IOB(] pUR
8 duneod [erqoidrwnue a[qels  Sunjeid ajensqng ooejans 11, oruoidoidojdesrswi-¢ woij [OTYL ‘TT-TITU) VOMOASTIIID-E(XUV)-VAIN S90BJINS PI[OS syuedwg
(..uonoea1 oIp,,)
ID[UI] SpIWI[EW-£HFJ-OPIZE
UYIIM 90BJINS PIJRUTULIS)
SPIWIS[EW 03 UOISISAUO0D A Pamo|
-[03 “INVS Qukd[e 9y} M013 0) pasn ((81-T) umiw
1709 “g Isurede pajsal UOTIedLIqE] Sem JUE[IS PAJBUTULIN-UA[e Ue pue (8-T) urdoiosd usamiaq apndad priqhy)
8¥1  ‘Buneod [erqomdIwnue J[qers darsniniy 9DBJINS BOI[IS  “ISIY ‘SNUIWLId)-D Y& ANPISaI SAD O-SITVATOLLTANTAVOIODDIA TIM
s1a0eds Hadg
S901AQP QUBYIDIN S9JeNISqNS PajeuIwIa)l HOOD- Pue “HN-UYIM
Vaas -Ajod uo uonoajur [er1e1eq 3Uneod SIN Ny ‘Uon sueyjaIn pasifeuonouny SN Ny 03 puiq (umrowr pue urd
‘9% T juasdid 03 o[qeans 3uneo)  -eqnour aensqns  -Ajod pOYIPON  IBYI SNUIULI-D I INPISAI SAD) -01090 WOIJ PAALIIP) D-TANTAVODRDIATIAM
Burpuiq 90BJINS PIBUTWIS)-IPIWII[BU
apndad ‘oprux y1m 3urdnoo snurue)-n
JuswaSeuew -13[BW-T TOAJ-UNOI( 10 -N 9} I9U31d Je 190edS D-XUV- DI TDIAIVIVDIVDI T DID
uonoayul osed 10j 1ojdd ‘[ ‘urpiaennau ‘uon (xyy) proe dolouexayourwie pue ((ueuelixed-SH) V8.-ISIN-SH)
6CT UO 3D9J0 [EPIOLOE] V8IS -Boliqej doIspInIA S9JBIISNS N dNPISAI SAD [BUORIPPE WO [OIYL DI THIAAVIVDDIVIDI TDIDIO-XYV-SH
uoneqnoUl IAD YIMm Pajeanoe 19y
SUONDJUT pajeroosse-1039y3ed  apndad ‘uoneanoe -ur] "og-(([Aospun-11-0rdesrow-1))
Areurin jo jusuwyean 1ap ‘uoneq wolj proe d1jAxoq
oY) 10 Snaunp °§ Pue 107 7 -NOUI Jensqns ‘uon -Ted 1M UOTIepIWE ‘SPIoe ouTule  (AI11oqmoId wolj urajolid [erraloeqrue woiy
gcT  asurede Aanoe [eppoudloeg  -eoLqej doisnniA sojensqns ny  [eurwiio) woly dnoid THN-1OYNA  poAlIap ‘UdISap oaou ap) WITIMIMAIMI
(319) ToUrRUIqUIOIDT
I[-UNSE[d Uk 0] PIje[SUeI]
sontadoxd wyyoiquuy ‘snainy saoejINs
'S pue sipruiapida ‘s ysurede uoIsIauIwI SI2A0D SoUBIQUISWI [erqoIorua
SHI UOIJBWLIO] W[IJOIq SIUIAIJ arensqns  sse[d pajeos-ny SNUIWLIS-D) I8 INPISAI SAD D-TIIISVIDIIRID 1[99 [er110g -nuy
‘Jod JUSWWOD POYIoW UOIIBdLIqe] arensqns Ioyouy ,2ouanbas apndad 10811, uoneorddy

"90U8017 paliodun 0 uonng LNy suowwod aAeas) e wepun pesusol|stapiesiy) |IEEL (o)
‘02:TT:TT 9202/2/ET U0 papeojumoq 20z NBUeg Al 80 U0 paus!idnd 81y Ss300Y uadO

suonedndde sO1U0J}D3)3 JeINd3joW pue Bunnoiue ‘SARRIG3IUIOSISO |eIqoIDILINUE YIM SWSISAS SWVS paseq-apidad peyds)as 2 aigel

This journal is © The Royal Society of Chemistry 2024

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

3724


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cs00921a

View Article Online

Chem Soc Rev

Review Article

Y31 SunerpeLr

Jo 3us[esem ) FUISOOYd

Aq payoyms aq ued Uuon

-0a11p Jua1IMO030yd ‘Oporpoy

09 -oyd re[nosjowt ‘SINVS POXIIA

14 pae
-19[000€ XI[oy Juawowr a[odIp
XI[oY ‘SNUIWII-D Je AJdI0W O

14 pare
-19[909® XI[9Y Juswow dfodip
TET XI[9Y ‘Snurwiial-N e L1a1ouw o

PpaleIpow- LY
uey)) 123uoxns st 3urpdnod
J1U01309[9 pajerpaw-apndad
‘SINVS paseq-opndad 1esr[ey

6F -0 Ul uoneIduad JUSIINI0I0YJ

uondiospe

TUTWI2)-D pUE -N U29mIdq

19  UONBUIWLIOSIP ‘SINVS PIXIA
sapnidad4jod

[ed1[ay-© Jo A[quuasse-J[as

24 PadURYUL-P[a1-O11I03[T
1A Aq pa12331n sassaooxd

UOISISWWI
aensqns

UOISISWIWT
aensqns

uoneqnoul
aensqns

UOTSIoUIUT
aensqns

Surjod o091

sojensqns ny

sajensqns ny

SOPpI[S
SSe[3 pajeod-ny

S9pOIdd NY

SapI[s sse[d ny

snuTuLIN-D e proe drodrt

SnuIUIA-N Je proe orodrg
SNUIWIA-N Je proe drodrg

SNUIWIA-N Ie proe drodrg
snuTwiIel-) e proe orodry

SnuTULIN-D e pIoe drodrT

SNUTULIN-D e pIoe drodrT
SNUIWLI-N e proe orodrt

SNUIWLI-N I8 proe orodrt

sSnuIuLI}-) e proe drodry
snurwiag-) Je o ‘opndad

1son3 se suonoeIalur 3[odIpoIdeN
snurui-N e o ‘opndad

1son3 se suonoeIaur d[odIpoIdeN
SNUTULIN-N

18 v woiy dnoid apy[nsia

SNUIWIA-N Je proe d1odrg

(myumnruayani(surpiAdiq
-¢'g)stn ) odr1-#(qiy-na,)-(0)ond

(19sn1suasojoyd ‘[Aozeqred[Aipo-N ZoF)
130(0)0( ZDIHO)HOHN-¥(qtv-noT)-odr1

1zd0-*(qrv-nog)-odry

(Ko1owr X0pa1 ‘Ouad011d) :3d) [ZdO-BIV

-(0)0-33-(0)DHN(*HD)HN-¥(qrv-na1)-odry

odry-8(qry-nag)-oog
(Korow

XOpa1 ‘aua00119J :34) odr1-8(qIy-no)ery

-(0)0-23-(0)OHN®(*HD)HN-20d
(19sn1suasoroyd

‘[fozeqrediA3a-N :zDF) odrT-HN
-0H{(qIv-e[v)-(0)( ZOEPHD)HOHN-009
Yd*HOO-(qIv-elv)-odrT

(19sm1suasoroyd ‘jhozeqiedjAyla-N ZDH)
130(0)0( ZDE*HO)HOHN-*(qIv-e[v)-odr1

(19Zn1suasoyoyd

‘[fozeqiedAyia-N zDH) odI'T-HN
-9(q1v-e1v)-(0)0( ZOa“HO)HOHN-004
(Kyorowr X0Pa1 ‘ouad0119J 37)
7(n[D)-HN*HOHOHN(0)D-5d
(Korowr xopa1 ‘ouad

-0119 :33) 34-(0)D°HOHD(0)D-*(N[D)-1d

(p1oe o1ouBISp

-un(oryyIpAyIa)-11 :vns) [Adoid-s*(nn)-vns

98(n[n-1-jAzuaq-i)-odry
MANSVIVIL-0-9V

Apmis 03 ‘SINVS paseq-apndad uorsIauIwI D-ANBVTVIN-OV
95T [e21[9Y-0 dATIOB-XOPIY arensqns sajensqns ny SNUTWLII-D & dNPISAI SAD (A)o10W XOPAI ‘Oudd0119j :04) D-ANSVIV.IM-0
LA
Aq pa1a331my sassaooid Apnis
03 ‘suoneuatio afodip [o[fered
-nue pue [a[eied Jo SINVS MANC IVI-D-0V
paseq-opndad [esray-» jo uorsIauIwi D-ANCVTVIN-OV
GGT UONESTUB3IOdI PIdNPUI-XOPIY arensqns sajensqns ny SNUTULI-D J& daNPISAT sAD) (K210t XOpal ‘auad0119] :94) D-dNC TV.IM-0T
X1[oy auruereijod
Jo ojodIp Ie[nos[ou a3 Aq
PpajeIouad prayy 911303 03 PAYI] uoneqnoUl I9MUI] UTWEISAD vI(ery) SOTUOII[
€S LA PoAIaSqO ‘SINVS PaXIA arensqns sajensqns ny 11oys Ly pia Surdnods snuiuiiey-n (Se1 xopa1 ‘oudoo11oy :3g) PH(e[y)-0d Iojsuel) UONII[T IB[NO[OIN
suoneordde uoneAnde
syuerdwir J0€3UOD POO[q 10§ uoneqNIUI IAD 14 SIVS PaIeuruIo)-HO0D J(uoniqryur
ST sAesse uonIqyul UuIqUIOIYL aensqns aensqns ny  pue HO 03 Surjdnod aurwie 2214 Ddd, 10y) sowhzug
109 “q pue snany °g surede DAA pia SAIAV 943 03 pafdnod
WI[1jolq/uoIsaype-nue pue Sem ‘pIoe JIOUBXIYOPIWId[BW-9
FEN JUSWIWIOD) POYIdW UONBILIqE] arensqns Ioyouy ,2ouanbas apndad jod1er,  uoneorddy

'90UB217 paModun 0'g uong LNy suowiwoD aaireas) e sepun pasusol|siapiesiyl |[EEGEEL ()

‘02:TT:TT 9202/2/ET U0 papeojumoq 20z NBUeg Al 80 U0 paus!idnd 81y Ss300Y uadO

(panupuod) gz aqel

3725

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

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cs00921a

View Article Online

Review Article

Chem Soc Rev

93 PaseaIdUl YoIym
‘syuedop Se sanpIsal M YIm
09T 31odsuen) UOII[D eIS-pI[OS

WISTUBYOIW
UOnONPUOd JUBUTWIOP
a1} se urauun] 99UBUOSII-FO

sajerisqns ny

(£-m se pawreu) MOV-VAIN-€
(7-M Se pawreu) Sy MEV-VAIN-€
(T-M se paweu) SV M-VAIN-€

(L-F = u) “M-VdIN-€

"90U8017 paliodun 0 uonng LNy suowwod aAeas) e wepun pesusol|stapiesiy) |IEEL (o)
‘02:TT:TT 9202/2/ET U0 papeojumoq 20z NBUeg Al 80 U0 paus!idnd 81y Ss300Y uadO

*2INJONIIS ATRPUODIS pue ‘proe sIa4e] (0T ‘£ = u) “M-VAN-€
ourure ‘a8reyo ‘yrduoay apndad uoneqnoul ny usamjaq (0T ‘2 = u) “v-VAIN-€
65T U0 spuadop UONONPUOD VS arensqng pauLIoy SINVS SNUIULIN-N 1€ IN[UI] VAIN-E LH-VAN-€
(S1440) s103sIsuen
199JJ2-p[ol STUB3IO JO STUIWID[D
3uIsruold "uonEWIOJUOd pue
Aisuap 3unpoed Wvs-opndad
s303j7e A[SUons 109J0 [eIm) uoneqnaur sarensqns
8GT  -ONIIS UdAI—PPO PIDUNOUOI] arensqns 3v pue ny SNUIULIN-N J& dNPISAI SAD (6-1 =u) “0D
(proe
OUIWE JAIOR XOPaI B ‘PIdok dI[AX0qIed-H-0U
1A Jo Aouatogge a3 Apnis 03 UOTSIoWIWT -Twre-j-[Axo-T-aurpriadidAyiowensi-9‘9‘z'e
pasn anpIsal DYOL ‘INVS 2Ind aensqns SnUTWIA-N Je proe drodrg :DVOL) BIV-OVOI-e[V-Eqrv-odry
14 paonpurojoyd jo Aduaroyge
ay3 Apnis 03 1asnisuasojoyd UOISIaUWIWI
9g se anprsa1 dif, ‘IS aIng arensqns
J0eJINS Ny 0JUO
A[reauoziioy sayedaidde apn uoISIaWWI
ge  -dad reor[oy 310ys ‘INVS 2Ind aensqns snuruIgl-N Je proe orodry qry-di1-*qrv-odry
90UB)ISTP M SBIIDP SAZPLIQ uoneqnoul SNUTULIN-D (3e3 xopa1 audo0119] 3
TS ourdA[3o310 Y3noIyy sajer LA aensqns e 1o3ul] woly dnoid [oIYL, ‘9 ‘S ‘¥ ‘€ ‘T = u) HS-Y(“HD)-HN*(A19)0D-2
SNUTULIN-N
S-ny uey) 193ea1d ST SINVS e 193Ul woiy dnoid apynsiq 1zg0-8(q1v-e1v)-(0)D-°*(*HD)-S-]-
ur sopndad [earay juario 0y snurwial-) 38 dnoid apynsia -[-8-¢(*HO)HN-#(qrv-B[v)-004, ]
UOTIOBINUI XI[OY-XI[aY JO 3[0Y snuruIal-N e proe orodrg EHDO-*(qIv-(12g%0D)sAT)-odr1
S9I[oY JO UOBIUILIO
[orrered © yim VS PoIUSLIO
A[reoniaa A[1eau e paurioy
pue o[3ue 1) ISo[[eWS Y} uoneqnaur
G5 pamoys [zdO-°*(qrv-erv)-odrt aensqns sojensqns ny snuruIal-N e proe orodrg TT ‘8 ‘9 = u [zdO-¥(qIv-e1v)-odr1
(axoydowoyo se dnoil
[Auai14d :IXJ ‘samerow XOpal dUd011d] 2)
LA qImsIp 10U prp 53-(0)0-HN(*HO)HN-¥(q1v-e[v)-(1Xd)n[
sanotow [Auaiid jo uorsnjour snutuial-N 18 dnoid [Ausydoryy,  -¥(qiv-e[v)-(IXd)n[o-4(qrv-e[v)-(0)D-yd-s-ov
(senatowr
Xopal ‘@ua00119} :34) 34-(0)D-HNZ(*HD)HN
-%(qrv-erv)-((HDO)NIO-(qIv-e1v)
snuruin-N e dnoid [Ausydoryr, -((EHDO)NIO-¥(qIv-BIV)-(0)D-Ud-S-oV
(Bea xopar ‘ouasoi1ay :3) odrT-HN
-“(qrv-e1v)-(*HOO)NIO-"(qIv-ev)-(*HDO)NID
SNUIWILI-D 38 PIoe dtodrT ““(qrv-e1v)-(0)2(*HO)HOHN(0)D-24
(£&o10I1 XOPAI ‘OUII01I] D)
sapndad uoneqnOUl 53-(0)OHN(*HD)HN-(q1v-e1v)-(*HOO)NID
£ST Ted1y ydnoiy 1a 23ueI-guoy aensqns sojensqns ny snuruIal-N e proe orodry -Y(qry-e1v)-(EHDO)N[O-Y(qrv-e[v)-odry
‘Jod JUSWIWOD POYIOW UOIIBdLIqe] arensqns Ioyouy ,2ouanbas apndad 1811, uoneorddy
(Ponupuod) g alqel

