Advances in Experimental Medicine and Biology 1030

Anwar Sunna
Andrew Care
Peter L. Bergquist Editors

Peptides and
Peptide-based
Biomaterials and
their Biomedical
Applications

@ Springer



Advances in Experimental Medicine
and Biology

Volume 1030

Editorial Board

IRUN R. COHEN, The Weizmann Institute of Science, Rehovot, Israel
ABEL LAJTHA, N.S. Kline Institute for Psychiatric Research, Orangeburg,
NY, USA

JOHN D. LAMBRIS, University of Pennsylvania, Philadelphia, PA, USA
RODOLFO PAOLETTI, University of Milan, Milan, Italy

NIMA REZAEI, Tehran University of Medical Sciences Children’s Medical
Center, Children’s Medical Center Hospital, Tehran, Iran



More information about this series at http://www.springer.com/series/5584


http://www.springer.com/series/5584

Anwar Sunna * Andrew Care
Peter L. Bergquist
Editors

Peptides

and Peptide-based
Biomaterials and their
Biomedical Applications

@ Springer



Editors

Anwar Sunna Andrew Care

Department of Chemistry and Department of Chemistry and
Biomolecular Sciences Biomolecular Sciences
Macquarie University Macquarie University

North Ryde, NSW, Australia North Ryde, NSW, Australia
Biomolecular Discovery and Design ARC Centre of Excellence for
Research Centre Nanoscale BioPhotonics (CNBP)
Macquarie University Macquarie University

North Ryde, NSW, Australia North Ryde, NSW, Australia

Peter L. Bergquist
Department of Chemistry and
Biomolecular Sciences
Macquarie University

North Ryde, NSW, Australia

Biomolecular Discovery and Design
Research Centre

Macquarie University

North Ryde, NSW, Australia

Department of Molecular Medicine

& Pathology

Medical School, University of Auckland

Auckland, New Zealand

ISSN 0065-2598 ISSN 2214-8019  (electronic)
Advances in Experimental Medicine and Biology

ISBN 978-3-319-66094-3 ISBN 978-3-319-66095-0  (eBook)

https://doi.org/10.1007/978-3-319-66095-0
Library of Congress Control Number: 2017954955

© Springer International Publishing AG 2017

This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or
part of the material is concerned, specifically the rights of translation, reprinting, reuse of
illustrations, recitation, broadcasting, reproduction on microfilms or in any other physical way,
and transmission or information storage and retrieval, electronic adaptation, computer software,
or by similar or dissimilar methodology now known or hereafter developed.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this
publication does not imply, even in the absence of a specific statement, that such names are
exempt from the relevant protective laws and regulations and therefore free for general use.

The publisher, the authors and the editors are safe to assume that the advice and information in
this book are believed to be true and accurate at the date of publication. Neither the publisher nor
the authors or the editors give a warranty, express or implied, with respect to the material
contained herein or for any errors or omissions that may have been made. The publisher remains
neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Printed on acid-free paper
This Springer imprint is published by Springer Nature

The registered company is Springer International Publishing AG
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland


https://doi.org/10.1007/978-3-319-66095-0

Preface

The chapters in this volume demonstrate that peptides in various forms have
been used increasingly over the past decade as molecular building blocks in
nanobiotechnology. Biologically, their isolation has been facilitated by the
creation of combinatorial libraries based on expression by bacteriophage
(usually M13) and bacterial display systems (usually by Escherichia coli).
Many of these peptides show selectivity and bind with high affinity to the
surfaces of a diverse range of solid materials, e.g. metals, metal oxides, metal
compounds, magnetic materials, semiconductors, carbon materials, polymers
and minerals. These solid-binding peptides can direct the assembly and func-
tionalisation of materials and have the ability to mediate the synthesis and
construction of nanoparticles and complex nanostructures. The field is being
influenced by the design and construction of solid-state synthetic peptides
and the possibility of altering folding patterns, for example, by the incorpora-
tion of ‘unnatural’ 3-amino acids that are without some of the constraints of
natural a-amino acids.

Self-assembling biomolecules to create nanoscale-ordered templates have
emerged as an important area in nanotechnology. Peptides are particularly
attractive as molecular building blocks because their structure, folding and
stability have been studied in detail already along with measuring equipment
developed for the study of surface chemistry in other systems. Self-assembling
peptides can adopt diverse 3-D architectures such as vesicles, micelles,
monolayers, bilayers, fibres, tubes, ribbons and tapes. Importantly, short pep-
tides can be produced easily by standard chemical synthetic methods, thus
avoiding the overall complexities of synthesising large proteins. Their bio-
compatibility makes them ideal candidates for the stabilisation of enzymes,
as used in biosensors, for example.

In this volume, we have collected chapters from researchers investigating
both basic and applied questions that are of contemporary interest in the
development of the rules governing small peptides that have shown promise
in applications from biosensors to anticancer agents capable of penetrating
cellular membranes of mammals. The importance of biomolecular self-
assembly on solid materials and molecular recognition plays a critical role in
biological interactions and has become recognised increasingly as essential
in many biomedical situations.

The chapter by Shiba sets the scene by describing the overall requirements
for peptides to act as surface functionalisation agents to create ‘programma-
ble biosurfaces’ with the implication that the surfaces are endowed with
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specific biological functions that are active and derived from either natural or
artificial peptide sequences. They are identified by those that bind selectively
to a given target. Cell-penetrating peptides that bind to cell membranes
including ones that can recognise membrane vesicles with highly curved sur-
faces that may play a role in devices that are designed for the differentiation
of subclasses of extracellular vesicles are of interest. The chapter has a com-
mentary on the four methods of immobilising the peptides on surfaces, and
the author concludes that the main advantages of the utilisation of peptides
for surface functionalisation are their definability and programmability.

Care et al. describe the isolation and application of peptides isolated from
combinatorial libraries involving M13 that are able to bind to metal and min-
eral surfaces with emphasis on inexpensive matrices derived from silica.
These solid-binding peptides provide simple and flexible bioconjugation
methods that avoid conventional chemical techniques that may cause biomol-
ecules to attach to surfaces with altered conformations and random orienta-
tions that cause a loss of activity. The authors have utilised a fusion protein,
Linker-Protein G (LPG), as an anchoring point for the orientated immobilisa-
tion and functionalisation of nanomaterials with antibodies in a range of
applications such as capture, detection and imaging and for the functionalisa-
tion of lanthanide-doped upconversion nanocrystals (UCNCs) which have
considerable potential as probes and delivery vehicles for imaging, diagnos-
tics and therapeutics. The chapter describes examples such as the controlled
synthesis of nanomaterials and nanostructures, formation of hybrid biomate-
rials, immobilisation of functional proteins and improved nanomaterial
biocompatibility.

A critical review is provided by Walsh of the fundamental knowledge gaps
that need to be resolved before unambiguous molecular simulations can be
proposed for the binding of peptides to surfaces rather than a compendium of
solutions based on current data in the literature. Much current information is
defective in that physiologically relevant conditions have not been part of the
modelling and two specific surfaces are used to illustrate the extent of the
lack of pertinent data and what studies need to be done to fill the gap.
However, the successful implementation in current medical applications is
largely on a trial-and-error basis, and molecular simulation approaches can
complement experimental characterisation techniques and provide relevant
details at the atomic scale.

Seoudi and Mechler discuss the design principles relating to self-assembled
nanomaterials based on peptides that are centred on bottom-up nanofabrica-
tion through small molecule precursors using standard thermodynamic prin-
ciples so that energy minimisation of smaller molecules drives the formation
of larger, well-ordered structures. They examine the role of non-covalent
interactions in the self-assembly of peptides and discuss the bio-inspired
nature of the components for construction of more complex formats and the
role that unnatural B-peptides could play in bottom-up self-assembly.

The Williams group chapter provides a comprehensive account of bio-
printing and biofabrication processes that have been evoked by the potential
offered by regenerative medicine with possibilities offered for organ repair or
replacement, drug delivery and tissue engineering in general. A major
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challenge is the development of a suitable matrix that can carry out the func-
tions of the extracellular matrix to provide the appropriate behavioural cues
to cells as well as physical support. Techniques are being developed to print
blends of biomaterials including living cells in suspension as hydrogels
(termed ‘bio-inks’) that protect cells during the printing process. They record
that the procedures outlined have found use in both organ engineering and
non-organ tissue engineering applications.

The chapter by Horsley and co-workers deals with the application of pep-
tides as bio-inspired molecular electronic materials and the need to under-
stand the unique electronic properties of single peptides in biology. They
describe several factors known to influence electron transfer in peptides and
provide a case study illustrating the function of peptides in electronics and the
need to understand what controls the mechanism of charge transfer as a key
requirement to realise the application of peptides as molecular electronic
materials.

How cartilaginous tissue offers special problems relating to regeneration
after injury as it does not contain vascular or nervous elements is described in
the chapter by Hastar et al. Consequently, scaffolds formed by biomaterials
are promising tools for cartilage regeneration. The extracellular matrix is
responsible for the lubrication and articulation functions of cartilage and
scaffolds that mimic the extracellular matrix can serve as a temporary replace-
ment for cartilage tissue. Modified polymers can recruit mesenchymal stem
cells to the damaged area with the aid of specific peptides as well as supply-
ing the environmental conditions necessary for cartilage regeneration. These
scaffolds must be biocompatible and biodegradable to eliminate immuno-
genic responses and exhibit the mechanical properties of newly-formed carti-
laginous tissue for new tissue support and provision of signals for cellular
recruitment and differentiation.

Ulapane et al. address the role of peptides in drug delivery to cancer cells,
primarily to lower side effects, but especially their selective ability in binding
to the appropriate receptors targeted. Some active peptides have been derived
from endogenous molecules such as endorphins and oxytoxin, while others
have been derived from the active regions of much larger proteins, for exam-
ple, the Arg-Gly-Asp (RDG) sequence derived from a number of extracellu-
lar matrix proteins that is recognised by various receptors on the cell surface.
They remark on the use of cell-penetrating peptides (CPPs) as possible
peptide-drug conjugates for therapeutic cancer treatment and discuss several
complex examples. An interesting discussion follows on the possibility of
using peptides to enhance the paracellular permeation of molecules the size
of drugs.