This journal is © The Royal Society of Chemistry 2024

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

3726


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cs00921a

View Article Online

UOTIEJUILIO [BITIIIA
90UAPIAD SINVS POXIW ‘90BJINS
a1} 03 [o[Tered Surpuiq souap

-1A3 SINVS 2Ind “3urpuiq ure)

¥ -o1d [eo1[aY] 10] SWISAS [OPOIN

Chem Soc Rev

opndad

01 payoene washs undyd

-10d uz ‘uoneIauad JUaIINd0}

-oyd s3093JE UOISISAUOD XI[oY

/9T -0 03 -0t¢ uaaup-Hd apndag
wistueydaw 3ut

-[ouUN) Pa[[OIIUOI-UOTIBNION]]

JO 3[NSaI e Se sdjel

991 14 ‘sopndad reorjay pafjoqey o4
ny 03 SNUIWIa)-D

93 WOIj PaINOAR} pUE

JLoWWASE A[3UOIIS ST SAI[AY
apndad ydnoiyy mopj sruon

-0979 ‘syrun 1£g Aq pasoaduur

69T  A[qedIewa1 L4 paonpuroloyd
[eusis

Dd 03 Teudis DV AJnioa1 03 J[qe
‘101e19U30URU € AQ paonp

-o1d pra1y o113d9[e0zard Jursn

9T WVS-opndad [esr[oy-o [eonIoA
s901[oY

JU20e([pe U2M)Oq WISTUBYIIUT
Zurouum arqissod 03 anp 14
pamoys (WAV-SD) Adodsororw

€91  90I0J OTWOIe JUISUISIUILIND
a<dr Dsem

21e)s PI[os uo el J1odsuen
31D oIyM ‘A & D < J Sem
AT1)STUIOYD0IIDIO Jom UT 93X
I9JSUBI} UOII[H "PAeINsaAul

sem ATISTWAYDO0IIOI[D Jom

Ul pue 2)e)S PI[OS U0 UONeLIIW

791 931eYd UdIMIQ UONEB[RY
9AT}ONPUOD IOW dIE SINVS

A1suap 19mo[ J[Tym ‘Sune|

-nsur a1e SINVS A1suap-ySiy
:spuan} aisoddo ur synsaz

pue Aisuap aoeyins apndad

uo juspuadop A[y3ry uonexsrd
-wop ‘suol  no yam xadwod

191 e sw10j] HOO apndadiiy,
durpouuny a31eyd

0} 9N 20€JINS IPOIII

93 03 9SO[D UIYM JDUEBIINPUOD

UOISISUIWI
ajensqns

uoneqnoul
urifydiod

uatp ‘opndad uay
‘A[quiasse VS ‘uon
-eoriqej dois-nnIA

uoneqnOUl
arensqns

UOISIdUWIWI
arensqng

suor ()oDn

03 urpuiq ua
‘uonyeqnoul 9Jens
-qns 3urpnjour ‘uon
-eotiqe) doysnny

uoneqnoul
arensqns

uonexsdwod
1addoo uay ‘uors
-Iowwal 2jensqng

SOpI[S
SSe[d pajeod-ny

S9pOI1I[d Ny

sajensqns ny

S9po1d3d Ny

ayensqns
paseq-sdN
fOLLEd/SINAd
GENOUL\;\

SINNY pue

soyensqns ny

ayensqns ny pad
-dins ayerdway,

SnUIWIal-D 03
asopo 1jur] woij dnoid apymsia

SNUIWIAY-N 03
asopo 1xqur] woiy dnoid apynsiq

opndad
PoSI[eUOnOUN}-dUTWAYL, pue
VS 3uide[dsip-auruapy usamiaq

Guured aseq OLID-UOSIEM

SNUIWLIA}-D Je anpIsal w%U

SNUIULI-N I8 pIroe orodrt

SNUIULIAY-D 0] dSO[d proe d1odrT

snurwial-) 38 dnoid [oryl,

SNUIULIAY-N I INUI] VAIN-€

2oeyIns (TTT)NY SNUIWILI-N e anpisal proe drodry

suonoeIANUl
pue

-?[-$-“HO HOHN-¥(qIv-e[v)-204] s[opowr  3urp[oy apn
uondiospe -dod pue urey

yd®HDO-¥(q1v-e1v)-(0)D*HDHD-S]- 2oejans apndad  -oid durqoid

(foyooreourwe-z*1 (S) TeIIyo & ‘[ouronaf

:[0T ‘Al vO urdoyoin apndad Teinyeu oy

Jo anZoreue apndadesapun [edr[ay) suruape
([OT-DI-qIV-DDI-qIV-TI-q1Y)-Surudy L

‘((181024) 8T = u ‘(T¥12d) ¥T = u

‘(10124d) 0T = u ‘Se3 x0pa1 :7d) D-AN“TV.IM-2d
(axmydes uojoyd An sdoueyUL 03
a1oydoworoyd ‘ouaidd :14q) 143-°(qrv)-odry
NgIHN-*(qIv)-odrT

STHYTH*TM-0dr1

(dnoi3 [Aypowoprureldoe woy ‘L = u)
HS-%(*HD)-HN-"(noT-e[v)-(wov-S)-s4D-(204)

(e‘ct=u
‘T+1 5a119s pawreu) (94 MA¥D-VAIN-€
(e‘cT=u

T+ 1 $9119S pawieu) (04)MA“D-VAIN-€
(qo1d auoo0119) 04 ‘€ ‘T ‘T =u
U5y sa119s pawreu) (04)MYD-VAIN-€

HOD-odr1

(V£ se pawreu) ‘y-VdIA-€

peN| Juawrwao)

poylowW uoneslIqes

jensqns

Ioyouy

,2ouanbas apndag 1081,  uoneorddy

Review Article

(panupuod) gz aqel

"90U8017 paliodun 0 uonng LNy suowwod aAeas) e wepun pesusol|stapiesiy) |IEEL (o)
‘02:TT:TT 9202/2/ET U0 papeojumoq 20z NBUeg Al 80 U0 paus!idnd 81y Ss300Y uadO

3727

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

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cs00921a

View Article Online

Review Article

Chem Soc Rev

LT

TLT

(44"

sugosaionyf ‘d

R puLDwW "D pue ppnunuad ‘N
juswyoee Jsurede pajsa) 1Y)
-4 *(qia pue z471) uondiospe
urajoid ogroadsuou a3 IS1SoY
sjorore]d pue uad

-ouLIql} paldype ‘SIAVS 2Ind
uondiospe

sjo1ore[d UBWINY pue uadou
-11q1J 03 JUB)ISISAI SIAVS 2Ind
passaxddns sem sise[q

-01q1j JO uoIsaypy "pajuasaxd
Sem SpIoe A)jej pue ‘wWnias
JutAoq ‘qig ‘VSH jo uondiospy
UOBANOE

jo103€[d B 9suodsar oruad
-oquioy} pa3qIyul NvS-601d
‘passaiddns Aj3uomns s[[ed

uoneqNIUI
arensqns

SIpI[S g UOLId)
-XaN pajeod-ny

Ioyem
UODI[IS Pje0d-Ny

SNUIWI-D

78 dnoid proe d1jAxoqIed

921 payjIpowiun ‘SNUTULIN-N 03
PaydeE I9MUI] VA WOy [OIYL

(s1oyane a3 Aq 10yPUR
se paunep uol3al paurIIpun)
SNUTULI-D J& daNPISAT SAD

Jdddd-ddadadad
Odddd-HI9ad3dd

Odddd-aXadxaIa
Odddd-IXEAENH

(s9o140p IRINOSEA 10§ SUISTW

"90U8017 paliodun 0 uonng LNy suowwod aAeas) e wepun pesusol|stapiesiy) |IEEL (o)
‘02:TT:TT 9202/2/ET U0 papeojumoq 20z NBUeg Al 80 U0 paus!idnd 81y Ss300Y uadO

Poo[q JO UOISaYpPE pue Sjuau UOISISWIWT sayensqns -o1d ‘sapndad Zurnoj-nue sruor-uou ‘(601d
¢pT  -odwods pooiq jo uondiospy aensqns payeoo-ny SNUIWI-N JB aNPISAI SAD pawreu) 6 pue (901d paweu) 9 = u) “d4-D
uondiospe
urpiaeydons 03 JueISIsal JON I9NUI[ LV PoIeurulial-opize TVVdVvvdvv-[ASedoig
uondiospe NJ pue 03 DVVND pia Surdnod snuItiIe)-N
‘(vSg9) urunqre wnias auiaoq uoneqnoul Io5em e anpisa1 aprwe [A3redoxd
041 “(VS) urpraeydons o) JueISISoY 21e1SqNS UODI[IS Pajeod-ny PIok d10URISPUN-[A}O0ROTYL-TT 1SSOSSONOS-[ASedoig
uondiospe q[y Sunund HS-"OT-AIadaida
pue z4T ‘qid 03 JUeISISaI JON 198JU0D-0IdTW HS-"Od-TIHIAdd
uondiospe (q[v) urunqre pue uois sajensqns Ul HS-"OT-MIAIMIA
69T pue ‘zAT ‘qid 03 JUBISISOY  -IoWWI 2)ensqng pajeod-ny  Ly-"od 03 3urdnos snuruiie)-D Enieicict
uondiospe (s1oyane o Aq 10yPUR DAdddd-DIDIIA
(zA1) swAzosA] pue (qig) uad uoneqnoul se paulep uol3al paul[IIpun) DOOHOHD-MIMIDIA ,uondiospe ,S90BJINS
OFT  -OULIQI} SSaSSE 0} SINVS Ind aensqns  sdiyo pajeos-ny SNUTWLII-D & dNPISAI SAD D-IIAANA uold  durnonuy
passasse sarpnis
s1 D31 uewny pue (VSH) UONOBINUI
urwnge wnies uewny ‘ura} SNUIWLIS-D) I8 dNPISaI SAD 0¥ umoid-uraioid
-01d -p jo uondiospy (s4DdD) (T-9dAL
s103daoa1 papdnoo-ursyoid-o Iayem nyeypunN se pawreu) odri-HN-8(qrv-na)
79 10J WISAS [OPON UODI[IS PaJBOD-NY  SNUIWIdI-N 03 3so[d poe do10dIT  -(0)DHD*HD(0)D-(0ze)-e[v-7(qrv-na)-oog
jun
9UQZUJ]OZE JO UOTIBSLIOWOST
91qrs1aaa1 uodn UOIIBIUILIO UT (epndad S[opows uon
adueyd ‘syuowidas [ed1[9Y oM} SapI[s myeyounN se paweu) odr-HN-8(qrv-no1,) -esuowost-ojoyd
65 I sapndad aarsuodsazojoydq SSE[S Pajeod-Ny  SNUIWLIS)-N 03 950> proe d10drT  -(0)D*HO*HO(0)D-(0ze)-ev-3(qrv-na1, )-009 opndad
S[[99 am
uonoeIAUI 1197} de[npowr Iqulp
pue surjord yim sgNny LV P31BUIULISI-DPIZE 0) DYVYND
89T  9SI[EUONOUNJ ISYINJ 03 JUIW uoneqNIUI p1a Surpdnod T sanprsal aur 0TXTI'T-P SB 03 patidjal ‘aurA[SASred
‘20 -yoene apndad Tesr[ay OID aensqns sdNny  -A[3iA81edoid souanbas-prur omg, -01d = X ‘DI T-XDITDRITDRI-X-DDIT
FEN JUSWIWIOD) POYIdW UONBILIqE] arensqns Ioyouy ,2ouanbas apndad jod1er,  uoneorddy
(Panunuod) g siqel

This journal is © The Royal Society of Chemistry 2024

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

3728


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cs00921a

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 08 Mbangil 2024. Downloaded on 13/2/2026 11:11:20.

(cc)

Review Article

=8
Yt [ee] ~ o o
Q| ® ) ~ Lok
= I — — g3z
L
= RS
- g, 2%
—
2 ¥e Egv = o
g 58 @ 3 £5 23
Rl o § 23 T o= ':'8
+ = ,E@.SO g =% L a
Ry 5T 5 52 & =)
o Q =1 2] ]
OF SEE%E 38> »a
= Bu'U'Q-.~ ;EE ’au
Lo T E8E = 9 o ©
B S e S o 'g S ©
25 2<% 8 52
= =ple=] £ <D
2| E8g8E & 5:3
S|ESS288T SC ., 8°
g m%‘,‘:‘&;u%‘@@ Neo . ©©0
g g owd8 o w—wg o 5E
E J:HOQQ_‘HH& oS58
S| 2T eETEE ZE8% SE
O :QUIE:QM EQEE 2
3
w
s T2
5] 2.8
g B
= o o o £.2
R g8 g8 9 &
5| 5E 5% EE g5
g < QO = O < O o
= wE 2] 28] Obl)
S|2E 2@ fE s
| .= & £ a8 5@
[=] —58
S £.2
2 S)
= o L P
z - $T
[ ju} ‘D v
R g 2 55
= < a Q o 2
= O = =]
R & @ ga
=] =T — j=1
@a | <2 = < E”’
o L
2=
kS ol
=] on
3 T S 5
©n B = =
= = E Eg
£ k= = £
£ E g z5
3 g = S 5
T o =9 =
Z = @ %o
= = = =
) [l=) S0
=1 Ew ""'—5 S
o go on. = Q
= |3 S ® g2 ® A
= ©
o | © 0B = 9 ¢
< | = A 2 a, E g
Ol w Q =37 B‘E
[=] > E:s o5 sa
< | O 17 O 2w 29
' 2
- ] = o0
R ~ OQ
t2 8- 22
SE2E & e
© 7, N ]
=) z g =
};;bﬂ; 8':: Sg
g2 A = R
S (GRS <<
IS =
%Eﬂﬁ Em °.Q
=8 = =z
E’_"D.. A= 25
u.)gp" Qﬁ %'U
o“.a% o8 Q<
o ® 5] %o
< g-- 3]
3 5 & g = - e
[ < o o ¥
o % M S g
g @) cg %®u 3 &
o) v o »n oEE 00 ST}
=] 7] 75} <"°3 N A -]
g avua 9= CRG) o o
Qlunwnann T = & A E=I
N A DA 59 2O S
v AAAA ITAEESE & - 9
Slauaunra Ay S0 oS
S|l 4 = & =B
&RQRe 53E 29 °5
Al O O o ~ £
(5]
B g =
4 £ S0 =
g 2 =i 85
i=}
o, o 8% 5 EE
g = wg B2 %9
-5 s Sc g9 g8
S| o]12g8 59988 BT
3 |8 g & S xS T O
S| 5| =285 239 =8
gl =|OaE noe8 g¢g
g 4
FUQ)
S| ol|® 2 g @
L= S ®g
2 | © =} o g
3V} < (=] « o ©
o | = - S £
Ll == Q= g
Q| &g £5 <3
o < 2 O = s QO

This journal is © The Royal Society of Chemistry 2024

View Article Online

Chem Soc Rev

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,
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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 utility of peptides as recognition
elements for elucidating cell-matrix interactions in 2D and
their further translation into more complex scenarios, like the
functionalisation of 3D biomaterials to control cell migration,
proliferation, and differentiation. Peptide-displaying SAMs as a
screening strategy represents a promising avenue for the gen-
eration of materials for cell-based therapeutics that control the
fate of hematopoietic stem cells, induced pluripotent stem
cells, and cancer stem cells, among others.

Growth factor-related peptides. The repertoire of peptides
derived from ECM glycoproteins is larger when compared to
sequences obtained from soluble ECM macromolecules, such
as GFs. GFs are biologically relevant, as they are involved in
numerous cellular processes, such as cell growth, differentia-
tion, and migration.

Several sequences derived from GFs were tested in SAMs to
discover peptide surfaces that guide cellular processes, such as
cell differentiation (Table 1, peptide-SAMs binding to the cell
surface). For example, using a rational design approach, a short
peptide sequence (KLTWQELYQLKYKGI) able to recognise vas-
cular endothelial GF (VEGF) receptor (VEGFR) has been
reported.’® The peptide, designed based on the x-ray structure
of VEGF bound to VEGFR reproducing a region of the VEGF
binding interface, was further used to study its effects on
endothelial cells when immobilised on surfaces via SAMs.”°
Other GFR-binding peptides have been also tested in SAMs
(Table 1) and a number of studies involving peptide-based SAMs
have specifically targeted TGF-B, which controls cell prolifera-
tion, differentiation, adhesion, migration, apoptosis, and ECM
deposition, thus playing fundamental roles in development,
tissue homeostasis, and cancer. Signalling by this GF is char-
acterised by its tight binding to its cell-surface receptor complex,
but also by the fact that it also mediates the oligomerisation,
assembly and activation of this complex, which is formed by two
types of TGF-B receptors (TBRI-ED and TBRII-ED).

Kiessling and co-workers®® employed peptide-displaying
SAMs as means to exert precise spatial control over activation
of TGF-f signalling. In this study, two peptide sequences,
LTGKNFPMFHRN and MHRMPSFLPTTL, which interact with
both TGF-B receptors, are presented to NMuMG mouse mam-
mary gland cells to investigate their attachment, which is
mediated by the expression of such receptors. Cells adhered
to SAMs presenting either peptide (even at peptide densities as
low as 4%) and the functionalised SAMs also activated a Smad2/
3 nuclear translocation mechanism (which constitutes a hall-
mark of TGF-f signalling). The work of Kiessling and co-workers
is noteworthy, as it demonstrated that peptide-based SAMs
approaches can help to pre-organise multivalent scaffolds at

This journal is © The Royal Society of Chemistry 2024
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the cell-surface level by pre-organising the transmembrane recep-
tors, to potentiating the amplification of specific GF signals.

Peptide-SAMs allow for the concomitant binding to GFs and
other ECM components, as reported by Cabanas-Danés and co-
workers, who used a fluorogenic peptide-based SAM surfaces
for the simultaneous binding of transforming growth factor-f1
(TGF-B1) and Coll-IL.** In this work, the Coll-II-binding peptide
CLRGRYW was patterned and co-immobilised onto a SAM
substrate, allowing for the selective immobilisation and confine-
ment of Coll-Il molecules to patterned areas matching with the
fluorogenic areas. Furthermore, surfaces of CLPLGNSH tethered to
TGF-f1 were used to culture human articular chondrocytes (hACs),
which retained their representative chondrogenic phenotype and
exhibited increased GAG production after 7 days of culture com-
pared to controls. This work also demonstrates the excellent
capabilities of peptide-based SAMs for the simultaneous binding
and display of different ECM components.*>

These works are representative of GF-binding via peptide-
display SAMs, and evidence the versatility of these platforms to
create tailored and polyvalent surfaces that can deliver bio-
signalling able to instruct cell behaviour with precise spatial
control. Overall, peptide-based SAMs technologies as the ones
described in this section represent attractive strategies to generate
platforms combining tissue targeting and regeneration properties,
which are in great demand in the regenerative medicine field.

2.3.2.2 Enzyme-responsive and high-affinity binding peptides.
Enzyme overexpression is typically seen in different diseases
(cancer, infection, pancreatitis) and also during inflammation.
The enzyme landscape includes a range of biocatalysts that act
on diverse substrates (proteases, such as MMPs, elastases, cas-
pases and prostate-specific antigen (PSA); glycosidases, like hyalur-
onidase and p-galactosidase; esterases, such as lipases and
phospholipases), from proteins to glycans and lipids. Therefore,
enzyme levels are normally used as specific biomarkers for disease
detection and therapy monitoring and their accurate measure-
ment is paramount in routine assays (biosensing applications).

Quite often, the selection of peptide substrates has been
based on the enzyme specificity and obtained through combi-
natorial design approaches*® or phage display,**° which can be
further optimised to yield desirable enzyme kinetics. For exam-
ple, MMPs are generally quite specific for the bonds they cleave.
MMP-1 typically cleaves peptide bonds between glycine (G) and
isoleucine (I), but peptide bonds between other amino acids
have been reported for other MMPs. Single amino acid sub-
stitution in the neighbour amino acids were shown to alter the
activity of various MMPs.'*! Other proteases, like trypsin or
papain, have broader specificity for peptide bonds and can
accommodate greater diversity of peptide substrates. Measur-
ing enzyme activity via SAMs requires conjugation to a fluor-
ophore or redox tag (e.g:, ferrocene (Fc) or methylene blue (MB))
for detection purposes (Table 3, peptide-based SAMs for bio-
sensing of enzymes).

High-affinity peptide binders can also be selected from
peptide libraries and used for detection of biomarkers of inter-
est (Table 3, peptide-based SAMs for biosensing of antibodies).

This journal is © The Royal Society of Chemistry 2024
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2.3.2.3 Antimicrobial peptides (AMPs). AMPs have gained
renewed interest fuelled by the antibiotic crisis that calls for
the development of new therapeutic agents. AMPs have advantages
over conventional antibiotics, namely broad-spectrum activity
against several microorganisms (Gram-positive and Gram-
negative bacteria, fungi and viruses), anti-biofilm and immuno-
modulatory effects, and slower emergence of resistance."**>*
AMPs (e.g., melittin, mastoparan, maculatin 1.1, aurein 1.2,
magainins, indolicidin, myxinidin, LL-37, histatin 5, among
others) are small (12-50 amino acid residues), cationic (carrying
a net positive charge, +2 to +9), amphipathic (50% of hydrophobic
amino acids) peptides widely distributed in living organisms."*>

AMPs are typically derived from proteins and peptide
involved in the host defence (e.g:, human lactoferrin and its pepsin
digested peptide lactoferricin, human cathelicidin, LL-37) origi-
nated from a range of organisms (e.g, animals, viruses, bacteria,
insects, and amphibians). Their sequences have been further
optimised to enhance their antimicrobial potency and stability,
and are known to facilitate their initial binding to the negatively
charged bacterial membranes.'?® The overall amphipathic struc-
ture of AMPs enables their folding into an a-helix while partition-
ing into the hydrophobic cores of lipid bilayers. They can also be
rationally designed (e.g., GALA peptide), following an amphipathic
arrangement. More recently, machine-learning techniques have
also generated libraries of AMPs."”’

Structural and functional limitations, such as sensitivity to
salt, serum, and pH, self-aggregation and proteolytic degrada-
tion have hampered their clinical translation as potential
therapeutic options.’®® An advocated strategy to bypass these
drawbacks involves surface immobilisation of AMPs to confer
protection against enzymatic degradation in vivo and to prevent
aggregation as well. This might increase AMPs long-term
stability, enhancing their activity and avoiding toxicity-related
issues associated to the high concentrations used necessary to
achieve the desired antimicrobial effect.'>>">>2°

SAMs are compatible with many techniques used for AMP
grafting. As such, SAMs displaying AMPs are widely used in
proof-of-concept studies to demonstrate their potential.'*®
AMPs’ ease of immobilisation via SAMs enables high-
throughput studies to investigate their interaction with different
types of bacteria and select the most potent molecules for cost-
effective antimicrobial therapies. SAMs have been employed to
screen AMPs for antimicrobial activity (Table 2, peptide-SAMs
for antimicrobial surfaces and implants) as well as for the
management of urinary and gastric infections."””®'*® Further
details on antimicrobial SAMs are detailed in Section 5.4.

2.3.2.4 Electrically-conductive peptides. Helical peptides are
suitable model systems for protein secondary structure and ion-
channel formation studies."*® The diameter of helical peptides
ranges from 1.0 to 1.5 nm, as a function of the amino acid
composition,’® and is larger than that of AT linker units
commonly used in conventional SAMs. Helical peptides have
been shown to act as excellent medium for electron transfer, as
demonstrated by the work of Morita and collaborators, who
found a stronger electronic coupling of N-ethylcarbazolyl
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groups and a gold surface in helical peptides compared to that
of saturated AT hydrocarbon chains.*® This might be a conse-
quence of the introduction of conformationally-constrained
residues in the peptide sequence, which allows for control over
the secondary structure, thus separating any electroactive
group and the metal substrate (Table 2, peptide-SAMs for
electron transfer).”®

Additionally, helix-forming peptides exhibit a highly regular
structure due to the formation of intramolecular hydrogen bonds
between the amide proton at the 5th residue and the carbonyl
oxygen at the 1st residue.’® This regular peptide bond alighment
along the helix generates a large macrodipole moment,>* which,
along with interactions among neighbouring helixes, is largely
responsible for their long-range electron transfer'*" and genera-
tion of surface potential."** These features paved helical peptides’
way into SAMs to fabricate electroactive surfaces'*' and molecu-
lar electronics,®® as will be further described in Section 5.3.

2.3.2.5 Metal ion-binding peptides. The ability of peptides to
selectively bind metal ions, such as Ca®>" or Cu®’, has been
exploited in the context of mineralisation studies, for the
controlled formation of calcium phosphate mineral on sur-
faces, or for biosensing applications (detection of metal ions).

Peptide-mineralising sequences are typically composed of
polar and acidic amino acids (e.g. EEEEEEEE)"** and inspired
in non-collagenous proteins involved in biomineralisation,"**
such as dentin matrix protein-1 (ESQES, QESQSEQDS),"** den-
tin phosphoprotein (DSS repeats), statherin'*® (DDDEEKFLR-
RIGRFG). Hydroxyapatite-binding peptides have been also

(a)

.calromc residue
.amonlc residue

Ohydvophoblc residue
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identified by phage display,*® but only few examples'*”***
be found as displayed on peptide-SAMs. In fact, the use of SAMs
for the controlled display of known mineralising peptides has
been reported to a less extent (Table 2, peptide-SAMs for
biomineralisation).

A redox-sensitive peptide was rationally designed and used
as Cu**-binding peptide for detection purposes (Table 3, metal
ion-binding peptide-SAMs). The designed 17-residue peptide
adopts a helical conformation in the absence of metal cations
and switches to a B-sheet secondary structure in the presence of
Cu(n) ions, which then reverses to an a-helix upon electroche-
mical reduction of the metal species to Cu() (Fig. 4a)."*°

can

2.3.2.6 Antifouling and chimeric peptides. Antifouling sur-
faces have been developed to abolish or diminish nonspecific
protein adsorption, mainly for cell adhesion studies, antibac-
terial surfaces and sensing applications.

While PEG has been widely utilised to create such type of
antifouling surfaces, zwitterionic peptides can also provide
antifouling properties, in addition to tuneable sequence and
structure (o-helix or B-sheet). Zwitterionic peptides contain
alternating positively (H, K, R,) and negatively charged (D, E)
residues displayed in diverse orders (Fig. 4b)."*° Being neutral
and hydrophilic, they possess strong affinity for water, forming
a surrounding water layer that prevents interactions with
protein molecules. They are now seen as the next-generation
of “stealth” molecules and their sequence can be rationally
designed or generated by peptide computational design.'*!
However, not all antifouling peptide-SAMs contain charged

(b)
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Fig. 4 Diverse peptide designs with inbuilt structural- and functional-encoded motifs. (a) Cu(i)-Binding redox-triggered switchable peptide. a-Helical
peptide converts into a B-sheet assembly upon addition of cupric ions, while reduction of metal cations promotes reversal of conformation [adapted with
permission from ref. 139].1%9 (b) Antifouling peptide-SAMs for biosensing applications. Schematic showing an all-in-one branched peptide including a
anchoring, doping, linking, antifouling, and human IgG recognition domain for IgG quantification in serum samples [adapted with permission from ref.
144].1*% (c) DNA target biosensing using chimeric SBPs assembled onto Au surfaces. Schematic shows the biofunctionalisation of gold substrates with a
peptide-nucleic acid (PNA) chimera for further nucleic acid detection via complementary probes [adapted with permission from ref. 68. Copyright 2022,
American Chemical Society] .
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residues. For example, the work of Noguchi ad co-workers on
oligo-proline SAMs demonstrated the promising capabilities of
this non-ionic antifouling peptides for the development of
vascular devices with ultra-low fouling properties, including
reduced thrombogenic response, and low protein and cell
adhesion."*>'**Antifouling peptides have been used in combi-
nation with other peptide monolayers (mixed SAMs) for improv-
ing specificity in biosensing, and preventing biofouling
formation (Table 2, peptide-SAMs antibiofouling surfaces).