Peptide lipidation is a promising strategy to improve pharmacokinetic and
pharmacodynamic profiles of peptide-based drugs. Self-adjuvanting peptide-
based vaccines commonly utilise the powerful TLR2 agonist Pam,Cys lipid
to stimulate adjuvant activity. The chemical synthesis of lipidated peptides
can be challenging and time-consuming. Accordingly, efficient synthetic
chemical routes to access homogeneous lipid-tagged peptides are of consid-
erable interest. The Brimble group describes the occurrence of natural exam-
ples of peptide lipidation found with microorganisms as candidates for the
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generation of novel compounds with improved pharmacokinetic and
pharmacodynamic characteristics. In particular, there is a focus on synthetic
approaches allowing the incorporation of Pam,Cys-based Toll-like receptor 2
lipidated ligands into peptides with the possibility of generating self-
adjuvanting vaccine constructions. Protein lipidation is not uncommon in
nature, and naturally derived peptides have been optimised synthetically in
the quest for effective peptide-based drug candidates, and there is a compre-
hensive evaluation of the Pam, Cys ligand as an adjuvant for peptide-based
vaccines.

Animal venoms are a valuable source of novel therapeutic peptides. The
chapter by Daniel and Clark on cone snails and their potent and fast-acting
paralytic venoms describes the discovery and application of the short bioac-
tive peptide molecules responsible for the rapid inhibition of neuromuscular
currents in animal tissues. Conus venoms comprise an astoundingly diverse
cocktail of peptide toxins (conopeptides) that are potent and highly selective
modulators of important neurophysiological ion channels, G-protein-coupled
receptors (GPCRs) and membrane transporters. Various synthetic approaches
that have been used to engineer conotoxin analogues with improved struc-
tural and pharmacological properties are outlined.

Cell-penetrating peptides (CPPs) have received significant attention due to
their inherent ability to cross plasma membranes or to facilitate the cellular
entry of drug molecules, macromolecules and nanoparticles into cells.
However, despite their versatility for delivery of drug cargoes, their non-
selectivity and lack of efficiency have led to research promoting rational
design using CPPs as a building block for nanostructure formation by way of
self-assembly providing functionality for intracellular delivery. The chapter
on the uptake mechanisms for cell-penetrating peptides (CPPs) by Gestin
et al. comments on their extensive use for delivering cargoes unable to cross
the cell membrane and describes numerous cell-penetrating peptides offering
a wide library of structures. The uptake mechanisms of CPPs and their respec-
tive cargoes are poorly understood although they have been employed exten-
sively to transport cargo molecules. The authors discuss the roles of
compounds such as heparan sulphate proteoglycans and neuropilin-1 in the
uptake of CPPs and their cargoes and the association of peptide motifs with
the energy-independent pathway and several variations on the process of
endocytosis.

Shi et al. describe strategies for the design of self-assembling CCP hydro-
phobic conjugates and their manipulation for enhanced intracellular delivery.
They review the design of self-assembling CPPs as conjugates, first by add-
ing appropriate hydrophobic segments such as lipid tails to the CPP sequence
(which is hydrophilic). A second method uses the formation of hydrogen
bonding and m-x stacking to drive the assembly process. They discuss how
CPP drug conjugates can be formed readily since the majority of CPPs are
hydrophobic while most therapeutic drugs are hydrophilic and the two com-
ponents are conjugatable by way of a specific linkage that is designed to be
released on its cleavage.

The general inability of proteins to penetrate mammalian cells or specifi-
cally target tumour cells decreases their value as potential therapeutic agents



Preface

for a number of diseases, but recently, cell-penetrating peptides (CPPs) have
been shown to bring about the delivery of therapeutic proteins or peptides
into living cells. Feni and Nuendorf outline the several conjugation proce-
dures used for linking the various ‘cargoes’ — small molecules, peptides, pro-
teins and drugs — by covalent binding with CPPs, most frequently by a
disulphide linkage. They cite the example of the CPP R8 (octaarginine)
conjugated to the anticancer drug taxol via disulphide linkage. Covalent link-
age methods raise the concern that the introduction of the bond between the
CPP and the active cargo may cause alterations in biological activity. As a
result, non-covalent complexes are employed even for the delivery of small
molecule drugs.

Our intention in editing this volume is to create an awareness of the poten-
tial of peptides and to trace how and where the research has emerged and to
outline the opportunities we see to develop novel and validated tools for spe-
cific biomedical therapeutic scenarios. We invite interested researchers to
develop and expand applications of these versatile biomolecules.

North Ryde, NSW, Australia Anwar Sunna
Andrew Care
Peter L. Bergquist
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Programmable Bio-surfaces
for Biomedical Applications

Kiyotaka Shiba

Abstract

A peptide can be used as a functional building block to construct arti-
ficial systems when it has sufficient transplantability and functional
independence in terms of its assigned function. Recent advances in in
vitro evolution systems have been increasing the list of peptides that
specifically bind to certain targets, such as proteins and cells. By prop-
erly displaying these peptides on solid surfaces, we can endow the
inorganic materials with various biological functions, which will con-
tribute to the development of diagnosis and therapeutic medical
devices. Here, the methods for the peptide-based surface functionaliza-
tion are reviewed by focusing on sources of peptides as well as meth-
ods of immobilization.

Keywords
Peptide aptamer © In vitro evolution ¢ Artificial peptide ® Motif programing

* Material surface * Diagnostic * Exosome

1.1 Introduction

The functionalization of surfaces of materials
employs three major approaches: physical, chem-
ical, and biological. In the biological functional-
ization of material surfaces, various biomolecules,

K. Shiba (<)

Division of Protein Engineering, The Cancer Institute
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Ariake, Koto, Tokyo 135-8550, Japan

e-mail: kshiba@jfcr.or.jp

© Springer International Publishing AG 2017

including proteins, peptides, DNA, RNA, sugar,
and lipids, can be used as material units for exert-
ing certain biological functions. Among them, in
this review, peptides are focused on, and current
state-of-the-art peptide-based bio-surfaces are
introduced.

“Programmable bio-surfaces” represent the
material surfaces that are endowed with cer-
tain biological functions by peptide immobili-
zation. “Programmable” implies the elasticity
of peptide-based functionalization, i.e., we
can not only select the functional peptides
from natural sources, but also even create arti-

A. Sunna et al. (eds.), Peptides and Peptide-based Biomaterials and their Biomedical Applications,
Advances in Experimental Medicine and Biology 1030, https://doi.org/10.1007/978-3-319-66095-0_1
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ficial peptides using an in vitro evolution sys-
tem. If a peptide has sufficient transplantability
and functional independence in terms of its
assigned function, we can recuperate the func-
tion on the surface of the materials (Shiba
2010b).

Figure 1.1 shows four main technical elements
that must be considered to make bio-surfaces
using peptides. “Peptides” represent the source of
peptides to be used. They may be selected from
natural sources and can be artificially created by
appropriate methodologies. The “Function” is
exerted by an immobilized peptide. The primary
function of peptides is specific binding. All bio-
logical activities rely on this specific binding
between biomolecules.

When we make bio-surfaces with peptides, we
must first consider which function of peptides is
needed to realize certain functionalities. If
needed, we can create novel peptides having the
necessary affinity. Then, an appropriate method
of “Immobilization” is required, by which pep-
tides are anchored on the surfaces of materials.
And, “Material” is the one, on which peptides are
immobilized. Below, sources of peptides and
methods of immobilization will be descried in
detail, referring to peptide functions and materi-
als to be surface modified.

—
o %
‘,

Immobilization
Fig. 1.1 Four technical elements that are discussed for
programmable bio-surfaces

1.2  Sources of Peptide

Here, the sources of peptides that are immobi-
lized on material surfaces are discussed. Although
the difference between peptides and proteins is
elusive, in this review, a peptide is defined as an
amino acid polymer whose length is within the
range of chemically synthesizable ones (current
peptide synthesis technologies allow for the
robust synthesis of peptides having 50 residues or
s0). In this definition, a peptide is not necessary
chemically synthesized. Short polypeptides that
are prepared from fragmentation and fraction-
ation from natural proteins are also regarded as
peptides. This definition of a peptide also includes
those that have non-natural amino acids and those
with chemical modifications. As shown in
Fig. 1.2, the sources of peptides for bio-surfaces
can be summarized into two major categories:
natural and artificial, depending on whether their
sequences are extracted from natural polypep-
tides or artificially created by researchers.

1.2.1 Natural Peptide

Organisms produce various biologically func-
tional peptides (Kastin 2006). Examples include
peptidic  hormones, bactericidal peptides
(Mahlapuu et al. 2016), anti-freezing peptides,
mineralization peptides (Weiner and Hood 1975;
Mann 2001), venom peptide (Vetter et al. 2011),
gene regulating peptides (Lauressergues et al.
2015) and communication peptide of virus (Erez
et al. 2017). These natural peptides are produced
from the translation of short open reading frames
on the genome, from post translational process-
ing from larger precursors, or from non-ribosomal
peptide synthesis (Weissman 2015). As an exam-
ple of the usage of natural peptides in bio-
surfaces, Yoshinari et al. have used histatin 5, an
antimicrobial peptide secreted from the human
salivary gland (Oppenheim et al. 1988), for the
purpose of functionalizing the surface of titanium
implants by fusing the peptide to an artificial pep-
tide having an affinity to titanium (see Sect. 1.2.3)
(Yoshinari et al. 2010).



1 Programmable Bio-surfaces for Biomedical Applications 3

Fig.1.2 Sources of
peptides used to make
bio-surfaces
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1.2.2 Peptide Derived from Natural
Protein

In some cases, the function of a protein, or a part
of the function of a multifunctional protein, can
be attributed to a short stretch of a peptide
sequence contained in the protein sequence

from pool of peptides
having random sequences
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(Fig. 1.2). Biochemical or genetical methodolo-
gies are used for the identification of the peptide
sequence. The identified peptide often recapitu-
lates the function of its parental protein by itself
(as a peptide); furthermore, the function can be
transferred to other molecules including not only
polypeptides, but also various non-peptidic
molecules. This kind of short peptide sequence is
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usually called a “motif” or “peptide motif” (Shiba
2010a, b). One well-known example is the “Arg-
Gly-Asp (RGD)” triplet peptide, which is con-
tained in some of the extracellular matrix (ECM)
proteins, including fibronectin, vitronectin, col-
lagen, laminin, and sialoprotein I (osteopontin)
among others (Lawler et al. 1988). This triplet
sequence plays a pivotal role in cells’ attachment
to the matrix, in which proteins expressed on the
surface of cells (such as integrin) recognize the
RGD motif in the matrix, and has been used as a
block unit to fabricate bio-surfaces for cell propa-
gation (Houseman and Mrksich 1998). Similarly,
other peptides are extracted from ECM proteins
and have been used to endow the surfaces of
materials with cell attachment activities
(Melkoumian et al. 2010; Klim et al. 2010). In
some cases, these natural protein-derived pep-
tides were exploited to peptidic pharmaceuticals
(Lima e Silva et al. 2017).