Chimeric peptide-DNA constructs have been reported in the
context of biosensing applications. Particularly those involving
SBPs, due to their modularity, self-organisation, ease of surface
modification, and their control and optimisation over surface
packing density.®® For instance, Lee and collaborators tethered
the Au-binding peptide WAGAKRLVLRRE as part of chimeric
peptide-nucleic acid biomolecules for immobilising nucleic acid
probes to further detect DNA in aqueous media (Fig. 4c).%” The
conformation adopted by this peptide sequence allowed strong
anchoring of the chimeric molecule onto Au substrates, acted as
a molecular erector for the proper display of the immobilised
nucleic probes for target DNA recognition, and exhibited viscoe-
lastic changes upon probe immobilisation, becoming more
flexible and plausibly contributing to further DNA capture and
detection from media (Table 3, peptide-SAMs for biosensing of
nucleic acids).

3. Fabrication of peptide-based SAMs

Generally speaking, the structure and quality of SAMs are
affected by factors such as surface roughness, concentration and
purity of the self-assembled molecular building blocks, incubation/
immersion time, choice of solvent, and temperature.**" Once in
contact with the solid substrate the mechanism of SAMs formation
includes two steps: the rapid and strong chemisorption between
anchoring groups and substrates, and the subsequent slow reas-
sembly due to van der Waals interactions between linker chains.*'
These molecular events also take place in peptide-based SAMs, and
a number of strategies have been developed in order to improve
spatiotemporal display of peptide signals, including the formation
of patterns,® gradients, and dynamic surfaces,?”0%103:114.174

3.1 Peptide layer deposition and pattern forming

Substrate immersion or incubation represents the amplest
fabrication method for peptide-based SAMs. This technique is
compatible with other methods, such as spotting for peptide
array formation (Fig. 5a) and pCP, which can also be found in
the literature. pCP is a soft non-photolithographic method
which routinely renders SAMs containing regions terminated
by different chemical functionalities with submicron lateral
lengths."”® 1t consists on transferring an ink solution from a
patterned elastomeric mould, or stamp, to a substrate by
contact with its surface.'’®'”” The combination of uCP and
SAMs is beneficial for obtaining good control over the surface
chemistry and minimising defects due to peptide molecular
self-organisation processes.'”®

This journal is © The Royal Society of Chemistry 2024
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In the context of peptide-SAMs, uCP has been used to
develop patterned surfaces for the controlled spatial presentation
of HA via Pep-1-based SAMs on Au substrates (Fig. 3b-d),**?*
allowing precise spatial presentation of the HA, and combined
with fluorescent and surface analysis techniques allowed for an
adequate characterisation of the system and HUVECs response to
it. Examples of reactive pCP can be found in peptide-SAMs
systems,* as patterns of SAMs generated by uCP provide a method
for attaching cells on surfaces in a controlled fashion, thus
indicating the potential of HA-patterned surfaces based on
peptide-SAMs for cell sorting applications (Fig. 3c).*

Noteworthy, peptide-based SAMs used for biosensing appli-
cations tend to involve multistep fabrication processes, invol-
ving electrode modifications, passivation, and deposition of
conducting polymers or nanostructures before depositing the
peptide layer (Table 3, peptide-SAMs for biosensing applications).

3.2 Gradient and dynamic surfaces: controlled
spatiotemporal display

As described in previous sections, homogenous and patterned
peptide-SAMs can be formed to display peptide functionalities
with some degree of spatial control, but they are based on non-
reversible covalent bonds. These surfaces have been useful to
study and control spatially defined cell adhesion and growth.
However, natural ECMs are dynamic, being constantly remo-
delled by enzymes and its components subjected to post-
translational modifications. In addition, soluble molecules like
growth factors are secreted by cells in a time-regulated fashion
necessary for coordinated signalling networks. In the human
body, cells migrate in response to gradients of such soluble
chemoattractants or to bound molecules. Replicating these
temporally controlled events in 2D surfaces would be highly
relevant to study cell migration in the context of cancer, for
example, to identify key molecules involved in cancer invasion.
Gradient surfaces display a steady variation of one or more
physicochemical property in space which can also change over
time."”

Bonifazi and co-workers®”"'®® developed uniform peptide
monolayers based on the IGD epitope of FN and gradients
through one-step immersion and gradual immersion using a
linear-motion drive,"’® respectively. Gradients were formed
through the co-assembly of thiol-containing IGDQ peptides
anchored onto linkers of different length and hydrophilicity
(e.g., hydrophilic undecyl-tetraethylene glycol (EG,) chain and
hydrophobic n-octanethiol) and corresponding linkers as back-
filler molecules. The approach enabled tuning of the surface
polarity and variation of the peptide density in the SAMs. The
IGDQ and GRGD SAM surfaces were then applied to study the
migratory behaviour of metastatic breast cancer cells, revealing
distinct cell subpopulations, with a “stationary” or a “migra-
tory” phenotype, depending on the surface, and suggesting the
use of IGDQ SAM gradients for the separation and character-
isation of the highly motile cells to further study their meta-
static phenotype.”” These investigations reveal that exists a
mutual interaction among IGDQ-peptides, the surface fillers,
and the substrate, controlling the structural features of the
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displaying SAMs. (a) Fabrication of peptide-based SAMs arrays via a two-step

process: a pure perfluoro-AT SAM is photopatterned, followed by spotting of peptide-ATs onto the exposed areas to form peptide-terminated SAM array
elements [adapted with permission from ref. 26. Copyright 2007. American Chemical Society].2® (b) Fabrication of peptide-SAM gradient surfaces
exhibiting motogenic IGDQ-containing molecules: IPS (bearing an undecyl-PEG,4 hydrophilic linker, green) and IS (bearing a hydrophobic octyl linker,
pink) and time-dependent (t = 0-120 h) imaging of whole-population migration of metastatic breast cancer cells across the gradients (blue and grey

blocks correspond to filler thiols) [adapted with permission from ref. 103. Copyright 2017. American Chemical Society!

ECM-mimicking peptide-SAMs and dictating their motogenic
potential (Fig. 5b).%

Building dynamic peptide-SAMs that change their properties
controllably in time requires the inclusion of chemical moieties
that are sensitive to specific stimuli. Light, electrochemical and
enzyme activation of SAMs have been exploited to generate
desired and controlled responses, either in cell culture or in
biosensing applications. The use of electrical potential to
generate oxidation and reduction reactions has been reported
in SAMs functionalised with hydroquinone (HQ) and the oxi-
dised reactive benzoquinone (BQ) pair."”® These dynamic sur-
faces can react with molecules functionalised either with -
terminated-cyclopentadiene (Cp) or thiol groups via Diels-Alder
reactions triggered by the application of low electrical potential.
However, the reported SAMs did not integrate peptides in their
composition. Zhao and co-workers reported the use electrical
potentials to induce reversible conformation transitions (from
linear to cyclic) in RGD-containing peptides and thus the ability

3746 | Chem. Soc. Rev., 2024, 53, 3714-3773
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to modulated cell adhesion and migration."*> The SAMs dis-
played RGD peptides containing a positively charged end group
at distal end (a quaternary ammonium group, -NMej3). The
application of a positive potential to the surface originated
electrostatic repulsion of the positively charged distal end of
the RGD-NMe;, encouraging a linear conformation. By con-
trast, when a negative potential is applied, electrostatic attrac-
tion flipped the positively charged distal end of the RGD-NMe;,
towards the surface, causing bending of the RGD peptide
backbone and resulting in a cyclic conformation.

An example of photoactivated peptide-SAMs employed SAMs
of PEG-thiols functionalised with cyclic RGD modified with
a 3-(4,5-dimethoxy-2-nitrophenyl)-2-butyl ester (DMNPB) (c[RGD-
(DMNPB){K]) immobilised onto Au-coated surfaces (glass slides
and quartz sensors) for triggering integrin binding and cell
attachment onto these surfaces and for detection of these early
events in cell culture experiments via QCM-D, respectively. %%
DMNPB is a photolabile group that was attached via the COOH

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 Fabrication methods for precise spatiotemporal control of peptide-displaying SAMs. (a) Synchronised cell adhesion and spreading based on
photo-activatable adhesive peptide ligand c[RGD(DMNPB)fK] and the products generated upon photolysis [adapted from ref. 109 with permission from

Springer Nature].2°° (b)

b) UV light triggered detachment of PEG shell via DMNPB cleaving, promoting MSCs osteogenic differentiation on functionalised

quartz substrates displaying PFSSTKTC peptide-SAMs [adapted with permission from ref. 28. Copyright 2015. American Chemical Society].28

group of the aspartic acid (D) residue in the RGD peptide, as its
acts as a ligand for one of the two bi-valent cations of the integrin
oyPsbinding-site involved in the RGD-integrin. UV (at 365 nm)
irradiation allows removal of the DMNPB cage and restoring the
ability of cells to bind the RGD ligand (Fig. 6a). This photoacti-
vable peptide SAM can be employed to create RGD patterns or
gradients using a mask or a laser at different intensities. This
report demonstrated that different cell types (HUVECs, NIH3T3
and CAL-72) respond differently to RGD ligand, and the QCM-D
signal could be correlated with integrin levels expressed by cells.
The results provide valuable information for biomaterial engi-
neering and suggest the possibility for biosensing applications,
by discriminating between abnormal and normal cells based on
their integrin expression level.

The use of photoactivable SAMs has also been reported in the
context of stem cell differentiation.?® For instance, the PFSSTKT
peptide (based on a phage display derived peptide) was shown to
induce osteogenic differentiation of mesenchymal stem cells
(MSCs) when displayed on peptide-SAMs. The peptide was synthe-
sised with a Cys residue at the C-terminus and an azide group at
the N-terminus (N3-PFSSTKT-C) to enable its tethering to malei-
mide modified quartz substrates (via a Michael addition reaction)
and subsequent conjugation of alkynylated o-nitrobenzyl PEGsg0o
by click reaction at the N-terminus where the o-nitrobenzyl group
acts as a photocleavable linker. The presence of the PEG shell
prevents cell adhesion on the substrate, but local UV irradiation
removes the PEG shell and expose PFSSTKT peptide and promotes
the site-specific osteogenic differentiation of cultured MSCs
(Fig. 6b).*

An elegant design of dynamic peptide-SAMs was reported by
Huskens and co-workers using fluorogenic reactive SAMs for the
signalled immobilisation of molecular thiols under physiological
conditions, enabling direct visualisation of the localisation of the
functionalised surface (Fig. 2b). Coumarin was used as fluorogenic
probe and immobilised on an azide monolayer on glass through

This journal is © The Royal Society of Chemistry 2024

an alkyne moiety and reactive microcontact printing (uCP) with a
Huisgen 1,3-dipolar cycloaddition.'®" C-GRDS and M-GRDS (con-
trol sequence) peptides were applied on the fluorogenic reactive
SAMs and only the C-GRDS peptide showed strong enhancement
of fluorescence. Cell culture on SAMs with pre-immobilised C-
RGDS showed co-localisation of mouse myoblast cells on fluores-
cently visualised regions with the peptide, especially when back-
filled with hexa(ethylene glycol) (EG).

Although the use of peptide sequences sensitive to enzyme
activities has been largely explored in biosensing applications, it
has not been reported for the display of peptide ligands overtime.
Dynamic SAMs have been developed using dynamic chemistry for
the selective and spatial-temporal control of the surface functio-
nalisation. Guiseppone and collaborators described the use of
dynamic covalent chemistry to generate functional gradients of
pH-sensitive SAMs.'®* Immersion of model surfaces (quartz,
silicon) with immobilised aldehydes into solutions containing
functional amines of various pK, values, enable the formation of
chemical gradients over space and time upon removal from the
solution at constant speed while the solution pH was varied in a
time-dependent manner. The selective and reversible immobili-
sation of proteins on the aldehyde-coated surfaces was attempted
through their lateral basic residues.

The development of dynamic, multi-responsive, adaptive
and reversible surfaces is an important direction in SAMs
research. Recently, reversible SAMs (rSAMs) with tuneable sur-
face dynamics were reported for controlling cell adhesion using
a supramolecular-based approach.'** Peptide-based SAMs were
prepared on Au using oxoacid-terminated thiols in HEPES
buffer (pH 8) containing various mole fractions of ®-(ethylene-
glycol), 4- and ©-(GRGDS)-, a-benzamidino bolaamphiphiles.
Electrostatic interactions, formed between the amidine-
functionalized amphiphiles and the oxoacid-displaying SAMs,
enable molecular exchange, through the addition of inert filler
amphiphiles to the RGD-functionalized rSAMs, for example,
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and thus modulation of the cell adhesion behaviour. This
approach represents a breakthrough on dynamic SAMs sur-
faces, allowing the presentation of mobile bioactive ligands,
capable of reversing cell adhesion in a non-invasive manner for
cell harvesting, and the possibility of restoring surface func-
tionality on demand.

4. Characterisation of peptide-based
SAMs

Characterisation of peptide-SAMs can be done using several
surface techniques, namely optical contact angle, X-ray photo-
electron spectroscopy (XPS), ellipsometry, surface plasmon
resonance (SPR), quartz crystal microbalance with dissipation
(QCM-D), as well as routine scanning probe microscopy, vibra-
tional spectroscopy, and electrochemical techniques. This sec-
tion aims to describe their working principles and capabilities,
referring the reader to specialised resources when necessary.