1.2.3 Artificial Peptide

Artificial peptides can be defined in several ways.
In their broadest definition, they may represent
peptides that do not exist in nature. Peptides pre-
pared from the enzymatic or genetic dissection of
natural proteins can be regarded as artificial pep-
tides, as the fragmented form is not observed in
the natural conditions. Another definition of arti-
ficial peptides is peptides that contain non-natural
amino acids. When peptides are chemically syn-
thesized, any amino acid unit other than the 20
standard amino acids that are assigned by genetic
codes can be incorporated to make artificial pep-
tides. Recent advances in synthetic biology have
even enabled us to make this type of artificial
peptide using living cells that have a genomically
re-coded translation system (Young et al. 2011;
Lajoie et al. 2013). In addition, various chemical
modifications are post-translationally introduced
into peptides to enhance peptides’ activity (Ng
et al. 2012). Alternatively, these modifications
can be incorporated using modified amino acids
as the building blocks during peptide synthesis.

Thus, “artificial” can be defined in several
ways depending on the frameworks of the
research field. In this review, an “artificial pep-
tide” is defined as a peptide whose sequences are
not identical to natural peptides or parts of natu-
ral proteins. Artificial peptides can be created in
two ways: via rational design or an in vitro evolu-
tion system (Fig. 1.2).

Rational design is an approach employed in
protein engineering, in which researchers have
been trying to design artificial peptides based on
the accumulated knowledge on the relationship
between the structure and function of proteins or
peptides (Ulmer 1983). The recent admirable
extension of computing capabilities has enabled us
to freely design almost any peptide that forms spe-
cific three-dimensional conformations (Bhardwaj
et al. 2016). Of course, in the designing process,
people avoid any resemblances in their sequences
between designed peptides and natural proteins.

The other approach for the creation of artifi-
cial peptides is to use an in vitro evolution sys-
tem (Szostak 1992; Shiba 1998). In this
approach, an artificial peptide is created from
pools of peptides having random sequences
(Fig. 1.2). More specifically, an artificial peptide
is “selected” from a naive library of peptides. A
random peptide library can be prepared from the
combinatorial chemical synthesis of peptides
(Gallop et al. 1994; Gordon et al. 1994).
However, in most cases, the pool of random pep-
tides is prepared by the translation of near-ran-
dom DNA sequences, as the synthesis of random
sequences of DNA is much easier than that of
peptides. One of the in vitro evolution systems
for peptides that was established in the early
1990s and has been widely employed is a
“phage-display peptide library system” (Fig. 1.3)
(Cwirla et al. 1990; Scott and Smith 1990;
Devlin et al. 1990). In this system, near-random
sequences of DNA (they are not random, but are
skewed to reduce the appearance of translation
termination codons) are inserted into the phage
(bacterial virus) genome so inserted random
sequences can be translated as fusion proteins to
the phage’s coat proteins. The formula of the
M13 (fd) phage and its gp3 coat protein is fre-
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quently used, but other combinations of phages
and their proteins have been also established
(Sternberg and Hoess 1995; Mikawa et al. 1996;
Kozlovska et al. 1996; Mottershead et al. 1997;
Castagnoli et al. 2001; Danner and Belasco
2001), or microorganisms and their proteins
(Agterberg et al. 1990; Georgiou et al. 1996; Lu
et al. 1995; Boder and Wittrup 1997; Samuelson
et al. 2002). Typically, 7- or 12-mer peptides are
displayed on the surface of a phage. Each phage
displays few molecules of peptides having an
identical sequence that is translated from the
phage genome packaged within the phage parti-
cles. Therefore, after repeating evolution cycles
(“binding”, “washing”, “eluting” and “amplifi-
cation”) to concentrate strong binders, the
sequence of peptides that are displayed on the
binders can be easily deduced from the sequenc-
ing of the portion of inserted DNA in the genome
(Barbas III et al. 2001) (Fig. 1.3).

The limitation of the peptide phage library
system is the size of its library and its incapabil-
ity of incorporating non-standard amino acids.
The system uses bacteria (Escherichia coli) to
propagate phages, and the size of the library (i.e.,
molecular diversity of peptide) is limited by the
efficiency of DNA’s incorporation into bacterial
cells. A typical commercial peptide phage library
has a diversity of approximately 10°. In addition,
it is generally very difficult to use a non-standard
amino acid as a building block in this system. To
overcome this limitation, various types of cell-
free in vitro evolution systems have been pro-
posed, by which larger molecular diversities have
been achieved and non-natural amino acids have
been incorporated in peptides (Mattheakis et al.
1994; Hanes and Pluckthun 1997; Nemoto et al.
1997; Roberts and Szostak 1997; Lipovsek and
Pluckthun 2004; Rogers and Suga 2015).

The artificial peptides created from these in
vitro evolution systems generally have the activ-
ity of “specific binding,” which is often called
“peptide aptamer.” The word “aptamer” was first
coined to represent in vitro evolved RNA mole-
cules that have a specific binding ability
(Ellington and Szostak 1990), but it also includes
DNA (Ellington and Szostak 1992) and peptide
aptamers (Colas et al. 1996). To date, tremendous

amounts of peptide aptamers have been created
(He et al. 2016), the targets of which include not
only biomolecules such as proteinous receptors,
but also inorganic materials such as oxidized iron
(Brown 1992), semiconductor (Whaley et al.
2000), titanium (Sano and Shiba 2003), carbon
nanotubes (Wang et al. 2003; Kase et al. 2004),
conducting polymer (Sanghvi et al. 2005), among
others (Shiba 2010a; Seker and Demir 2011; He
et al. 2016; Thota and Perry 2016). The aptamers
that recognize non-biological molecules are often
called “genetically engineered peptides for inor-
ganics (GEPI)” (Sarikaya et al. 2003), “solid
binding peptides (SBPs)” (Baneyx and Schwartz
2007; Care et al. 2015), or “material binding pep-
tides (MBPs)” (Hattori et al. 2008; Seker and
Demir 2011). These peptide aptamers should
play a pivotal role in making programmable bio-
surfaces due to their programmability.

1.3  Functions of Peptides
Figure 1.4 summarizes the functions of peptides
that are immobilized on bio-surfaces. Natural
peptides are often assigned their biological func-
tions such as hormone and antibacterial activities.
When we seek the molecular mechanisms that
underlie these biological functions of peptides,
the first step of the complexed biological reaction
should be the specific interaction between the
peptide and its target. Therefore, the major func-
tion of peptides that we should focus on should be
specific binding. In this vein, a peptide aptamer is
an ideal tool for programmable bio-surfaces
because it is created as binders. Of course, bind-
ing itself may be insufficient for provoking the
following complexed biological reaction after
binding. However, as shown in the case of the
development of a peptide-based erythropoiesis-
stimulating drug (Wrighton et al. 1996; Fan et al.
2006), peptide aptamers can be a good starting
material, onto which further function can be
appended to evoke the signaling pathway of the
erythropoietin receptor.

Although the details of underling mecha-
nisms have not yet been well understood, some
bactericidal peptides seem to directly bind to
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lipid membranes, followed by the destruction
of the membrane integrity (Hong and Su 2011;
Mahlapuu et al. 2016). Several cell-penetrating
peptides have been identified from natural pro-
teins, or by rational design, which are also
examples of peptide-interacting lipid bilayers
(Kauffman et al. 2015). Rational design based
on the natural proteins that sense membrane
curvature has created an artificial peptide that
recognizes membrane vesicles with highly
curved surfaces (Saludes et al. 2012; Morton
et al. 2013). These membrane-recognizing pep-
tides are expected to play important roles in the
bio-surface of devices that differentiate sub-
classes of extracellular vesicles or exosomes
(Morton et al. 2013).

Anti-freezing peptides modulate the crystalli-
zation of water (Baardsnes et al. 2001). Similarly,
many natural peptides have been proposed to be
involved in biomineralization, i.e., the controlled
crystallization of inorganic materials by organ-
isms (Weiner and Hood 1975; Mann 2001).
Interestingly, artificial peptides that have been
created as binders to inorganic material often
possesses the modulating activity for mineraliza-
tion (Sano et al. 2005b). Using this bifunctional-
ity of peptides, the formation of a mineral layer
on the surface of materials has been proposed
(see below).

Most peptides have the capacity to self-
assemble into higher-ordered structures under
appropriate conditions. In this vein, all peptides
should be bifunctional or multi-functional. A
group led by S. I. Stupp has been exploring this
self-assembling capacity of peptides to make
various types of medical devices (Aida et al.
2012). When the self-assembly of material-
binding peptides occurs on the surface of a mate-
rial, it should be very a complex process because
the peptide is involved in both peptide-peptide
interaction and in peptide-surface interaction.
Under the proper conditions, the peptide can con-
tribute to the emergence of an orderly structure
on the surface. So et al. have explored this aspect
of peptides to fabricate the ordered nanostruc-
tures on the surface of graphite by modifying the
sequences of graphite-binding peptides (So et al.
2012). When nano-caged protein particles are

ornamented with a carbon-binding peptide, the
protein particle can make a two-dimension crys-
tal array on the material’s surface (Matsui et al.
2007; Ikezoe et al. 2008).

1.4 Immobilization Methods

In this section, the methods by which peptides
are immobilized on the surfaces of materials are
discussed (Fig. 1.5). There is no universal method
that works for any materials, and different immo-
bilization strategies should be considered depend-
ing on the materials used and the purposes of the
functionalized surfaces.

1.4.1 Physical Adsorption
Nearly all of surfaces of inorganic materials tend
to strongly absorb biomolecules on them when
they are exposed to biological fluids, such as
blood or saliva. This is explained by the high free
energy of material surfaces. Therefore, consider-
able efforts have been devoted to suppressing this
apparently non-specific biding of biomolecules
on material surfaces. At the same time, this inter-
action could be employed as the simplest and the
least expensive approach to peptide immobiliza-
tion. The underlying mechanisms of the physical
interaction between biomolecules and material
surfaces are complex (Israelachvili 2001). Van
der Waals as well as electrostatic interactions
should play pivotal roles, but absorbing reactions
proceed slowly in multiple steps, resulting in the
evolving character of the bio-surface (a typical
example is the slow changing of the biomolecular
corona that is formed on the surface of nanopar-
ticles in body fluids). In this vein, the physical
immobilization of peptides on the surfaces of
inorganic materials contain some uncontrollable
aspects. In a sense, the interaction of peptide
aptamers (see Sect. 1.4.4) with their target sub-
strates is regarded as physical adsorption, although
peptide aptamers have subtle target specificity.
The streptavidin-biotin system is often used to
immobilize peptides or other biomolecules on
materials’ surfaces, wherein the streptavidin is
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coated on the sur-face of materials by physical
adsorption, and then biotinylated peptides or oth-
ers are anchored to streptavidin (Diamandis and
Christopoulos 1991).

1.4.2 SAM-Based Immobilization

The thiol group leads to a strong sulphur-gold
interaction on the surface of gold substrate, which
enabled us to make well-defined self-assembled
monolayers (SAM) of alkanethiolates on gold
substrate (Mrksich and Whitesides 1996; Love
et al. 2005). In 2002, the group of R. M. Corn
immobilized 12-mer epitopic peptides on the sur-
face of gold film through the use of SAM com-
prised of 11-mercaptoundecylamine. With this
epitope-immobilized gold film, they have suc-
ceeded in observing the binding of antibody to
the epitopic peptide via surface plasmon reso-
nance imaging (Wegner et al. 2002). This is an
example in which a bio-surface was applied to
develop a chip-type sensor by quantifying the
interaction between the immobilized peptide and
its target molecule. The group of L. L. Kiessling
has been developing various types of SAM-based
bio-surfaces for providing well-defined microen-
vironments to grow embryonic stem cells in vitro.
For the practical use of ES or iPS in regeneration
medicine, the conditions that allow pluripotent
cells to be cultivated with defined chemicals must
be established (Celiz et al. 2014). The surfaces of
a cultivation apparatus are often coated with
ECM proteins in cell culturing; however, ECM
proteins have complexed compositions and are
difficult to control for quality for clinical use.
Therefore, well-defined peptide-based bio-
surfaces have been expected to substitute ECM-
coated surfaces. Kiessling’s group used not only
peptide derived from natural proteins (Derda
et al. 2007), but also artificial peptides that were
created by a peptide page system as specific cell
binders (Derda et al. 2010). They also prepared a
peptide array on SAM, which contained 500 pep-
tide spots prepared from 18 peptides with differ-
ent densities, and screened the best surface for
supporting the long-term growth of ES cells
(Klim et al. 2010).

1.4.3 Polymer-Based
Immobilization

In SAM-based immobilization, peptides are not
directly anchored on the surface of gold, but con-
jugated to the terminal of alkanethiolates. If a
peptide has the thiol group at its end, it can be
directly immobilized on the surface of gold.
However, the strong and non-specific adsorption
capability of the gold’s surface will mask the
weak but specific binding of the peptide.
Therefore, in developing peptide-based bio-
surfaces, attention must be paid to prevent this
non-specific binding of substrates. Gold, glass,
silicon, polycarbonate, polystyrene, polydimeth-
ylsiloxane, and polypropylene are major sub-
strates by which diagnostic or therapeutic devices
are constructed. Each substrate has its own unique
surface characteristics, and various surface pro-
cessing may affect its adsorption property.
Similar, each peptide has its own specificity and
affinity, which will be affected by its microenvi-
ronment. In certain conditions of a substrate and a
peptide, where the non-specific affinity of a sub-
strate is sufficiently weak to create the specific
affinity of the peptide, simple immobilization will
work as programmable bio-surfaces. For exam-
ple, a peptidic aptamer that binds to urothelial
cells was covalently immobilized on
N-hydroxysuccinimide derivatized glass substrate
via its terminal lysine residue to selectively cap-
ture epithelial cells from urine (Wronska et al.
2014). In this case, a linker of the poly(ethylene
glycol) (PEG) chain was inserted between the ter-
minal lysine residue and the peptide aptamer to
endow the immobilized peptide with flexibility. In
the direct immobilization of peptides, the appro-
priate length and flexibility should be ensured by
linker molecules, such as PEG and polypeptides,
among others. PEG molecules have been prefera-
bly used in making bio-surfaces, because it works
as a flexible linker for the immobilized molecule
and prevents the nonspecific adsorption of bio-
molecules to the substrate (Mrksich et al. 1995;
Houseman and Mrksich 1998; Lahiri et al. 1999;
Hodneland et al. 2002; Houseman et al. 2003;
Meyers and Grinstaff 2012; Hassert and Beck-
Sickinger 2013).
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SAM provides chemically-well defined and
controllable surfaces not only on gold, but also
on silicon wafers and glass slides, among others
(Mrksich and Whitesides 1996; Love et al. 2005).
For these reasons, SAM has played a pivotal role
in developing bio-surfaces. Recently, in addition
to SAM, synthetic polymers have come under the
spotlight as foundation materials for peptide
immobilization. Synthetic polymers have already
been used as surface modification materials for
biomedical materials to support cell growth in
culture dishes (Li et al. 2006; Villa-Diaz et al.
2010; Mei et al. 2010) or to suppress the non-
specific binding of biomolecules on material sur-
faces (Watanabe and Ishihara 2008; Xu et al.
2010; Meyers and Grinstaff 2012). Further func-
tionalization of these synthetic polymers has
been attempted to conjugate peptides to poly-
mers. For instance, research groups from Corning
Inc. and Geron Corporation have conjugated pep-
tides that correspond to parts of natural ECM
proteins (such as bone sialoprotein and to acry-
late polymer to develop a culture flask that allows
the long-term culture of human embryonic stem
cells (Melkoumian et al. 2010).

A methacrylate, 2-methacryloyloxyethyl phos-
phorylcholine (MPC), has a phosphoryl-choline
zwitterionic group and was designed as a mem-
brane-mimicking polymer unit in 1978 (Kadoma
et al. 1978). Hydrophilic zwitterionic molecules
are believed to suppress the non-specific biding of
biomolecules (Holmlin et al. 2001), which has
been demonstrated by the surface modification of
various materials by MPC-derivative polymers
(Sibarani et al. 2007; Watanabe and Ishihara
2008; Xu et al. 2010). In these cases, MPC was
co-polymerized with a hydrophobic polymer unit,
such as n-butyl methacrylate (BMA), with various
ratios to make MPC-based coating agents, in
which the BMA unit is responsible for the physi-
cal interaction with substrates. To further func-
tionalize MPC polymers, an enzyme or antibody
has been conjugated via a doped reactive polymer
unit (Sakai-Kato et al. 2004; Kim et al. 2012).
Similarly, a peptide aptamer to (Shiba et al. 2012)
one of the epithelial cell makers (Litvinov et al.
1994), has been conjugated to MPC-based poly-
mer, to make the coating agent, EpiVeta, which

endows the surfaces of materials with the affinity
to the EpCAM molecule (Shiba et al. 2013).

1.4.4 Aptamer-Based
Immobilization

Targets of peptide aptamers are not limited to
proteins, cells, or organs. Artificial peptides that
have an affinity to inorganic materials, such as
gold (Brown 1997), semiconductors (Whaley
et al. 2000), titanium (Sano and Shiba 2003), car-
bon nanomaterials (Wang et al. 2003; Kase et al.
2004), and polymer films (Sanghvi et al. 2005;
Kumada 2014), have been created from a phage-
display peptide library system or other in vitro
evolution systems. These material-binding pep-
tides have also been employed to make bio-
surfaces. For example, a peptide aptamer that has
an affinity to polypyrrole was conjugated either
to laminin-derived peptide or PEG and has been
used to endow the surface of polypyrrole with an
affinity to neural cells or with stealth properties
(Nickels and Schmidt 2012).

Hexapeptidic minTBP-1 is the minimal
sequence responsible for the titanium binding of
12-mer TBP-1, which was isolated from a
phage-display peptide library system (Sano and
Shiba 2003). This hexapeptide has been
explored to functionalize the surfaces of materi-
als in various ways. As mentioned in Sect. 1.2.1,
the peptide was fused to natural histatin 5 pep-
tide to endow the surface of titanium with anti-
microbial activity, aiming to functionalize the
titanium implant (Yoshinari et al. 2010). The
peptide was also used to immobilize cytokines
on the titanium (Kashiwagi et al. 2009), the goal
of which was to enhance the osseointegration of
titanium. As a property of peptide aptamers, the
interaction between peptides and their targets is
reversible. This is because in the phage-display
peptide library system, binders are usually
detached under acidic conditions to collect.
Thus, peptide aptamers inherently bind to tar-
gets in a reversible manner. This reversible
binding of aptamers is advantageous and disad-
vantageous for making bio-surfaces. The irre-
versible immobilization of signaling molecules
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on solid surfaces prevent the interlunation of the
molecule within cells, which is often required to
evoke the signaling pathway for some biological
activities (Hartung et al. 2006). However, the
strength of this reversible interaction is not suf-
ficient to anchor large molecules on the surface.
Although the strength can be enhanced by mul-
tivalent usages of the peptide, a stronger interac-
tion seemed to be required to functionalize
titanium implant in vivo (Yuasa et al. 2014).

Various combinations of minTBP-1 with
other peptidic motifs have been explored by the
MolCraft system, by which multiple peptide
motifs are programmed to make artificial pro-
teins (Shiba 2004). When minTBP-1 was com-
bined with the RGD motif, it served as a
synthetic matric protein on a titanium plate
(Kokubun et al. 2008). When minTBP-1 was
shuffled with two mineralization-related peptide
motifs derived from dentin matrix protein 1, the
resultant proteins mediated the nucleation of
octacalcium phosphate on titanium substrates
(Tsuji et al. 2010).

Nanostructured cargos including natural and
artificial ones have also been utilized as tethers of
minTBP-1. For natural cargo, the gene for
minTBP-1 was fused with the gene for a subunit
of ferritin (Sano et al. 2005a). Because ferritin
particles are formed from the self-assembly of 24
subunits, 24 copies of minTBP-1 peptides are
displayed on 12 nm of ferritin molecules. As
introduced above, minTBP-1 is a bifunctional
aptamer, which has both the binding activity to Ti
and the mineralization activity for titania and sil-
ica (Sano et al. 2005b). When this recombinant
ferritin was incubated with the substrate that has
the nanoscaled patterns of titanium film on a plat-
inum base, the minTBP-1 displaying ferritin
bound to the titanium-covered regions. Because
only some of the 24 peptides were engaged in
this specific binding (note that 24 peptides are
nearly evenly distributed on spherical surface),
other peptides on ferritin were free to access
chemicals in solution. By taking advantage of the
bifunctionality of minTBP-1, a thin film of titania
or silica was formed on the nanoscaled patterns
(Fig. 1.6). In addition, inner nanospaces of ferri-
tin can serve as a carrier for inorganic nanodots,

which enable us to fabricate a complex nano-
structure on inorganic substrates (Sano et al.
2006, 2007; Sano and Shiba 2008). Similarly, the
3.5 nm nano-cage formed from the self-assembly
of 12 metal ions and 24 chemical ligands was
conjugated with minTBP-1 (Sato et al. 2015).