4.1 Contact angle

Contact angle measurements are used to directly quantify the
wettability of a surface and, indirectly, to calculate surface
energy. In addition, it can also be applied to indirectly evaluate
surface’s roughness, heterogeneity, contamination, and mole-
cular mobility."®® The contact angle (0) is the angle at which the
liquid drop encounters the solid surface (Fig. 7a). It is defined
as the equilibrium of the drop under the action of three
interfacial tensions: solid-liquid (ysy), solid-vapor (ysy), and
liquid-vapor (yry). The basic relationship describing this equi-
librium is described by the Young’s equation (eqn (1)):
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There are several methods to determine the contact angle of a
surface,'® with the sessile drop being the most widely used
method, where a drop of liquid (usually water) is vertically
positioned by a syringe on the sample surface. The angle formed
between the tangent of the liquid drop and the solid surface is
then calculated. Surfaces with water contact angle (0,,) < 10° are
considered superhydrophilic, with 10°< 0, < 90° hydrophilic,
hydrophobic and superhydrophobic for 90°< 0,, < 150° and
6, > 150°, respectively.'®> The contact angle can be measured
using a goniometer (a telescope to observe the drop that is
equipped with a transfer eyepiece) or using a more sophisticated
equipment that contains a camera and video system that
calculates the contact angle and other surface energy para-
meters from the digital image (Fig. 7a). Due to its simplicity
and sensibility for alterations in the first layers of the surface
(depth analysed: 3-20 nm), contact angle measurements are the
“first-line” method for surface characterisation."®*

SAMs displaying polar terminal functional groups, such as
carboxylic acids and hydroxyls, are wetted by water. Those present-
ing non-polar organic groups, as methyl and trifluoromethyl, are
hydrophobic and emerge dry from water. Moreover, alterations in
surface wettability can be used to follow peptide bioconjugation on
SAMs.”" The wettability of a surface can be precisely controlled
using SAMs with different terminal functional groups.’®®'®” For
instance, precise hydrophilic and hydrophobic gradient peptide-
SAMs have been characterised by contact angle measurements.'*
However, the technique presents limitations when it comes to track
sequential binding events that do not significantly change surface
hydrophilicity, like peptide-SAMs and HA.*'

4.2 X-ray photoelectron spectroscopy (XPS)

XPS is a quantitative technique for surface chemical analysis."*°

Ysv = Vs + yvcos 0 (1) It measures the elemental composition and the chemical state
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Fig. 7 Peptide-SAMs characterisation methods. (a) Schematic representation of an optical contact angle apparatus (not to scale) showing the sessile
drop method. A drop of water is vertically positioned by a syringe onto sample surface, photographed by a high-resolution camera after which the
contact angle (0) is determined, via image analysis software by the angle formed between the tangent of the liquid drop and the solid surface [adapted
with permission from ref. 183].28% (b) Schematic operation of a monochromatised XPS apparatus [adapted with permission from ref. 183].18% (c) Schematic
showing the principle of ellipsometry, where 4 is the difference between the phase changes of the p and s components of the reflected light, and ¥ is an

angle which tangent gives the ratio of amplitude changes for the p and s components of the reflective light [adapted with permission from ref. 188
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of the atoms (except hydrogen and helium) within a material
surface. This technique is based on the photoelectric effect. XPS
measures the kinetic energy (keV) of the inner shell electrons
ejected when the surface is irradiated with an X-ray beam in
ultra-high vacuum. This process is described by eqn (2):

BE = hiv — KE

(2)

where BE is the energy binding the electron to an atom (desired
value), KE is the kinetic energy of the emitted electron (mea-
sured value by XPS), and hv is the energy of the X-rays (known
value)."®*'% Since BE is specific for each atom it is possible to
determine the nature and environment of the atoms on the
sample (depth analysed: 1-25 nm) (Fig. 7b).

XPS is useful to analyse SAMs composition and peptide
bioconjugation due to the appearance (or increase) of nitrogen
content.'® Moreover, the use of different take-off angles allows
the calculation of how deeply certain elements are positioned
with respect to the monolayer surface.*® For SAMs of ATs on Au,
sulphur high-resolution scans can provide information about
bound and unbound thiol in a monolayer."”* They can also
indicate if the thiolate head group in a monolayer was oxidised
to a sulphonate group (RSO, ),* this oxidation is also essential
to produce patterned surfaces, where the UV exposed oxidised AT
could be easily removed and replaced by other molecules.

4.3 Ellipsometry

Ellipsometry constitutes a non-destructive optical technique useful
to characterise the thickness of thin organic/inorganic coatings
(nanometer range, <100 nm) onto a reflective substrate.'**'*> The
most used reflective substrates are optically polished silicon wafers
or flat wafers coated by sputtering with an optically reflecting
metal film, such as Au, Ti, among others. Both monochromatic
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ellipsometry and spectroscopic ellipsometry are typically used to
determine the thickness of the layers."®*'** Using a liquid cell, this
technique can be used to measure the adsorption/desorption of
molecules (e.g., peptides or proteins) onto a reflective surface in
realtime and in a label-free environment.”*>%188

The fundamental principles behind ellipsometry are based
on the alteration of the polarisation state of light after reflection
from a surface (Fig. 7¢)."* The changes are different for both
components of light polarised: parallel (p) and perpendicular (s) to
the plane of incidence. Deposition of a thin film (like peptide-based
SAMs) onto a reflective surface (like Au) shift the phase difference
(4 = §p — §s) and the amplitude ratio (tan = rp/rs) of the reflected
light. These coefficients depend on the wavelength, the angle of
incidence, and the optical properties of the reflecting system.'®*

4.4 Surface plasmon resonance (SPR)

SPR is an optical technique used to quantify molecular inter-
actions in real time on a metal thin film due to alterations on
1957197 SPR technique can quantify the
binding of a soluble molecule (analyte) to a ligand bound on
the metal thin film with a detection limit of around 0.5 ng
cm 2" The metal thin film, usually Au, must be deposited on
a glass prism with a thickness of ca. 40 nm. When the p-
polarised light is reflected from the backside of the glass prism
(Au-coated), an electromagnetic field component of the light
(the evanescent wave) penetrates the metal layer. This evanes-
cent wave is able to couple with the free oscillating electrons
(plasmons) in the metal film at the specific angle of incidence
(SPR angle or resonance angle). The SPR angle shift is propor-
tional to the surface concentration of the adsorbed molecule."*®
A schematic illustration of the operation of the SPR technique
is shown in Fig. 8a.

its refractive index.

(c)

Incident

beam Reflected

beam

4

Sample |
p Surface

substrate

Fig. 8 Peptide-SAMs characterisation methods. (a) Experimental set-up of a typical SPR experiment, depicting a dip in the intensity of the reflected light
after surface plasmons excitation and an angular shift from trace a (black) to b (red) due to a change in the Au film refractive index (RI) [adapted from ref.
199 with permission from Multidisciplinary Digital Publishing Institute].**° (b) Schematic representation of a QCM-D. An alternating RF voltage is applied
to a quartz crystal coated with metal (e.g., Au), the observed change in frequency (Af) is proportional to the mass of adsorbed biomolecule species,
whereas the change in dissipation (AD) is a function of the viscoelastic properties of the adsorbed layer [adapted with permission from ref. 200].2°° (c)
Schematic of a GISAXS experimental setup, showing the incident angle (;) and the scattering angles along the horizontal (20) and vertical («¢) directions

[adapted from ref. 201 with permission from Springer Nature] .2
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4.5 Quartz crystal microbalance with dissipation (QCM-D)

QCM-D represents a non-destructive technique able to quantify
molecule (proteins, glycans and more) adsorption/binding with
high sensitivity (in the nanogram range), under dynamic con-
ditions (temperature and flow) and in real time.’":'?%188202
Fig. 8b shows a schematic representation of a QCM-D. It uses
an oscillating piezoelectric quartz crystal sensor at specific
resonance frequencies to measure changes in frequency (Af)
and dissipation (AD).>*® Changes in Af result in ultra-sensitive
determinations of absorbed or desorbed mass that can be
quantified, while simultaneous information on the viscoelastic
properties of the adsorbed molecules is given by AD: if the
adsorbed mass is viscous and soft, it will not synchronise to the
sensor oscillation leading to dissipation.*** For data modelling,
the Sauerbrey equation (eqn (3)) or the Voigt model (eqn (4))
may be applied, with the choice being dependent on the
dissipation values: for systems where AD/Af is lower than 4 X
107® Hz ' it is assumed that the adsorbed/bound film is rigid
with no internal loss of energy, which is translated in low values
of dissipation and the Sauerbrey equation remains valid. How-
ever, the Voigt model must be applied if the dissipation shifts
are compatible with a viscoelastic layer, since this model takes
in account the energy losses in the system (i.e., dissipation),
correcting the deviation introduced by this factor.'>*>°>2%¢

Am = (Afin) x C (3)

where, Am represents the adsorbed mass per unit surface, Af
the frequency shift, C the mass sensitivity and n the overtone
number.

G* =G + G =y, + i2nfn, (4)

where, G* is the complex shear modulus, G' the storage
modulus and GY is the loss modulus. QCM-D has demonstrated
its ability to track multiple sequential binding events on
peptide-SAMs.

4.6 Electrochemical techniques

Measurements of electron transfer (ET) rates are routinely
performed via electrochemical techniques,*®>® such as cyclic
voltammetry, chronoamperometry, and photocurrent genera-
tion experiments,®® while electrochemical properties of mod-
ified electrodes for biosensing applications can be studied
using electrochemical impedance spectroscopy (EIS).”2°7208
Tables 2 and 3 present numerous studies supported by these
techniques.

4.7 Infrared reflection-absorption spectroscopy (IRRAS)

A variety of vibrational spectroscopy techniques have been
applied to peptide-SAMs characterisation. For instance, Fourier
Transform Infrared Spectroscopy (FT-IR) has allowed to deter-
mine the tilt angle for helix-forming peptides on SAMs.>?
IRRAS represents another especially useful spectral techni-
que to study structure and orientation of SAMs deposited on
metallic, flat and reflective substrates, and are based on the
frequencies and intensities of molecular vibrations.”*® Radiation
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is used at grazing angles to maximize surface sensitivity. Since the
incident and reflected component of the polarised light perpendi-
cular to the plane of incidence combines to form a zero electric
field at the surface, only molecular vibrations with dynamic dipole
moment perpendicular to the surface will interact with light.
This is particularly important to determine orientation relative
to surface of the adsorbate chains in SAMs.?'® Moreover, the
C-H stretching regions can give information about the packing
and orientation relative to surface of the adsorbate chains when
compared with spectra of randomly oriented molecules in
liquid/powder (KBr pellet).

IRRAS was recently used for the characterization of mono-
layers (packing density and conformation) produced by polypep-
tides composed of Gly and Cys on gold or silver substrates
(Gly,Cys/Au(Ag), n = 1-9), based on the peptide amide I (C—0O
stretching vibration) and amide II (N-H bending vibration) absorp-
tion bands (Table 2, peptide-SAMs for molecular electronics).'>®
The deconvolution of the amide bands is sensitive to both
secondary structure and environmental factors of peptide-based
SAMs. This technique was used to evaluate the secondary structure
and the stability in aqueous solution of SAMs prepared with
zwitterionic antifouling peptides composed of alternating K and E
residues.”"

4.8 Grazing incidence small-angle X-ray scattering (GISAXS)

GISAXS is a powerful technique for the structural characteriza-
tion (shape, size, and arrangement of molecules at the surface)
of thin films (1-100 nm) deposited on flat substrates, and is an
attractive tool for the characterization of peptide-based SAMs. This
technique is based on the probability of each atom to scatter an
incident X-ray photon at a particular energy. These scattering
events depend of the X-ray wavelength, the absorption and the
scattering properties of the sample, and the tilt angle of the
incident beam regarding the substrate.””" Fig. 8c shows a sche-
matic view of the GISAXS apparatus. The incident X-ray beam
reaches the nanofilm surface in a very small angle (typically <1°)
and the scattered X-rays are recorded by a two-dimensional (2D)
detector. GISAXS is based on the measurement of the intensity, I,
of scattered X-rays as a function of scattering angle and its pattern
comprises vertical (out-of-plane, gz) or lateral (in plane, gy) scatter-
ing intensities. Although GISAXS has not been applied for the
characterization of peptide-SAMs, it was recently used to evaluate
the structural properties of a lipid/AMP self-assembled layer on
silicon substrate, based on different ratios of the glycerol mono-
oleate (lipid) and the LL-37 AMP.*"?

4.9 Scanning probe microscopy

The structural characterization of SAMs at atomic resolution often
requires surface-sensitive techniques such as scanning tunneling
microscopy (STM) and atomic force microscopy (AFM).

STM principle of operation is based on the quantum tunnel-
ing effect. It uses a sharp metal tip (one electrode of the tunnel
junction) placed close (0.3-1 nm) to the surface to be investi-
gated, by applying an electrical voltage to the tip or to the
sample (10 mV-1 V), the surface can be sensed/imaged.*"* The
STM is versatile enough to be used in a wide range of

This journal is © The Royal Society of Chemistry 2024
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environments, from ultrahigh vacuum (UHV) to ambient air,
water, and other liquids or gases, and temperatures down to
millikelvin and as high as more than 1000 K. STM is distin-
guished from most other surface characterization methods by
its unique capacity to probe the topographical and electrical
features of plain surfaces with high spatial resolution, down to
atomic scale.>'® For instance, Gatto and co-workers used STM
to characterize the topography of SAMs formed by a hexapep-
tide (including five Aib residues and a Trp unit functionalised
at the N-terminus with a lipoic group for binding to an Au
substrate).”?

However, STM can only be applied to study surfaces that are
electrically conductive. As such, AFM was later developed and is
one of the foremost tools for surface characterization (topo-
graphic and force measurements) on the micro- to nanoscale of
either electrically conductive or insulating samples.?!* AFM
uses a sharp tip (<10 nm in diameter) with the desired
geometry (e.g., triangular, round, among others) that is
attached to a flexible cantilever. This cantilever acts as the
force sensor to scan the surface of a sample, recording the
interaction between the tip and the sample to acquire images/
perform force measurements (pN range) in real time."

Compared to other microscopic techniques, such as optical
microscopy and transmission electron microscopy, AFM has
several advantages, including high spatial resolution (sub-
nanometer laterally and sub-angstrom vertically), easy and
minimal sample preparation, the ability to perform analysis
at ambient conditions but also at different temperatures or in
solution.>'® Moreover, AFM can be coupled to other techniques
to allow further in-depth characterization, namely with infrared
spectroscope (AFM-IR) and with in situ high-temperature graz-
ing incidence X-ray diffraction (GIWAXD). Recently, Wang and
collaborators studied the melt recrystallization behaviour of
nanoconfined polypeptoid films prepared on silicon substrates
using GIWAXD in conjunction with AFM.*!”

5. Biomedical applications of peptide-
based SAMs

This section provides a discussion on the main outcomes elicited by
selected peptide-based SAMs use for cell culture, tissue engineering
and regenerative medicine,"* nanoelectronics,”*'*" protein folding
and peptide aggregation,*®*'® biosensing,?*® antifouling,'”**">**! and

antimicrobial'* and osteo-integrative surface applications."*”"*

5.1 Translational platforms for tissue engineering and
regenerative medicine applications

As shown in Table 1, peptide-based SAMs have played a key role
as translational platforms for the identification of biofunction-
alities targeted for tissue engineering and regenerative medi-
cine applications. They have been employed extensively in cell
culture applications involving mammalian cells (including
MSCs, HUVECs, ADSCs, human embryonic stem cells, kidney
cells, Schwann cells, hippocampal cells, breast cancer and
mammary gland cells, as well as fibroblasts and melanoma
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cells) for a number of purposes, as not only they allow to mimic the
native ECM,***** but they can also provide insights into protein
binding,* cell adhesion, migration and differentiation,?*3>7622% a5
well as contribute to elucidate the role of biomacromolecules in
cancer progression and other diseases. For instance, Ramasubra-
manian and co-workers reported lately on the de novo high-
throughput discovery of targeted peptide surfaces to promote
in vitro self-renewal of human pluripotent stem cells (hPSC) and
induced pluripotent stem cells (iPSC). The study describes several
peptide-SAM agonists for o6-integrin (a laminin receptor and
pluripotency regulator) that were prepared using AT-linkers on glass
substrates and polystyrene microchips (PillarChips, Table 1,
peptide-SAMs binding cell membrane proteins).'*

Another example is the HA-binding Pep-1, which has been
used as part of a peptide-based SAM for unmodified HA
immobilisation. uCP allowed to restrict the presentation of
HA to specific regions, thereby creating patterned surfaces to
examine in vitro adhesion and migration of human oral squa-
mous cell carcinoma (SCC) derived immortalised keratinocyte
CA1 and LUCA4 cell lines.** As LUCA4 cells adhere to HA immobi-
lised on surfaces, they remain attached and displayed constant
shifting to and from an epithelial-to-mesenchymal transition
phenotype, suggesting the use of the biomimetic surfaces as a
platform for the development of cell sorting devices. Patterned
Pep-1 SAMs were used to present HA in discrete regions, finding
that low molecular weight HA improved the adhesion and
stimulated HUVECs migration when cultured atop HA-
presenting SAMs. This study provides insight into the use of
SAMs for the controlled presentation of HA with defined mole-
cular weight in cultures of HUVECs in order to better understand
their functions and interactions with the ECM.*!

Peptide-SAMs also generate results that can be translated as
part of anti-angiogenic therapies, and as part of implantable
endovascular devices, such as artificial vascular grafts and
stents, to promote rapid endothelialisation and improve their
performance.®* Lastly, peptide-SAMs have been used to drive
MSCs differentiation®** by targeting different molecules, includ-
ing GFs,*” BFP-1,"! as well as linear and cyclic BMHP1.>®

Peptide-SAMs have also contributed to elucidate biomecha-
nical aspects of cellular interactions with the ECM. A cyclic-
RGDfK displayed as SAM was used to determine the cellular
force applied on o,f; integrins during early stages of cell
adhesion via QCM studies, demonstrating the potential of
peptide-SAMs to contribute to rather fundamental aspects
behind cell adhesion, spreading, and migration."*®

5.2 Biosensing

Biological sensors, especially point-of-care sensing devices,
have been pivotal for the early diagnosis of numerous diseases,
as well as for the routine management of certain conditions
(e.g., therapy monitoring). Different biomarkers, mainly
enzymes, nucleic acids and antibodies, have been therefore
used as target analytes in biosensing. Table 3 shows a larger
number of biosensing applications utilising peptide-SAMs as
the key element (ability to bind to or be hydrolysed/modified by
the target analyte) in the biosensor design.
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Biosensing applications have benefited immensely from the
progress made on the fabrication of SAMs, particularly on
mixed SAMs, SAM gradients and dynamic SAMs. In addition,
because many binding events involve protein-protein interac-
tions, peptide-SAMs are also suitable choices for detection
applications. In fact, highly sensitive detection of analytes in
complex biological media (e.g., serum samples) requires sur-
faces able to reduce nonspecific protein adsorption to elimi-
nate false positive reactions. Not surprisingly, zwitterionic
peptides have been integrated in SAMs, either as mixed mono-
layers with the peptide ligand or as an integral part of the
peptide monolayer (all-in-one peptide SAM, Fig. 4b). The design
first reported by Nowinski et al.,"** attaching a linker made of
four proline residues to the C-terminus of a nonfouling peptide
(EKEKEKE-PPPP-C, Table 2, peptide-SAMs as antifouling sur-
faces) has been widely applied in the construction of biosensors
(Table 3, peptide-SAMs for biosensing applications). The rigid,
and hydrophobic linker enables the formation of well-ordered
peptide-SAMs with high surface density.

The original zwitterionic peptide was shown to outperform
PEG monolayers and has been applied as linear chain or in a
branched fashion (see examples in Tables 2 and 3). In addition
to provide antifouling property, the peptide ligand/substrate is
typically conjugated with a redox tag, such as Fc or MB
(Fig. 9b),>*® to generate an electrochemical signal, upon binding
or cleavage, to enable the detection of the target analyte by
chronopotentiometry (CA) and voltammetry techniques (cyclic
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voltammetry (CV), differential pulse voltammetry (DPV), and
square wave voltammetry (SWV)) (Fig. 9a).>*® Nonetheless, label-
free detection of trypsin using QCM has also been reported.*>”
The integration of peptide substrates into microarrays like
SAMs has attracted large interest, either for the detection of
enzymes involved in numerous diseases (biosensing applica-
tions) or for determining enzyme substrate specificity for the
identification of their natural substrates. Table 3 shows a clear
predominance of enzymes as target analytes, in particular of
proteolytic enzymes. Detection of MMP activity is typically
performed using peptide-SAMs as substrates for enzyme clea-
vage at specific peptide bonds, but alternative approaches have
also been proposed. For example, MMP-14 detection was also
made by EIS and using SAMs of peptides that inhibit homo-
dimerisation or heterodimerisation of MMP-14 (Table 3,
peptide-SAMS for biosensing of enzyme targets).”°® Prostate-
specific antigen (PSA) is an enzyme (3.4.21.77) normally pro-
duced by the glandular tissue of the prostate and elevated levels
of PSA in the blood are associated to abnormal conditions, such
as prostate cancer. It recognises the HSSKLQK peptide, a
specific and efficient peptide substrate for assaying the proteo-
lytic activity of PSA,”*° and cleaves the S|S bond. Several sensors
have been developed based on this working principle (Fig. 9a
and Table 3, peptide-SAMS for antigen detection). Recently, Yu
and co-workers reported a label-free method to detect and
quantify caspase-3 via organic electrochemical transistors
(OECT)**° (Table 3, peptide-SAMS for enzyme detection).
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Fig. 9 Peptide-SAMs for biosensing of enzymes, biomarkers and metal ions. (a) Working principle of an antifouling electrochemical biosensor for
prostate-specific antigen (PSA) based on two antifouling peptides functionalised with either a graphene oxide—-FezO4—thionine (GO-Fez0O4—Thi) probe
(Pepl) or an internal reference ferrocene (Fc) probe (Pep?2). Pepl is recognised and cut by PSA, while Pep2 produced a differential pulse voltammetry
(DPV) signal that remained constant and was independent of the presence of the PSA analyte, and also decreased the chronoamperometry (CA) signal of
the reduction of H,O, electrocatalysed by GO-FezO,4 [adapted with permission from ref. 226. Copyright 2019. American Chemical Society].?2% (b)
Sensing mechanisms for the detection of MMP-9 via peptide substrate tagging with methylene blue (MB), which acts as a redox reporter, including:
tunnelling of electrons in the presence of MB-peptide on Au electrode, peptide cleavage reaction of the MB-peptide with MMP-9, and decrease in the
current of electron tunnelling after peptide cleavage, respectively [adapted with permission from ref. 225].22% (c) Experimental scheme for the detection
of Cu(l) ions based on conformational change of peptide by SPR [adapted from ref. 228 with permission from the Royal Society of Chemistry] 228
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Peptide-based biosensors have also been developed for
detection of antibodies and other disease-relevant proteins. Here,
the sensing principle is based on the binding of the target protein
by the recognition peptides derived from epitopes in binding
partners. More recently, virus detection via peptide-SAMs has also
been attempted. For example, an electrochemical biosensor for
detection of the human norovirus, known to cause acute food-
borne gastroenteritis outbreaks worldwide, was reported using
virus-specific peptides identified by phage display (Table 3,
peptide-SAMS for virus detection). Interestingly, a redox-triggered
peptide with potential Cu** binding sites (carboxylic acids of
glutamate residues) was applied for the sensitive detection of
Cu”" ions by SPR*® or colorimetric assay>*' (Table 3, metal-ion
binding peptide-SAMs). The peptide reversibly switches from
helical conformation to a B-sheet aggregate by reduction and
oxidation of copper (Fig. 4a and 9c). Copper(u) is involved in gene
expression and enzymatic reactions, playing important roles in
maintaining the nervous and immune systems, but it can become
detrimental at elevated concentrations. Its detection in different
media (blood, drinking water) is, therefore, broadly useful.

Nucleic acid biomarkers hold great potential as key indica-
tors for the diagnosis and monitoring of diseases. In a recent
work by Lee and collaborators, Au-binding peptide-nucleic acid
(PNA) chimeric molecules were used to immobilise nucleic acid
probes to subsequently detect nucleic acid targets in aqueous
environments (Fig. 4c).°® The researchers used SPR and QCM-D
analyses to demonstrate the sequential assembly of the bio-
molecular constructs and the subsequent detection of DNA
antisense oligomers from media under pM concentration
regimes. Overall, Table 3 shows the broad spectrum of enzymes,
cell bound receptors, nucleic acids, peptides, viruses, proteins,
antibodies and antigens whose detection can be achieved by
peptide-based SAMs.

5.3 Molecular electronics

As SAMSs can be formed onto (semi-)conductor or dielectric surfaces,
and their surface chemistry can be tailored, SAM-based platforms
represent attractive candidates for molecular electronics.””” SAMs
formed by conformationally constrained peptides functionalised
with redox-active groups have shown unique electronic conduction
properties in terms of long-range and directional electron transfer.>®
As helical peptides are well known to act as good mediators for long-
range electron transfer (ET),* SAMs displaying helix forming pep-
tides have been extensively studied due to their possible integration
into (bio)electronic devices.*”®

Morphological and peptide-packing modes studies have
been carried out. For instance, Higashi and co-workers studied
the capturing mechanism of guest Fc-containing helix peptides
by PLGA SAMs on Au substrates. Different packing densities
were found as a function of adsorption rate and pH, and
specific interactions with guest PLGAs containing a ferrocenyl
group (at either the N- and C-termini) were investigated, guest
helix PLGAs were captured through an antiparallel, side-by-side
helix-macrodipole interactions.®*

In another study, Venanzi and colleagues studied the struc-
tural organisation of the short hexapeptide A;WA bound to Au
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substrates via a lipoyl group (Table 2, peptide-SAMs for electron
transfer), providing insights on the packing modes of the peptide
layer. The researchers found a peculiar peptide array made of
densely packed nanometrically ordered structures (originated by
a vertical peptide monolayer coating the substrate) and also a flat
dimeric peptide layer arranged horizontally to the metal surface.
This particular array was rationalised in terms of 3D conforma-
tional constrains of the peptide chains, as well as its helix-forming
capacity, thus contributing to understand the competition between
peptide/surface interactions and the strength of lateral interchain
interactions.*®"”

Using analogous Fe-containing systems, Gatto and collabora-
tors studied the efficiency to mediate electron transfer and photo-
current generation capabilities of two hexamer-displaying SAMs.
Both peptides were linked to Au substrates, exposing either 2,2,6,6-
tetramethyl-N-oxyl-4-amino-4-carboxylic acid (TOAC) or tryptophan
residues. For the former, long-range electron transport was found,
consistent with a super-exchange mechanism from TOAC to the Au
surface through the peptide spacer. Tryptophan-bearing SAMs
showed superior response, sensitivity and reproducibility compared
to conventional Au electrodes.*®

Structure-function studies regarding electron transfer in
peptide-based SAMs have been carried out. It is reported that
electron conduction efficiency of peptide bridges, although
higher than that of alkyl chains, decreases exponentially with
peptide length, a factor that might be influenced as well as by
the type of helical structure (for instance, having the same
number of amino acid residues, 3;,-helices extend over longer
distances than o-helices).*®

Electron transfer rate distance dependence has been studied
by Bilewicz and collaborators. This group has reported a series
of Fc-containing oligoglycine spacers of different length
(Table 2, peptide-SAMs for electron transfer). The rates of
electron transfer decreased rapidly with distance only for short
chain oligoglycine derivatives, while longer bridges exhibited a
weaker distance dependence. This variation was plausibly attrib-
uted to differences in the secondary structure of the peptide
bridges, and the change of the electron transfer mechanism.>”

In another study, Sek and collaborators reported on Au electrode
modification by forming SAMs of a helix-forming polyalanine Fc-
containing derivative (Table 2, peptide-SAMs for electron transfer),
to which a Fc moiety was attached to the N-terminus while the
peptide C-terminus was thiolated with a cystamine functionality,
thus the peptide acting as a bridge between redox active Fc units
and metal surface. This study found a directional dependence of
electron transfer and suggests that the solvation of amino acid
residues by solvent molecules — water in this case — may play a role
in dampening of the polyalanine helix dipole (Fig. 10a).>

A hopping mechanism has been identified as responsible
for electron transfer in helix peptide-based SAMs."*"*>” Morita
and collaborators prepared helical peptide-displaying SAMs
carrying a Fc group either at the N- or C-termini, observing
long-range electron transport over 4 nm accompanied by oxida-
tion of the Fc tag. Electrochemical characterisation pointed
that electron transport took place through an inelastic hopping
mechanism with use of amide groups as hopping sites."*! Same
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Fig. 10 Peptide-SAMs for molecular electronics. (a) Schematics illustrating directional dependence of electron transfer (ET) through a helical
polyalanine Fc-derivative [adapted with permission from ref. 53. Copyright 2005. American Chemical Society].>® (b) Energy diagram for the long-
range electron transfer from a redox-active Fc moiety to Au substrate through the helical peptide by a hopping mechanism, using peptide amide groups
as hopping sites [adapted with permission from ref. 157. Copyright 2005. American Chemical Society].!®” (c) Piezoelectric-enhanced peptide-SAM
formed by the binding of an a-helical peptide to Co(i) ions. Schematic diagrams of electron transfer of the Co(i)-peptide-SAMs when an input signal is

applied. The arrows indicate the direction of the electron flow. [Adapted with permission from ref. 164

as in the work of Watanabe and collaborators, who identified
the same hopping mechanism, using the amide groups in the
helical peptide as hopping sites on assembled Au SAMs of four
kinds of Fc-containing helical octadecapeptides (Fig. 10b).">”
This electron hopping mechanism is gaining increasing atten-
tion as it is present in biological system such as DNA double
strands”’® and its deeper understanding will play a role in the
development of self-assembled nanoelectronics.>*°

Li and collaborators prepared an a-helical peptide-SAM (able
to bind Co(u) ions via His residues) using a piezoelectric field
produced by a BaTiO;-based nanogenerator (NG) (Fig. 10c). On the
positive electrode of the bent NG, o-helical peptides led to electron
transfer in the vertical direction through the SAM and along the
macro-dipole moment, due to being able to unidirectionally enhance
electron transfer and rectify an AC signal to a DC signal. This type of
system holds great potential to be used in molecular memories,
nonlinear molecular electronic devices, and biosensors.'**

The remarkable work of Yasutomi and collaborators pre-
sents the fabrication of highly ordered bicomponent SAMs as
part of a molecular photodiode system able to switch photocurrent
direction by choosing the wavelength of irradiating light.*” This
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system includes two types of helical peptides with an alternating
sequence of - or p-leucine and o-aminoisobutyric acid carrying two
different sensitisers: SSL16ECz carries a disulfide group at the N-
terminus and a N-ethylcarbazolyl (ECz) group at the C-terminus;
meanwhile, Rul16SS carries a tris(2,2’-bipyridine)ruthenium(u)
complex (Ru group) at the N-terminus and a disulfide group at
the C-terminus (Fig. 11). When both types of peptides were co-
assembled on a gold substrate, the dipole moment of SSL16ECz
oriented towards the Au surface, whereas that of Rul16SS oriented
in the opposite direction, working as independent photodiodes with
the help of their dipole moments.*

Altogether, these properties highlight the versatile role of
peptide building blocks, whose rational design allow for their
application as molecular wires,”®" as part of biomolecular
electronic devices,*****®° and even as part of potential platforms
for the diagnosis of oxidative stress-related pathologies linked to
reactive oxygen species (ROS).”%?