In addition to TBP-1, several other titanium-
binding peptide aptamers have been isolated, some
of which have been used to make bio-surfaces,
such as PEG-coated (Khoo et al. 2009) and RGD
motif-displayed surfaces (Meyers et al. 2007).

1.5  Utilization of Programmable

Bio-surfaces

Figure 1.7 illustrates some examples in which
programmable bio-surfaces are expected to play
active roles. The area of regenerative medicine
(including tissue engineering and cell-based ther-
apy) could be the one of most promising areas for
programmable bio-surfaces. In this field, well-
defined culturing conditions that allow the pro-
longed propagation of pluripotent cells without
unexpected differentiation need to be established
(Baker 2011; Celiz et al. 2014; Martins et al.
2016). Alternatively, certain surface conditions
will be required to differentiate stem cells into an
appropriate direction in culture dishes. Some
examples of applications in regenerative medi-
cine were introduced in previous sections, in
which protein-derived peptides or peptide aptam-
ers are immobilized on substrate using appropri-
ate immobilization methods (Celiz et al. 2014,
Derda et al. 2007, 2010; Hudalla et al. 2011; Li
et al. 2011; Singh et al. 2014). Such ex vivo cul-
turing of cells is performed in flasks made of
polystyrene, among others, or in microfluidics
devices made of glass, silicon, and polydimethyl-
siloxane, among others. Microfluidics devices
will play an important role in continuously
processing cells. Microfluidics or chip-type
devices are also explored to establish cell-based
or exosome-based diagnostic devices (Shiba
et al. 2013; Pu et al. 2017). For the development
of diagnostic devices, bio-surfaces on semi-
conductive or metal materials will sensitively
detect biomolecules, which will be translated into
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Fig. 1.6 An example of applications of titanium-binding aptamers in bio-surfaces

electronic signals (Pavan and Berti 2012; Cui
et al. 2012). The fabrication of elaborate patterns
is possible using conventional lithographic meth-
odology, which can be translated into nano-
patterned bio-surfaces (Sarikaya et al. 2003;
Sano and Shiba 2008; Tamerler and Sarikaya
2009; Sato et al. 2015).

Programmed bio-surfaces are also applied to
the materials that are used in vivo. Titanium has
already been widely used in dental, orthopedic,
and cardiovascular fields, and further functional-
ization with biological methods has been chal-
lenged (Brunette et al. 2001; Hassert and
Beck-Sickinger 2013; Panayotov et al. 2015). In
addition, mesh (Shao et al. 2012, 2015; Li et al.
2013) or hydrogel (Lin and Anseth 2009;
Gungormus et al. 2010; Hamilton et al. 2013)
made of synthetic polymers or other materials
can be endowed with biological functions with
peptides and has been aimed for use with implant-
able artificial organs or regenerative medical
devices. Alternatively, fibrils with affinity have

been fabricated from peptides (Yolamanova et al.
2013). When nanoparticles are ornamented with
various peptides, they will acquire organ specific-
ity, which will enhance the performance of
nanoparticles in diagnostic imaging or photody-
namic therapy (Cutler et al. 2013; Lee 2013;
Gautam et al. 2014; Chen et al. 2014). Further,
artificial peptides by themselves (Wang et al.
2003; Grigoryan et al. 2011; Li et al. 2015), or
peptide-PEG conjugates (Matsumura et al. 2007;
Matsumura et al. 2009), have been used to endow
hydrophobic carbon nano-materials with hydro-
philicity, preventing the aggregation of the parti-
cles in aqueous conditions.

1.6  Conclusions

The main advantages of the utilization of pep-
tides for surface functionalization are their defin-
ability and programmability. Peptides can be
chemically synthesized in large quantities and
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their quality control is easier than biological
macromolecules such as proteins or polysaccha-
rides. Furthermore, because they are chemical
compounds, methods for conjugations with for-
eign molecules as well as modifications have
been well established. Furthermore, novel pep-
tides having the capacity for specific binding can
be readily created using established in vitro revo-
lution systems. Considering the fact that all bio-
logical activities are based on the specific
molecular recognition between biomolecules,
this programmability of artificial peptides is a
particularly compelling property for developing
functional surfaces. Although peptides have sev-
eral disadvantages in terms of their cost-
effectiveness (Celizetal. 2014) and capriciousness
of exerting their assigned function (Shiba 2010b),
they have unparalleled functionality as a bioma-
terial carrying genetic information. Thus, pep-
tides will play a pivotal role in developing
diagnostic and therapeutic medical devices.
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Abstract

Some peptides are able to bind to inorganic materials such as silica and gold.
Over the past decade, Solid-binding peptides (SBPs) have been used increas-
ingly as molecular building blocks in nanobiotechnology. These peptides
show selectivity and bind with high affinity to a diverse range of inorganic
surfaces e.g. metals, metal oxides, metal compounds, magnetic materials,
semiconductors, carbon materials, polymers and minerals. They can be
used in applications such as protein purification and synthesis, assembly
and the functionalization of nanomaterials. They offer simple and versatile
bioconjugation methods that can increase biocompatibility and also direct
the immobilization and orientation of nanoscale entities onto solid supports
without impeding their functionality. SBPs have been employed in numer-
ous nanobiotechnological applications such as the controlled synthesis of
nanomaterials and nanostructures, formation of hybrid biomaterials,
immobilization of functional proteins and improved nanomaterial biocom-
patibility. With advances in nanotechnology, a multitude of novel nanomate-
rials have been designed and synthesized for diagnostic and therapeutic
applications. New approaches have been developed recently to exert
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a greater control over bioconjugation and eventually, over the optimal and
functional display of biomolecules on the surfaces of many types of solid
materials. In this chapter we describe SBPs and highlight some selected
examples of their potential applications in biomedicine.

Keywords

Bioconjugation  Biomaterials ¢ Functionalization * Biomedicine ¢ Solid-

binding peptides

2.1  Introduction

Solid-binding peptides (SBPs) exhibit selectivity and
high binding affinity towards the surfaces of a wide
variety of solid materials e.g. metals, carbon-based
materials, minerals and polymers (Care et al. 2015).
They can be used in simple applications such as pro-
tein purification after being incorporated into a struc-
tural gene to form a fusion protein, they can be
involved in more sophisticated reactions such as con-
tributing to, or directing, the assembly and function-
alization of inorganic materials and may have the
ability to regulate the synthesis of nanoparticles.
Many nanomaterials suffer from low solubility and
poor biocompatibility, presenting potential safety
concerns for in vivo applications. In addition, con-
ventional bioconjugation techniques such as the
EDC (1-ethyl-3-[3-dimethylaminopropyl]carbodi-
iamide hydrochloride and the NHS
(N-hydroxysuccinamide) esters and maleimide reac-
tions used to functionalize nanomaterials are often
laborious and inefficient, as well as possibly interfer-
ing with the recognition of the immobilized protein
towards its specific receptor or molecular partner.
New approaches have been developed recently to
exert greater control over the bioconjugation, and
eventually, over the optimal and functional display of
biomolecules on the surfaces of many types of solid
materials (Avvakumova et al. 2014). The initial ori-
gin of the study of peptides that could recognize sur-
faces appears to be related to observations made in
late 1988 where two groups reported the use of gene
fusion products that could recognize and bind to
nickel chelates as a method for purifying heterolo-
gously-expressed recombinant protein in E. coli
(Hochuli et al. 1988). This approach was developed

subsequently into a general method for recombinant
protein purification, along with other affinity tags as
competitors but was not exploited at the time as a
general constructive process to generate organic-
inorganic interactions and fusions.

These distinctive peptides have the unique ability
to act as ‘molecular linkers’ that direct the facile and
oriented immobilization of biomolecules onto solid
surfaces to provide biological functionality (Care
et al. 2014a), or as ‘material synthesizers’ that initi-
ate and regulate the synthesis of both simple and
complex materials e.g. nanoparticles (Naik et al.
2002b) (see Table 2.1). Thus, SBPs show increasing
potential as biotechnological tools for a range of bio-
medical applications, including surgical implanta-
tion, drug delivery, vaccine formulation, and
biosensing devices.

2.1.1 SBP Binding and Synthesis

Mechanisms

The binding constants observed between SBPs
and their corresponding solids are often in the
nanomolar to low micromolar range. This high
affinity is the sum of multiple non-covalent inter-
actions that occur under ambient conditions,
including electrostatic interactions, van der Waals
forces, hydrophobic interactions, and hydrogen
bonds (Tang et al. 2013). Furthermore, some SBPs
have been shown to mediate the synthesis of solid
materials with high precision. In this situation,
SBPs lower the surface energies of their target sol-
ids upon binding, which drives thermodynamic
forces that promote the nucleation and growth of
solid materials (Naik et al. 2002b). Nevertheless,
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due to the complex and dynamic nanoenvironment
at the peptide-material interface, many of the
mechanisms involved in SBP recognition, selec-
tivity and affinity remain poorly understood. At
present, the various properties of peptides (e.g.
amino acid composition and sequence, peptide
structure and physicochemistry) in combination
with the surfaces of solid materials (e.g. crystallin-
ity, charge and topology) and the surrounding
solution (e.g. water) are known to influence bind-
ing (Corni et al. 2013; Goede et al. 2004; Nel et al.
2009; Tang et al. 2013).

2.1.2 Isolation of SBPs

A number of methods have been developed and
used to obtain SBPs that bind selectively to solid
materials. These include isolation from biologi-
cal sources, rational design using computational
biology followed by chemical synthesis (Oren
et al. 2007), or recombinant techniques such as
directed mutagenesis and multimerization
(Brown 1997; Kim et al. 2010; Seker et al. 2008).
However, SBPs are most commonly isolated via
combinatorial display technologies, particularly
phage display and cell-surface display. These
methodologies are simple, robust and allow
extensive libraries of peptides to be screened for
solid binding functionality. Following selection
and enrichment, whole phage particles (Huang
et al. 2005; Whaley et al. 2000) or bacterial cells
(Park et al. 2009) that display the SBP on their
surface can be utilized as biological carriers of
solid materials (Ghosh et al. 2014). The peptide
itself may also be produced by solid-phase pep-
tide synthesis and then chemically conjugated to
other entities (Nochomovitz et al. 2010); or the
peptide as a domain within a fusion protein can
be used to direct the selective attachment of bio-
molecules to a solid surface (Ko et al. 2009).

2.2  Applications in Biomedicine

We outline below selected examples of the poten-
tial for applications of SBPs in some areas of
biomedicine.

2.2.1 Vaccine Development

Some nanoparticles (NPs) have adjuvant proper-
ties and therefore can be exploited for antigen
delivery in vaccine development. However, con-
ventional NP functionalization reactions often
reduce the stability and specificity of antigens,
preventing the desired host immune responses.

Ha et al. (2016) recently employed a ZnO-
binding peptide (ZBP) for the facile functional-
ization of ZnO nanoparticles (ZNPs) with the
bacterial antigen, ScaA of Orientia tsutsugamu-
shi, which causes the infectious disease scrub
typhus. Mice vaccinated with the ZBP-ScaA
functionalized ZNPs exhibited strong anti-ScaA
antibody responses and gained protective immu-
nity against lethal challenges of O. tsutsugamushi.
Thus, a functional vaccine delivery technology
was developed by using the binding properties of
an SBP.

SBPs have also been used to functionalize
NPs with tumor-specific antigens for antigen
delivery in tumor immunotherapy. For example,
a ZBP was reported to facilitate the attachment
of carcinoembryonic antigen (CEA) to optically-
active ZnO-coated magnetic NPs (Cho et al.
2011). The ZBP-CEA functionalized NPs were
recognized and taken up by dendritic cells
(DCs). Mice that were immunized with the
modified DCs displayed T-cell responses spe-
cific to CEA, suppressed tumor growth, and
showed longer survival times when compared to
control mice. Furthermore, ZBP-CEA remained
bound to the NPs in culture media for 4 h, before
slowly disassociating over the following 2 days.
It was proposed that this gradual and continuous
release of antigens inside DCs enhanced their
capacity to induce antigen-specific immune
responses.

Zhou et al. (2014) exploited both the material
synthesizing and molecular linking properties of
SBPs to develop a novel method for the self-
assembly of vaccine formulations. They demon-
strated that when a calcium phosphate
(CaP)-binding peptide capable of driving the
synthesis of CaP NPs was genetically fused to an
antigen, the resulting fusion protein could be
shown to mediate the single-step synthesis of
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antigen-coated CaP NPs. Mice vaccinated with
these functional NPs demonstrated greater
antigen-specific and longer-lasting T cell
responses when compared to the fusion protein
alone.

2.2.2 Bioimaging

Materials that emit near-infrared (NIR) light are
appropriate for the development of non-invasive
in vivo fluorescent biomedical imaging applica-
tions because of its high tissue penetration and
reduced light scattering in comparison to visible
light, which eliminates problematic background
autofluorescence from biological tissues (Yi et al.
2014). Single-walled carbon nanotubes (SWNTs)
demonstrate fluorescent emission in the second-
window near-infrared (NIR-II: 900-1400 nm).
MI13 bacteriophage has been coated with
SWNTs by displaying a SWNT-binding peptide
along the p8 major coat protein of M13 (Dang
et al. 2011; Ghosh et al. 2014). These optically-
active M13-SWNT complexes also were engi-
neered to present targeting ligands on the p3
minor coat protein to facilitate targeted fluores-
cent imaging. For example, p3 was genetically
modified to display a targeting peptide that binds
Secreted Protein Acidic and Rich in Cysteines
proteins (SPARC) that are over-expressed in certain
cancer types, including ovarian cancer (Ghosh
et al. 2014). The resulting SWNT-SPARC-M13
nanoprobe was injected intravenously into a
mouse model bearing SPARC-expressing ovarian
tumors. Whole-body NIR imaging indicated high
tumor-to-background uptake and showed better
signal-to-noise imaging performance when com-
pared with conventional visible fluorescent and
near-infrared (NIR-I) dyes for defining tumors.
Subsequent surgical removal of submillimeter
tumors was improved significantly with the
image guidance provided by the nanoprobe.
Thus, the exploitation of SBPs to construct
unique biomaterials, such as SWNT-SPARC-M13
nanoprobe, further demonstrates their potential
as tools for biomedicine.

2.2.3 Drug Delivery

In many conventional cancer therapies, antican-
cer drugs diffuse and become distributed through-
out the body upon systematic administration,
causing adverse side-effects in healthy cells and
tissues and a reduction in clinical efficacy (Bae
and Park 2011). Drugs must be targeted selec-
tively, delivered, and released controllably at
their primary site-of-action (e.g. tumors) to avoid
these complications and provide an effective and
localized treatment for cancer.

Emerging nanotechnologies show great prom-
ise as drug delivery systems for cancer treatment.
In particular, nanoparticles have the ability to
enhance drug targeting and pharmacokinetics
and to lower drug toxicity (Singh and Lillard
2009). Unfortunately, very few synthetic NPs
have progressed to become approved clinical
treatments. This result is due to significant limi-
tations such as their physicochemical heteroge-
neity, problematic functionalization, instability
in physiological solutions, poor tumor penetra-
tion and toxicity in biological systems (Bertrand
et al. 2014).

For example, lanthanide-doped upconversion
nanoparticles (UCNPs) are luminescent probes
for bioimaging, diagnostics and therapeutics
(Chen et al. 2014). However, the bioconjugation
techniques for functionalizing UCNPs with anti-
bodies (e.g. amine-reactive crosslinking) tend
to be laborious and inefficient. In most cases,
antibodies attach to UCNPs with altered confor-
mations and random orientations that cause a
reduction or complete loss of their antigen-
binding activity. Furthermore, UCNPs have a
propensity to aggregate after functionalization,
which presents potential safety concerns for in
vivo applications. The conventional techniques
for antibody immobilization (e.g., adsorption and
covalent binding) often lead to random antibody
orientations that decrease the density and avail-
ability of antigen-binding sites. As an alternative,
antibody-binding proteins (ABPs, such as Protein
A and G from bacteria) strongly bind to the Fc
region of antibodies, ensuring their correct orien-
tation (Akerstrom and Bjorck 1989). Therefore,
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SBPs have been fused genetically to ABPs (de
Juan-Franco et al. 2013; Sunna et al. 2013b), cir-
cumventing the need to specifically modify anti-
bodies and to increase versatility. The SBP
selectively directs the immobilization onto mate-
rials while the ABP binds antibodies so that they
retain their biological functionality. This strategy
has been shown to enhance significantly the ori-
entation and density of antibodies attached to
material surfaces when compared to traditional
covalent methods (de Juan-Franco et al. 2013).
We have developed a platform bioconjugation
technology based upon the novel fusion protein,
Linker—Protein G (LPG). LPG is composed of
two functionally-unique domains: (a) a silica-
specific SBP (referred to as the linker) which
binds strongly to silica surfaces; and (b)
Streptococcus Protein G’, which binds to anti-
bodies (Care et al. 2014a, b; Sunna et al. 2013a,
b). LPG has been shown to provide an anchorage
point for the functional immobilization of anti-
bodies onto the outer surfaces of silica-coated
nanoparticles, including UCNPs, within minutes
and without the need for any complex chemical
reactions or harsh physical treatments. This strat-
egy has been used successfully in various practi-
cal applications, including cell capture, detection,
and imaging (Care et al. 2014a, b; Lu et al. 2014;
Sayyadi et al. 2016; Sunna et al. 2013a, b).

We reported recently the practical use of LPG
in the targeted photodynamic therapy (PDT) of
cancer. PDT is a promising cancer treatment due
to its outstanding selectivity and minimal invasive-
ness (Chen et al. 2014; Lucky et al. 2015). To
destroy solid tumors, PDT relies on the photo-
chemical reactions between excitation light and
photosensitizers to produce cytotoxic reactive
oxygen species (ROS) from cellular oxygen that
induce cell death (Lucky et al. 2015). UCNPs can
be excited with near-infrared (NIR) light
(~980 nm) to emit bright visible light, allowing
their emission to penetrate through biological tis-
sues for both deep non-invasive imaging and ther-
apy. Therefore, UCNPs can improve the
localization and penetration depth of PDT by
transforming deep-penetrating NIR light to visible
light to activate photosensitizers via Forster reso-
nance energy transfer (FRET) (Liang et al. 2016,

2017). We showed that LPG was able to mediate
the effective attachment of tumor-specific antibod-
ies to the surface of UCNPs with photosensitizer-
doped silica coatings (Si-UCNPs) (Fig. 2.1a, b)
(Liang et al. 2016). These functionalized
Si-UCNPs bound selectively to human colon ade-
nocarcinoma HT-29 cells and were internalized
subsequently by the live cells (Fig. 2.1c). Under
NIR excitation, the internalized Si-UCNPs emit-
ted visible light, which activated the photosensi-
tizer within the silica shell, resulting in the
conversion of intracellular molecular oxygen into
cytotoxic ROS (i.e. singlet oxygen '0,) (Fig. 2.1d)
that induced phototoxicity to suppress the growth
of the targeted cancer cells in vitro. Specifically,
the viability of colon cancer cells exposed to
100 pg/mL of Si-UCNPs was reduced by ~40%
after 10 min of NIR irradiation (Fig. 2.1e).

Overall, this approach allows the integration
of a diverse selection of silica-coated nanoparti-
cles, photosensitizing agents (or other anticancer
therapeutics) and virtually any antibody that
binds cancer cells. Therefore, LPG provides a
platform technology for antibody — NP coupling
in targeted cancer therapy and imaging.

2.2.4 LPG- Cell Capture

LPG also shows potential for use in applications
that require cell capture e.g. microfluidic diagnos-
tics. In one example, LPG mediated the attach-
ment of different cell-specific antibodies to
silica-coated magnetic microparticles. Each of the
biofunctionalized particles were shown to mediate
the selective binding and recovery of different tar-
get cell types (e.g., human stem cells, Legionella,
Cryptosporidium and Giardia) from solution,
enabling their rapid and simple visualization and
identification (Fig. 2.2) (Care et al. 2014a).

2.2.5 Biocompatibility

Nanomaterials (e.g. nanoparticles) show great
promise in biomedicine. However, concerns over
the biological safety of many of these materials
has prevented their clinical use. This reaction is
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Fig. 2.2 (1) Ilustration showing the antibody-mediated
recovery of cells using biofunctionalized particles. (a)
“LPG-Antibody complex”. (b) Silica-coated magnetic
particles functionalized with “LPG-Antibody complexes”
are added to a solution containing target cell types. The
particles bind to the targeted cells and are then recovered
from solution using magnetic separation. (2) “LPG-
Antibody complex”-mediated binding of different cell
types to silica-coated magnetic particles. (a) Giardia cysts
(red) after binding assay with anti-Giardia antibody but
without LPG. (b—d) Giardia cysts (red) after binding
assay with LPG + anti-Giardia antibody. (e)
Cryptosporidium oocysts after binding assay with anti-
Cryptosporidium antibody (labeled with green fluorescein
(FITC)) but without LPG. (f~h) Cryptosporidium oocysts

in part due to their inconsistent surface properties
(e.g. charge, size, structure and functionaliza-
tion), which causes instability in physiological
solutions, decreased biocompatibility and toxic-
ity in vivo. Recently, the surfaces of nanomateri-
als have been modified with proteins or peptides
to help improve the safety of their application
within biological systems.