5.4 Antimicrobial surfaces and devices

This section is dedicated to peptide-based SAMs to assess
antimicrobial and osteointegration performance of biomaterials

This journal is © The Royal Society of Chemistry 2024
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Fig. 11 Peptide-SAMs for electron transport and molecular electronics. Preparation of a molecular photodiode system using two types of helical
peptides carrying different chromophores (SSLI6ECz and Rull6SS) and have different directions of dipole moments when immobilised onto Au
substrates. The mixed peptide-SAM generated an anodic photocurrent when one of the two chromophores was photoexcited, which switched direction
by selective chromophore excitation in presence of triethanolamine (TEOA), and/or 1-1'-dimethyl-4,4’-bypyridinium dichloride (methyl viologen; MV2*)

[reproduced with permission from ref. 60].°°

surfaces. Biomaterials, such as cardiovascular grafts, urinary
catheters, orthopaedic and dental implants, have improved the
survival of patients as well as their quality of life. However, they
remain as potential sources of infection, namely biomaterials-
associated infections (BAI). This is a serious concern in modern
healthcare, as bacteria become resistant to the most used
antibiotics and few new ones have been discovered and com-
mercialised in the last decades.*®* Biomaterial coatings based
on AMPs are exciting alternatives to fight BAIL

In the context of urinary catheter-associated infections,
which represent about 75% of hospital acquired infections,
Monteiro and co-workers reported the use of a de novo designed
AMP, Chain201D. Chain201D was successfully tethered to (1-
mercapto-11-undecyl)-(tetra(ethylene glycol)) (EG,) terminated
SAMs,>"*® which were able to bind and kill by contact a high
percentage of adherent Escherichia coli (E. coli) and Staphylococ-
cus aureus (S. aureus), some of the most prevalent strains found
in urinary catheter-associated infections. These results were
obtained without any peptide modification (for chemoselective
conjugation) and without the use of a spacer. In addition,
increased amounts of immobilised AMP led to higher numbers
of adhered/dead bacteria, showing a concentration-dependent
behaviour, and demonstrating Chain201D’s potential to develop
antimicrobial urinary catheters.'®

On the other hand, catheter-related blood stream infections
are associated with the use of intravascular catheters and are
mostly caused by bacteria present in the skin of patients or in the
hospital environment, such as S. epidermidis.”®* It has been
described that a hybrid peptide combining cecropin and melittin

This journal is © The Royal Society of Chemistry 2024

peptide sequences (CM: KWKLFKKIGAVLKVLC) has better anti-
microbial performance than the parent molecules.?*>2%¢

CM peptide was previously covalently immobilised onto
glass and titanium surfaces by means of Au nanoparticles as a
nanocoating for medical devices, and was described as active
against different bacteria (E. coli, S. aureus, P. aeruginosa, and
K. pneumoniae).**® To evaluate immobilised CM for intravascular
catheters application, the peptide was synthesised with an extra
Cys residue at its C-terminus and covalently immobilised onto
medical grade polyurethane (the most common material used for
intravascular devices) films. For that, polyurethane films were dip-
coated with a layer of Au nanoparticles functionalised with -NH,
and -COOH terminated PEG spacers, as these improved CM
peptide exposure/orientation during surface immobilisation and
also avoided denaturation. S. epidermidis adhesion was signifi-
cantly reduced (80%) accompanied by a 65% decrease on viable
bacteria in comparison to the bare polyurethane surface. More-
over, the presence of human plasma did not impair the perfor-
mance of the coating, showing the great potential of this CM-based
strategy to prevent bacterial infection on polyurethane devices.'"”

Another C-terminus Cys-modified hybrid peptide, combining
cecropin (1-8) and melittin (1-18) (KWKLFKKI-GIGAVLKVLTT
GLPALIS-C) was studied when immobilised on a silica surface
via a two step-reaction: first, an alkyne-terminated silane was used
to grow the alkyne SAM, followed by preparation of a maleimide
terminated surface by “clicking” the alkyne SAM with azido-PEG;-
48 These surfaces were able to kill substantial
amounts of E. coli after 1 h. However, the number of bacteria killed
diminished drastically with time, and no antimicrobial activity was

maleimide linker.
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observed after 5 days. This was attributed to the degradation of the
silane, highlighting the short-term stability of this coating
approach. It was postulated that the surface immobilised peptides
may kill bacteria by charge interaction, instead of forming holes on
the bacterial membrane (membrane disruption) as when free in
solution. This may be related to the fact that immobilised AMPs
(with no spacer such as a PEG linker as in the work of Querido
et al'*’) laydown on the surface instead of standing up and
penetrating the bacterial cell membrane. This was also previously
reported for surfaces with the immobilised alpha helical MSI-78
peptide (commercially known as Pexiganan, a 22-amino acid
oligopeptide, designed through a series of amino acid substitu-
tions and deletions to enhance the activity of the naturally
occurring Magainin-2),>%”~>%?

Oral diseases affect about 3.5 billion people worldwide, with
an estimated 267 million people suffering from tooth loss.>*°
Dental implants are medical devices surgically implanted into
the jaw to recover function (chew) or aesthetics and also
provide support for artificial teeth, such as crowns. Every year,
since their introduction in the 1980s, thousands of dental
implants are surgically implanted, with a vast majority of dental
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implant systems made of Ti or zirconium oxide (ZrO,). How-
ever, as it often happens with other implantable biomaterials,
dental implants are prone to failure due to biofilm-associated/
microbial infections*** caused by different bacteria, as Lacto-
bacillus salivarius, Prevotella intermedia and Staphylococcus spp,
among others.*?>

To reduce bacterial colonisation/biofilm formation on Ti
implants, the lactoferrin-derived hLf1-11 (GRRRRSVQWCA) AMP
was grafted onto organosilane SAMs. The Ti surface was amine
functionalised using 3-aminopropyltriethoxysilane (APTES), through
which the hLf1-11 peptide was grafted via thiol groups from 3-MPA
residue bound to a three 6-aminohexanoic acid (Ahx) linker at the
peptide N-terminus. hLf1-11-SAMs showed an outstanding
reduction of S. sanguinis and L. salivarius adhesion to Ti implants
and prevented early stages of microbial growth (Fig. 12a).'*

In addition to infection, most dental implant systems fail by
lack of osteointegration. Therefore, to increase Ti implant
osteointegration, the RGD peptide*** was grafted onto phos-
phonic acid SAMs on Ti surface.*** Phosphonic acids (like 11-
hydroxyundecylphosphonic acid) self-assemble on oxide sur-
faces such as TiO, or ZrO,, forming a strong P-O bond (energy

Polymer brush-presented
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Fig. 12 Peptide-SAMs for antimicrobial and osteo-integrative surface applications. (a) SAMs displaying the lactoferrin-derived antibacterial peptide
hLf1-11 onto Ti osteo-integrative surfaces via silanisation with APTES, and polymer brush-based coatings with two different silanes. Images of live/dead
staining of S. sanguinis and L. salivarius onto these substrates after 4 h incubation at 37 °C are shown (scale bars = 100 pm) [adapted with permission from
ref. 150. Copyright 2015. American Chemical Society].**° (b) Live/dead staining of H. pylori J99 and S. epidermidis ATCC 35985 adhered to Au and the
antimicrobial MSI-78A peptide, also antimicrobial activity assessment of AMP-SAMs is presented (scale bars = 40 um) [adapted from ref. 129 with
permission from Springer Nature] .12°
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of ~80 kcal mol").*® These OH-terminated SAMs were then
activated with a maleimide group that reacts with a thiol from
the Cys residue at C-terminus in the RGD-C peptide. RGD-SAMs
increased osteoblast adhesion and spreading on Ti with more
than 90% of adherent cells well spread and with their actin
filaments organized into robust stress fibers.

More recently, Hoyos-Nogués and co-workers prepared mul-
tifunctional coatings for bone regeneration by co-grafting the
cell adhesive RGD sequence and the hLf1-11 AMP vig a three-step
synthesis approach: the Ti surface was first silanised, then cross-
linked with N-succinimidyl-3-maleimidopropionate, followed by
covalent peptide grafting. This coating demonstrated excellent
ability to reduce colonisation by representative bacterial strains
(S. aureus and S. sanguinis).”* Furthermore, Koidou and collabora-
tors immobilised laminin 332- and ameloblastin-derived peptides,
Lam (KKGGGPPFLMLLKGSTRFC) and Ambn (KKKGGGVPIMD-
FADPQFPT), respectively, onto silanised Ti (using CPTES), showing
that the grafted peptides promoted epithelial attachment around
teeth and formation of hemidesmosomes."*

The GL13K (GKIIKLKASLKLL) AMP features a modified 13-
mer based on the sequence of parotid secretory protein. This
AMP was bactericidal against P. gingivalis and prevented S.
gordonii biofilm formation (putative pathogens of peri-
implantitis), highlighting its potential for dental applications.
Acosta et al. reported on a multifunctional modular design for
SAMs based on recombinant coproduction of AMPs and elastin-
like recombinamers (ELRs), which combine the antimicrobial
properties of GL13K and low-fouling activity of an ELR in a
synergistic manner (Fig. 13).

Holmberg et al.'®" developed an approach based on sila-
nised Ti disks using CPTES and DIPEA for subsequent grafting
of the GL13K AMP with a terminal amino group. The antibac-
terial properties of these GL13K-coated surfaces were tested
against biofilms of P. gingivalis. Biofilms of this bacterium were
cultured on GL13K-coated Ti discs and a pronounced reduction
in the number of live cells (compared to control Ti surface
without AMP) was observed by ATP content analysis and colony
forming units (CFUs) counting. The antibacterial effect was
attributed to electrostatic intrusion on the bacterial membrane
by the positively charged lysine residues in the GL13K peptide,
assisted by specific interaction with hydrophobic fimbrae of P.
gingivalis.>®® This coating was very stable, since GL13K was not
significantly released from the Ti coated surfaces when
immersed in saliva or serum for 1 week. Moreover, the cyto-
compatibility of the GL13K-functionalised Ti surfaces was
assessed using human gingival fibroblasts and MC3T3-E1
murine osteoblasts. Nonetheless, it is noteworthy that this
immobilisation process did not control peptide orientation
and, although showing good performance in vitro, AMP cova-
lent coupling can only be performed prior to dental implanta-
tion, as it is generally performed under harsh conditions (e.g.,
low pH). It was also demonstrated that the GL13K D-
enantiomer grafted via ‘“click-chemistry” on Ti has improved
bacterial resistance®*® compared to its enantiomer.

Several peptides with the ability to self-assemble on metal-, metal
oxide-, mineral and polymer surfaces have been identified,>”

This journal is © The Royal Society of Chemistry 2024
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Fig. 13 Peptide-SAMs for antimicrobial and osteo-integrative surface
applications. SEM micrographs of biofilms formed by S. aureus and S.
epidermidis onto the AMP, ELR (elastin-like recombiner), and AM-ELR
coatings and control Au surfaces after 24 h incubation. All coated surfaces
prevented formation of a mature biofilm [adapted with permission from
ref. 145. Copyright 2019. American Chemical Society]. 4

allowing to overcome the “two/three-step” modification. This
“surface-induced peptide self-assembly” strategy can be exemplified
by Ti-binding peptides serving as an effective anchor for AMPs on
implant surfaces.>*® This approach is less complex and avoids
adverse effects associated with introduction of additional molecules
(e.g., linkers). However, it increases peptide length and cost.>*® For
instance, the E14LKK AMP (LKLLKKLLKLLKKL) was combined via
a tri-glycine linker with metal binding sequences TiBP1 (RPRENR-
GRERGL) or TiBP2 (SRPNGYGGSESS).* These peptides were then
self-assembled onto Ti substrates and incubated with E. coli, S.
mutans, and S. epidermidis. Significant differences were observed
between adhered bacteria on the control surface (bare Ti) and
peptide-functionalised surface. For S. epidermidis and S. mutans,
45-fold less bacteria adhered to the peptide-assembled on the Ti
surface. Still, the surface with TiBP1-GGGAMP showed enhanced
performance for S. mutans, while no differences on S. epidermidis
adhesion were seen between TiBP1-GGGAMP and TiBP2-GGGAMP.
Ti-based biomaterials are also used in orthopaedics, due to
their excellent mechanical strength, corrosion resistance, and
biocompatibility.®* The main concern in orthopaedic infections
includes ESKAPE microorganisms (E. faecium, S. aureus,
K. pneumoniae, A. baumannii, P. aeruginosa and E. cloacae),
which account for over 90% of nosocomial infections.?>*°
Chen and collaborators developed a strategy targeting
ESKAPE bacteria based on silanised Ti discs with hydrolysed
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alkynyl-PEG;-triethoxysilane. The functionalised Ti substrates
were then treated with a pegylated AMP, PEG-HHC36 (N3-PEG;,-
KRWWKWWRR), containing a terminal azide-functionality for a
“click-reaction” to tether the peptide to the substrate. The surface
yielded high AMP density and was able to inhibit 90.2% of
S. aureus and 88.1% of E. coli after 2.5 h of incubation. Interest-
ingly, after 4 days of degradation at 37 °C, the surface was still able
to inhibit 69.5% of S. aureus."”* Using a mice model, the functio-
nalised implant killed 78.8% of S. aureus after 7 days.