SBPs can form biocompatible coatings on
nanomaterial surfaces under biological condi-
tions without inducing any immunogenic or cyto-
toxic responses. For example, a peptide (RE-1)
with binding affinity towards lanthanide-based
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after binding assay with LPG + anti-Cryptosporidium-
FITC. (i) Legionella pneumophila cells after binding
assay with a cell-specific monoclonal antibody but with-
out LPG. Cells visualized using 0.1% Evans blue stain.
(j—I) Legionella pneumophila cells after binding assay
with LPG and a cell-specific monoclonal antibody. Cells
visualized using 0.1% Evans blue stain. (m) Human
adipose-derived mesenchymal stem cells after binding
assay with cell-specific CD90-FITC antibody but without
LPG. Cellular DNA fluorescently dyed with Hoechst stain
33342 (blue). (n—p) Human adipose-derived mesenchy-
mal stem cells after binding assay with LPG + CD90-
FITC. Cellular DNA fluorescently dyed with Hoechst
stain 33342 (blue) (Adapted with permission from Care
et al. 2014a. Copyright (2014) Springer)

upconversion nanoparticles (UCNPs) was shown
to form stable coatings on UCNP surfaces (Zhang
et al. 2012). This action prevented UCNP aggre-
gation and reduced unwanted interactions with
cells, both in vitro and in vivo, and thus signifi-
cantly improved the safety of UCNPs. In other
work, SBPs were conjugated to polyethylene gly-
col (PEG), enabling the directed assembly of
PEG coatings on solid surfaces (i.e. platinum and
gold) that rendered them bio-inert (Khatayevich
et al. 2010). This approach also could be applied
to nanoparticle surfaces to improve their biocom-
patibility for biomedical applications.



30

A.Careetal.

2.2.6 Biomedical Diagnostics

Graphene has unique electrical properties that
lends itself to chemical and biological sensing
applications. However, the covalent functional-
ization of graphene can easily degrade its delicate
structure leading to a loss in physical and elec-
tronic properties (Mann and Dichtel 2013). As an
alternative, graphene-binding peptides have
mediated successfully the facile non-covalent
immobilization of biomolecules on graphene-
based biosensors. For example, a graphene-
binding peptide has been fused to an antimicrobial
peptide isolated from frog skin, which selectively
binds various pathogenic bacteria (e.g.
Helicobacter pylori) (Mannoor et al. 2012). This
bifunctional peptide was used to functionalize a
graphene-based wireless biosensor without
degrading its electronic sensing properties. The
graphene was printed onto soluble silk, allowing
the biosensor to be transferred easily to biologi-
cal surfaces such as bone and skin. As a proof-of-
concept, the biosensor was placed onto a tooth to
enable the real-time monitoring of respiration
and the effective detection of H. pylori in saliva
(observed lower detection limit ~100 cells)
(Fig. 2.3) (Mannoor et al. 2012). This wireless
biosensor also was attached to the outside of an
intravenous (I'V) bag to test its usage in hospital
sanitation and biohazard monitoring. As a result,
contamination of the IV bag by an antibiotic-
resistant strain of Staphylococcus aureus, a
pathogen responsible for many post-surgical
wound infections, was monitored by the sensor
which was shown to have a detection limit of 1
bacterium pl=! (Mannoor et al. 2012).

2.2.7 Anti-microbial Therapeutics

Silver nanoparticles have well-documented anti-
bacterial properties and are present in various
pharmaceuticals e.g. wound dressings and topical
creams. Recently, a silver-binding peptide capa-
ble of precipitating silver from aqueous silver
nitrate was genetically engineered onto the inte-
rior surface of a spherical protein cage (Giessen
and Silver 2016). This action enabled the size-

constrained synthesis of silver nanoparticles (Ag
NPs) within the cage under ambient and environ-
mentally sustainable conditions. The antimicro-
bial activity of the protein cage-coated Ag NPs
was tested and shown to be greater than silver
nitrate or conventional citrate-capped Ag NPs.

2.2.8 Surgical Implants
and Biomaterials
for Biomedicine

Titanium (Ti) and titanium alloys are widely used
to manufacture surgical implants. This applica-
tion is due to their high biocompatibility and
exceptional physical and chemical properties of
high strength and low weight. The surfaces of Ti
implants can be modified to enhance their inter-
actions with biological tissues (e.g. bone) with
functional molecules. However, some of the pro-
cesses used to attach these molecules to titanium
involve harsh chemicals (e.g. organic solvents),
which can reduce the implants safe osseointegra-
tion significantly (de Oliveira et al. 2007).

Alternatively, SBPs have been used to function-
alize titanium-based materials under biologically-
friendly conditions and without any complex
pre-treatments. For example, the adhesion and
proliferation of osteoblast and fibroblast cells was
improved on implant-grade Ti using a bifunctional
peptide that contained the cell attachment motif
RGDS (Arg-Gly-Asp-Ser) and a Ti-binding pep-
tide (Yazici et al. 2013). In addition, a fusion pro-
tein consisting of the human bone morphogenetic
protein 2 (BMP-2) and multiple repeats of a
Ti-binding peptide was shown to self-assemble on
Ti-coated implants, and promote the production of
bone in vivo (rats) (Yuasa et al. 2014).

Pathogenic bacterial biofilms are the major
cause of surgical implant-associated infection,
causing inflammation in the surrounding tissue,
loss of the supporting bone and failure of the
implanted device. The ability to control and
reduce bacterial colonization and biofilm forma-
tion on implant surfaces is therefore highly desir-
able. In a sophisticated example using a hybrid
peptide that was bifunctional with respect to a
titanium-binding peptide, possessed a suitable
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Fig. 2.3 (1) Biotransferable graphene wireless nanosen-
sor. (a) Graphene is printed onto bioresorbable silk and
contacts are formed containing a wireless coil. (b)
Biotransfer of the nanosensing architecture onto the sur-
face of a tooth. (¢) magnified schematic of the sensing ele-
ment, illustrating wireless readout. (d) Binding of
pathogenic bacteria by peptides self-assembled on the
graphene nanotransducer. (2) Tooth sensor monitoring of
breath and saliva. (a) optical image of the graphene wire-
less sensor biotransferred onto the surface of a tooth.
Scale bar is 1 cm. (b) Electrical conductance versus time

spacer and incorporated an antimicrobial peptide
able to bind to the metal component of a trans-
plant, Yazici et al. (2016) showed that bacterial
colonization with a variety of pathogens such as
Streptococcus mutans, Staphylococcus epidermis
and Escherichia coli was reduced as compared to
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upon exposure of the sensor to pulses of exhaled breath
(red line). Baseline conductance is shown as blue line. (¢)
Percentage change in graphene resistance versus time fol-
lowing exposure to ~100 H. pylori cells in human saliva
(red line). The response to ‘blank’ saliva solution is shown
as blue line. (d) Percentage change in graphene resistance
versus concentration of H. pylori cells. Error bars show
s.d. (N = 3) (Adapted by permission from Macmillan
Publishers Ltd: Nat Commun (Mannoor et al. 2012,
3:763), copyright (2012))

titanium surfaces without a coating of the hybrid
peptide (Fig. 2.4).

Ti-binding peptides have been used to facili-
tate the immobilization of antimicrobial peptides
onto Ti surfaces to help prevent biofilm forma-
tion (Yoshinari et al. 2010). In another example,
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Fig. 2.4 Illustration depicting the design of a bifunc-
tional peptide for imparting antimicrobial properties to a
solid surface. The resulting bifunctional peptide is com-

Yoshinari et al. (2011) applied Ti-binding pep-
tides to immobilize an antimicrobial peptide
onto a titanium surface, which resulted in a sig-
nificant reduction in the attachment of the oral
pathogen Porphyromonas gingivalis. Hence,
SBPs can be utilized to modify implant surfaces
to enhance their functionality, efficacy, and bio-
logical safety.

SBPs have the capacity to mediate the con-
struction of composite materials for biomedical
purposes. A method for coating the surfaces of
titanium implants with hydroxyapatite using
SBPs was developed recently (Kelly et al. 2015).
They used SBPs that bind to either Ti or hydroxy-
apatite and were fused to each other and showed
that they acted as a linking molecule between a Ti
surface and a subsequent hydroxyapatite coating.
Human osteoblast cells deposit a collagenous
matrix that is mineralized to produce new bone
tissue. They were able to proliferate and also
deposit collagen on the resulting hydroxyapatite-
coated surfaces. Overall, this SBP-based coating
process is faster, cheaper and less complicated
than current standard commercial methods used
in the manufacture of implants.

In nature, many proteins and peptides are
association with the formation of hard tissues
(such as bone and teeth). SBPs that bind mineral
constituents of bone, e.g., apatite and hydroxy-
apatite (HA) show great potential for orthopae-
dics and dentistry and were isolated and

posed of a SBP and an antimicrobial peptide (Adapted
with permission from Yazici et al. (2016). Copyright
(2016) American Chemical Society)

characterized by Gungormus et al. (2008). For
example, HA-binding peptides have been incor-
porated into green fluorescent protein and used in
conjunction with fluorescent microscopy to
monitor the real-time mineralization of syntheti-
cally formed hydroxyapatite and to visualize
mineralized regions on biological tissues such
as human teeth (Yuca et al. 2011). In another
example, a bifunctional peptide composed of a
broad-spectrum antimicrobial peptide and a
HA-binding peptide have been developed to
inhibit biofilm formation on tooth enamel
analogues by the oral pathogenic bacterium
Streptococcus mutans. It was also shown to have
cytocompatibility with human cells and func-
tional stability in human saliva, thus demonstrat-
ing an alternative strategy for oral pathogen
control (Huang et al. 2016).