Yazici et al. resourced to electrochemically deposited cal-
cium phosphate as the linking layer between nanotubular Ti
surfaces and bound peptides."”*” The cHABP-1-Spacer-AMP,
consisting of the hydroxyapatite binding peptide-1 (cHABP1:
CMLPHHGAC) and an AMP (tet-127: KRWWKWWRR),**" both
combined with a flexible linker (GGG), were self-assembled by
the calcium phosphate binding sequence on the metal surface.
These chimeric peptides reduced bacterial adhesion of E. coli
and S. mutans. On the same quest to challenge BAI infections,
the FK-16 (FKRIVQRIKDFLRNLV) AMP was covalently attached
onto silanised Ti substrates. Surfaces exhibited broad-spectrum
activity against ESKAPE pathogens and anti-adhesion/biofilm
against S. aureus and E. coli.">

Beyond prevention of BAI, SAMs functionalised with pep-
tides have also been used as proof-of-concept for the develop-
ment of novel strategies for infection management. Parreira
and co-workers immobilised the MSI-78A AMP targeting the
gastric pathogen H. pylori, a priority bacterium according to the
World Health Organisation (WHO) in what concerns recent
therapeutic options.*??*°> MSI-78A is derived from the MSI-78
AMP by replacement of one amino acid (G13A, Table 2, peptide-
SAMs as antimicrobial surfaces).*'?° This biotin-neutravidin
strategy allowed controlling both the AMP orientation and
exposure once grafted onto the surface. These MSI-78A functio-
nalised SAMs were able to kill, by contact, 98% of planktonic
H. pylori in only 2 h. Furthermore, these surfaces were H. pylori-
specific since no effect was seen against the control bacteria
(S. epidermidis). This proof-of-concept study highlighted the
high bactericidal potential of grafted MSI-78A and established
the foundations for the development of MSI-78A grafted nano-
particles for gastric infection management within a targeted
nanomedicine concept (Fig. 12b)."*°

Thrombus formation, triggered by the activation of the
coagulation cascade due to the adsorption of certain plasma
proteins on the surface of biomaterials, is a severe clinical complica-
tion and a major concern for the success of blood-contacting
medical devices.****** Hence, immobilisation of thrombin (a serine
protease that plays a vital role on the coagulation system) inhibitors
on the surface of biomaterials represents a viable strategy to prevent
blood clotting and enhance their hemocompatibility. As a proof-of-
concept, the thrombin inhibitor "FPRPG'** was grafted onto
tetra(ethylene glycol) (EG,) terminated SAMs on Au surfaces (EG,-
SAMs). Peptide-SAMs were found to inhibit the activity of adsorbed
thrombin in a concentration-dependent manner. However, SAMs
lost most of its thrombin-binding selectivity in the presence of
plasma proteins, impeding their translation as thrombin inhibitor
surface for blood contact implants.'™*
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5.5 Enzyme assay platforms

In order to study enzyme activity, SAMs have been prepared by
grafting peptides that can be degraded by the former. For
instance, the work of Houseman and collaborators demon-
strated the possibility to fabricate biochips suitable to study
the phosphorylation of the immobilised peptide IYGEFKKKC
by the enzyme tyrosine kinase c¢-src. Peptide-SAMs were incu-
bated with this kinase and [y->*P]ATP, incorporating nearly 500
cpm cm ™ of radiolabelled phosphate, unlike tyrosine-free and
no peptide-containing controls. Additionally, presence of phos-
photyrosine in modified SAMs substrates was examined via
binding of an antibody monitored using SPR. SAMs presenting
this tyrosine-containing peptide were then employed to study
the noncompetitive inhibition of the enzyme in an array
format. Mixtures containing the kinase, [y-*>P]ATP, and differ-
ent inhibitor concentrations were incubated onto monolayers.
Phosphorimager analysis allowed to determine concentration-
dependent inhibition of enzyme activity, as well as an inhibi-
tion constant of 31 nM (Table 3, peptide-SAMs for biosensing of
enzyme targets).”®

More recently, Mrksich and collaborators reported on the
use of phosphotyrosine-containing peptide arrays based on SAMs
for Matrix-Assisted Laser Desorption/Ionization Mass Spectrometry
(SAMDI-MS) to profile phosphatase substrate selectivities.”>>***
For instance, 22 protein tyrosine phosphatases were assessed
against an array of 361 peptide sequences to give a profile of their
specificities, providing valuable molecular insights into the bio-
chemistry and biology of these clinically relevant enzyme family
(Table 3, peptide-SAMs for biosensing of enzyme targets).>**

6. Final overview, challenges, and
prospects

The multiple inherent properties (e.g., chemical diversity and
structural transitions, biocompatibility, biodegradability, selec-
tive recognition, conduction, ease of functionalization) of pep-
tides have made this class of biomolecules highly attractive for
R&D. Their integration in cell culture substrates is obvious, and
the identification of novel peptide motifs from ECM proteins or by
phage display has spurred the area of peptide-based SAMs in the
early 2000s as screening platforms of peptide libraries. In fact, the
majority of the applications in this area were reported between
2010 and 2015 (Table 1). Major advances were seen in the
fabrication of anisotropic surfaces displaying peptide-SAMs with
spatiotemporal control enabling the conceptualisation of more
complex biological studies, such as the fabrication of SAM-based
platforms for the hierarchical presentation of bioactive
peptides.""” Current research in this applicational area is focused
on the fabrication of dynamic surfaces, through supramolecular
approaches or activation with external stimuli (e.g. light, elec-
trical potentials) that are cell-compatible and allow multiple cycles
of activation,''® as well as on the increasing sophistication of the
SAMs platforms (e.g., automation, robotisation), interfaced with
mass spectrometry analytics,”*® to support and advance high
throughput screening (HTS) programs'** of large peptide libraries

This journal is © The Royal Society of Chemistry 2024
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in drug discovery and diagnostics. The findings from these early
studies revealed new potential applications, notably biosensing. In
fact, the application of peptide-SAMs in biosensing has been an
active area of research in recent years, as demonstrated in Table 3,
integrating the knowledge and expertise generated from landmark
studies on peptide-SAMs (e.g., zwitterionic peptides for antifouling
surfaces). Another emerging applicational area of peptide-SAMs is
in electron transfer with direct implications for the development of
peptide-based bioelectronics, a research area still at its infancy.>®
The advent of molecular and supramolecular electronics-based
technologies will likely benefit by creating synergies with peptide-
based platforms like SAMs, especially as SAMs-based technologies
gain increasing attention including active molecular device layers
and multifunctional SAMs which fulfil several layer functions of a
device within one monolayer.>***%”

The diversity of peptide lengths and designs included in this
review (Tables 1-3) attest the versatility of peptides for the
development of SAMs and their adoption by scientific commu-
nities not specialized in peptide science. As a result, peptide
sequences described in some published works have not been
reported in the correct order (from the N- to C-terminus). In
addition, the identification of the peptide anchoring mode and
orientation, as well as the rationale behind the substrate
selected, were sometimes not sufficiently clear, limiting the
accurate reporting of details necessary to enhance the compre-
hension by readers less familiarised with the subject and
facilitate the uptake of the peptide designs in further studies.
Therefore, greater attention is recommended to ensure peptide
sequences are presented in a consistent and accurate fashion.

Reflecting on what peptides can do for SAMs and vice versa,
it is clear from this review that SAMs are a valuable platform for
the controlled spatiotemporal and reproducible display of
peptides on surfaces, either for screening purposes with a
translational biomedical goal, or for answering biological ques-
tions, such as gaining understanding on peptide-target inter-
actions. On the other hand, peptides offer chemical diversity
and complexity, structural flexibility and dynamic behaviour, a
set of traits not present in conventional SAMs, but crucial to
meet the current demands for advanced cell-based screening
devices, high-precision biological assays, anti-infective surfaces
and sustainable bioelectronics. Although the field of SAMs
seemed dormant, this review is a testimony that the field has
not been stagnated, but rather deviated from its beginnings.
With the discovery of novel peptide sequences by combinator-
ial, high-throughput, and machine learning methods (e.g,
AMPs), and the emergence of applications using renewed
peptide functions (e.g., peptide-assisted genome editing),>%®
as well as the need to provide hierarchical presentation of
epitopes,'”” peptide-SAMs will continue to provide a reliable
platform for in vitro screening of artificial protein mimics that
offers great flexibility for chemical processability, surface ima-
ging and integration of sensors for detection. In fact, this
review was conceived with the idea of reinvigorating the
research on peptide-SAMs by showcasing the numerous trans-
formative contributions made in the field and discussing
emerging directions. While peptides offer an exquisite set of
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properties for applications in SAMs, there is still room for
improvement and unforeseen opportunities to explore. For exam-
ple, the fabrication of reversible surfaces using peptide-SAMs is
an area not yet extensively exploited, but would pave the way for
the creation of surfaces with tuneable fluidity and restorability
(multiple uses) with great value for cell culture and biosensing
applications, respectively. Another opportunity in peptide-SAMs
would be the use of coiled peptides as molecular springs in
sensors for measuring cell forces involved in cell adhesion."*®
With active and eager researchers working across peptide and
biomedical sciences, the field of peptide-SAMs is intriguing, with
new developments and trends expected in the near future.

Abbreviations

2D Two-dimensional

3D Three-dimensional

ADSC Adipose-derived stem cells

AFP Alpha fetoprotein

Ahx Aminohexanoic acid

Aib 2-Aminoisobutyric acid

Ala, A I-Alanine

Alb Albumin

AMPs Antimicrobial peptides

APN Aminopeptidase N

APTES 3-(Aminopropyl)-triethoxysilane

Arg, R l-Arginine

Asn, N l-Asparagine

Asp, D l-Aspartic acid

ATP Adenosine triphosphate

ATs Alkanethiols

ABO, AB(1-42) PB-Amyloid oligomer

BAI Biomaterials-associated infections

BFP-1 Bone forming peptide-1

BMHP1 Bone marrow homing peptide 1

BMP-7 Bone morphogenetic protein-7

Boc Butyloxycarbonyl

BoNT/A Botulinum neurotoxin type A

BQ Benzoquinone

BSA Bovine serum albumin

CA Chronoamperometry

CASP3 Caspase-3

CB[8] Cucurbit[8]uril

CM Cecropin-mellitin peptide hybrid

Coll Collagen

Coll-I1 Collagen type 1I

Cp Cyclopentadiene

CPAD 4-Cyano-4-(phenylcarbonothioylthio)-
pentanoic acid

CPTES 3-(Chloropropyl)-triethoxysilane

CS-GQDs Chitosan-graphene quantum dots

CuAAC Copper(i)-catalysed azide-alkyne cycloaddition

CV Cyclic voltammetry

Cys, C 1-Cysteine

Cyt c Cytochrome c
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DIPEA
DMNPB
DNA
DPG
DPV

EC
ECM
ECz
EDC

EGFR
EIS
ELR
EPR
ES

ET

Fc
FcMMAs
Fib
FN
FT-IR
GAGs
GCE
GF
Gln, Q
Glu, E
Gly, G
GO
GPCRs
HA
HATU

hACs
Hep
HepG2
His, H
HIV-1 IN
HIV-1 PR
HIV-1 RT

hMSCs
HNE
HQ
HSA
HTS
HUVECs
IgE
IgG
Ile, I
Leu, L
Lipo
LN
LRG1
Lys, K
Lyz
MB

Diisopropylethylamine
3-(4,5-Dimethoxy-2-nitrophenyl)-2-butyl
Deoxyribonucleic acid

Alpha-2 deamidated gliadin peptide
Differential pulse voltammetry

Human embryonal carcinoma cells
Extracellular matrix

N-Ethylcarbazoyl

1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimide
Epidermal growth factor receptor
Electrochemical impedance spectroscopy
Elastin-like recombinamer

Electron paramagnetic resonance
Human embryonic stem cells

Electron transfer

Ferrocene
Ferrocenylmethylmethacrylates
Fibrinogen

Fibronectin

Fourier Transform infrared spectroscopy
Glycosaminoglycans

Glassy carbon electrode

Growth factor

I-Glutamine

I-Glutamic acid

Glycine

Graphene oxide

G-Protein-coupled receptors

Hyaluronan
2-(1H-7-Azabenzotriazol-1-y1)-1,1,3,3-
tetramethyl uranium hexafluorophosphate
Human articular chondrocytes

Heparin

Human hepatocellular carcinoma
I-Histidine

Human immunodeficiency virus type-1 integrase
Human immunodeficiency virus type-1 protease
Human immunodeficiency virus type-1 reverse
transcriptase

Human mesenchymal stem cells
Human neutrophil elastase
Hydroquinone

Human serum albumin
High-throughput screening

Human umbilical vein endothelial cells
Immunoglobulin E

Immunoglobulin G

I-Isoleucine

I-Leucine

Lipoic acid

Laminin

Leucine-rich o-2-glycoprotein-1

I-Lysine

Lysozyme

Methylene blue
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Mb
Met, M
MMP
MPA
MSCs
MUA
MV

NHS
NG

Nle
NPs
OFETs
PANI
PBLG
PEG
PGs
Phe, F
PKA
PLGA
PNA
GalNACT
Pro, P
PSA
Pyr
QCM-D
RAFT

RNA
ROS
RP-HPLC

SA
SAMs
SBPs
SCC
Ser, S
SMCC

SPAAC
SPE
SPPS
SPR
SWv
TB
TEOA
TGF-p1
The
Thr, T
TN
TOAC

Trp, W
Tyr, Y
VACNF
val, V
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Mioglobin

1-Methionine

Matrix metalloproteinase
3-Mercaptopropionic acid

Mesenchymal stem cells
11-Mercaptoundecanoic acid

Methyl viologen, 1-1’-dimethyl-4,4"-bypyridinium
dichloride

N-Hydroxysuccinimide

Nanogenerator

Norleucine

Nanoparticles

Organic field-effect transistors

Polyaniline

Poly(y-benzyl l-glutamate)

Poly(ethylene glycol)

Proteoglycans

l-Phenylalanine

Protein kinase

Poly(l-glutamic acid)-based amphiphile
Peptide-nucleic acid

N-Acetylgalactosaminyl transferase

1-Proline

Prostate-specific antigen

Pyrenyl

Quartz crystal microbalance with dissipation
Reversible addition fragmentation chain-transfer
polymerisation

Ribonucleic acid

Reactive oxygen species

Reverse phase high performance
chromatography

Streptavidin

Self-assembling monolayers

Solid binding peptides

Squamous cell carcinoma

l-Serine
Succinimidyl-4-(N-maleimido-
methyl)cyclohexane-1-carboxylate
Strain-promoted alkyne-azide cycloaddition
Screen printed electrode

Solid phase peptide synthesis

Surface plasmon resonance

Square wave voltammetry

Thrombin

Triethanolamine

Transforming growth factor-1

Thioctic acid

-Threonine

liquid

Tenascin
2,2,6,6-Tetramethylpiperidine-1-oxyl-4-amino-
4-carboxylic acid

I-Tryptophan

l-Tyrosine

Vertically aligned carbon nanofibers

l-valine
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VEGF Vascular endothelial growth factor
VEGFR VEGF receptor

VN Vitronectin

WHO World Health Organisation

XPS X-ray photoelectron spectroscopy
BGalT B-1,4-Galactosyl transferase

uCP Micro-contact printing
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