SBPs that bind to bone have been used to
mediate the formation of biomaterials. For exam-
ple, an apatite-binding peptide (apatite is another
major component of bone) was conjugated to a
peptide that binds to human bone marrow stromal
cells (hBMSCs) (Ramaraju et al. 2014). The
resulting bifunctional peptide was capable of
functionalizing the surface of apatite and mediat-
ing the attachment of hBMSCs, significantly
enhancing cell spreading, proliferation, and their
osteogenic differentiation in vitro. Thus, the
potential of SBPs in cell-based therapies for skel-
etal regeneration could be demonstrated.
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2.3  Concluding Remarks

and Future Perspectives

The development of suitable bioconjugation
strategies best suited for functionalization of an
ever-increasing number of new nanomaterials
with diverse surface chemistries and physical
properties continues to lag behind their discovery
and synthesis. SBPs can be selected readily for
virtually any nanomaterial via combinatorial dis-
play technologies and represent a biological route
towards bioconjugation strategies specific for
individual nanomaterials, resulting in the provi-
sion of improved solubility, colloidal stability
and biocompatibility. This approach would over-
come many of the technical issues that prevent
their translation from the laboratory bench to bio-
medical applications. However, in some cases,
the stability and functionality of SBPs are com-
promised within living systems, resulting in dis-
sociation from their target substrates via exchange
with free host proteins or complete degradation
by host proteases (Care et al. 2014b). A more
application-orientated approach would include
the isolation of SBPs using combinatorial display
libraries that bind nanomaterials during the bio-
panning procedure while in the presence of the
appropriate biological fluid (e.g., whole blood,
serum, urine) that they will come into contact
with during their application in vivo or ex vivo.
Such an action would go a long way to ensuring
that the stability and binding function of the
isolated SBPs were retained when exposed to
complex biological environments, consequently
improving their feasibility in biomedical applica-
tions. Another important point to consider is that
combinatorial display technologies are not with-
out their disadvantages. Peptide libraries display
some compositional, positional, and expression
bias that may lead to the under-representation of
sequences with desirable properties (Umlauf
et al. 2014). For example, general biopanning
protocols performed against solid materials dem-
onstrate intrinsic bias towards positively-charged
sequences that bind via electrostatic interactions.
Sequences that bind via non-electrostatic interac-
tions are discriminated against and as a conse-
quence, many strongly binding SBPs are not

isolated and remain unexplored (Puddu and Perry
2012).

SBPs have a demonstrated potential in bio-
medical applications as shown by the selected
examples reviewed here of fundamental research
on their role in the prevention of infection in
implant surgery but more extensive in vivo stud-
ies are required on the safety and efficiency of
specific hybrid materials intended for transplant
protection. A more immediate application
appears to be their possible uses in cell capture
and in diagnosis, especially of infectious micro-
organisms at low concentrations. The fundamen-
tal research reported offers the possibility of
rapid, enabling identification outside of clinical
laboratories, for example, by the adaptation and
use of smart-phone technologies.

The isolation or design of SBPs appears to
have advanced rapidly without a parallel increase
in the extent of understanding of the mechanisms
by which they function. One way to expand
knowledge in this area would be set up a compre-
hensive database as has been done for other sys-
tems, some of which are related to research on
SBPs. They could be introduced into a molecular
toolbox for the rational design of stable basic
building blocks (individual immobilized proteins
of various sorts) with predefined functions in the
same way as inorganic and organic compounds
can act as nanoscale building blocks that can be
combined to assemble functional nanomaterials.
Such a molecular toolbox would have three main
interchangeable building blocks: inorganic matri-
ces, matrix-specific SBPs, biomedically-relevant
proteins (e.g. antibodies, antimicrobial peptides
and/or specific microbial probes). Researchers
would have the flexibility to ‘pick and mix’ mul-
tiple building blocks for the assembly of bifunc-
tionalized materials that could be designed for a
particular biomedical purpose. Such a molecular
toolbox would rely on continued improvements
in large-scale data-sharing initiatives (databases)
that would allow researchers access to detailed
information on different building blocks (e.g.
materials and biomolecules). Several databases
that are relevant to this approach are currently
available. These sources include the newly
released ‘Nano’ database from Springer-Nature
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(https://nano.nature.com/), which is highly rele-
vant to this approach. Nano provides indexed and
structured information on a wide range of nano-
materials and nanodevices. Databases compris-
ing various bioactive peptides (e.g., anticancer
peptides (Tyagi et al. 2015) and antimicrobial
peptides (Gogoladze et al. 2014) and detailed
information on their properties also are available.
However, only a limited number of SBPs have
been incorporated into such databases (e.g.,
MimoDB 2.0, Huang et al. 2012), thus there is
currently no specialized database for SBPs. For
this reason, we propose the development and
construction of a comprehensive SBP database
that provides complete information on the prop-
erties and functions of SBPs that are relevant to
biomedical applications (e.g., binding affinity
and selectivity). A repository of such data would
facilitate the widespread use of SBPs in conjunc-
tion with other building blocks to construct novel
and unique functional materials for biomedicine.
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Molecular Modelling of Peptide-
Based Materials for Biomedical
Applications

Tiffany R. Walsh

Abstract

The molecular-level interactions between peptides and medically-relevant
biomaterials, including nanoparticles, have the potential to advance tech-
nologies aimed at improving performance for medical applications includ-
ing tissue implants and regenerative medicine. Peptides can possess
materials-selective non-covalent adsorption properties, which in this
instance can be exploited to enhance the biocompatibility and possible
multi-functionality of medical implant materials. However, at present,
their successful implementation in medical applications is largely on a
trial-and-error basis, in part because a deep comprehension of general
structure/function relationships at these interfaces is currently lacking.
Molecular simulation approaches can complement experimental charac-
terisation techniques and provide a wealth of relevant details at the atomic
scale. In this Chapter, progress and prospects for advancing peptide-
mediated medical implant surface treatments via molecular simulation is
summarised for two of the most widely-found medical implant interfaces,
titania and hydroxyapatite.
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3.1 Introduction

Peptide-based coatings are finding wider use in
medical implant materials, based on exploitation
of the phenomenon of non-covalent peptide-
materials recognition (Care et al. 2015). Building
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Materials-
binding domain 1

Spacer .
Materials-

binding domain 2

Fig.3.1 Schematic of a “chimeric” peptide, which in this
case mediates binding between two nanoparticles (NP1
and NP2) of different chemical compositions. Small
coloured spheres represent peptide residues, with blue
spheres indicating the NP1-binding domain, and green
spheres indicating the NP2-binding domain. The small
purple spheres indicate non-binding spacer residues

can be accomplished by constructing more com-
plex multi-domain peptides — i.e. a sequence
comprising a materials-binding domain, conju-
gated to an additional functional domain (which
itself may or may not be a peptide), as illustrated
in Fig. 3.1 In its simplest form, this “chimeric-
peptide” approach was initially used as a passive
coating strategy to prevent biofouling of implant
surfaces, for example by conjugating the materi-
als-binding peptide to an oligomeric polyethyl-
ene glycol (PEG) chain (Khatayevich et al. 2010;
Khoo et al. 2009). More recently, advances in this
approach have evolved to a more pro-active coat-
ing strategy, where the functional domain can
carry out an active biological function, rather
than merely passively resist biomolecule adsorp-
tion in general. Examples include the use of inte-
grin sequences to elicit the biomolecular cues
that underpin cell attachment and proliferation
for use in bio-compatible implant materials (i.e.
to promote osseointegration), (Khatayevich et al.
2010; Meyers et al. 2007) along with the use of
antifungal and/or antibacterial sequences to
reduce bacterial adhesion in orthopaedic implants
(Yucesoy et al. 2015).

However, the central underlying assumptions
associated with the “chimeric peptide” strategy
are that: (1) the two domains in the chimeric mol-
ecule do not interact with each other, and (2) that
the functional domain also does not preferen-
tially bind to the target substrate — i.e. that the
functional domain will be displayed to the exter-

nal host medium, located away from the implant
surface, in order to carry out its key function. One
strategy to ensure this outcome is to use a central
“spacer” motif (Fig. 3.1). While the chimeric
approach is very promising, in this field it is also
widely known and appreciated that structural
determination of these molecules in the adsorbed
state under aqueous conditions is an extremely
challenging task. Very little is known regarding
the structure of these chimeric peptides at the
bio-interface; at present, even details of the
molecular-level structure of these molecules in
solution (in the absence of the surface) are sparse
(Tamerler and co-workers (Yucesoy et al. 2015)
provide a recent example). This lack of funda-
mental structural knowledge prevents the system-
atic improvement and refinement of the “chimeric
peptide” strategy, to ensure that the two key
assumptions listed above are actually satisfied.
The use of molecular simulations has helped to
bridge this gap in our understanding, and pro-
vides a platform for making systematic adapta-
tions to these peptide sequences.

In this Chapter, we focus on how molecular
simulations have contributed to our current
understanding of how peptide-surface adsorption
can be manipulated, for two key materials that
are widely used in medical implants, namely
hydroxyapatite and titania. While molecular sim-
ulations of “chimeric” peptide systems adsorbed
at such solid surfaces are currently a rarity, the
progress made in computational modelling of the
abiotic/biotic interface, as described herein,
paves the way for meeting these needs in the
future.

3.2 Hydroxyapatite-Based

Materials

Hydroxyapatite (HAp) is a crystalline mineral
with the chemical formula Ca,,(PO,)s(OH),, as
illustrated in Fig. 3.2. Biogenic HAp, or varia-
tions thereof, can be found throughout Nature,
e.g. in the bones and teeth of vertebrates, and in
eggshells. The mechanical properties, biocom-
patibility and accommodating nature of HAp
(with respect to dopants) make this material a
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Fig.3.2 Plan and side views of the hydroxyapatite struc-
ture, showing the hydroxy groups in hexagonal channels
surrounded by Ca ions in the Ca(Il) positions, where the
Ca(I) positions are within the rest of the lattice (O % red,

versatile and desirable candidate for myriad med-
ical uses. Examples of the use of HAp in biomed-
ical applications are numerous and range from
the obvious, such as in coatings for joint implants
(Suchanek and Yoshimura 1998) or for tissue
regeneration (Zhou and Lee 2011), through to
lesser-known examples in drug delivery
(Syamchand and Sony 2015), in vivo imaging
(Syamchand and Sony 2015), and ophthalmic
surgery (Baino and Vitale-Brovarone 2014).

b

Ca Y green, P V4 pink, H Y white, Ca(I) and Ca(II) indi-
cated on some positions) (Reproduced from de Leeuw
(2010). Reproduced with permission from the copyright
owner)

Biofunctionalisation of HAp surfaces is a key
element of many of these applications, and there-
fore, a critical and in-depth understanding of the
structures and properties of biomolecules such as
peptides, when they are adsorbed at the substrate
interface, is needed. This need is particularly
acute for tissue engineering, where it is essential
that the implanted scaffold can approximately
reproduce the environment of the extracellular
matrix (ECM).



40

T.R. Walsh

3.2.1 Progressin Molecular
Simulations of the Peptide-

HAp Interface

Compared with other medically-relevant inor-
ganic substrates such as Au or titania, reports of
the use of molecular simulations as applied to
peptide adsorption are relatively scarce for HAp
surfaces (herein we limit discussions to non-
collagenous peptides only). For molecular simu-
lations of the peptide-HAp interface to be relevant
to physiological conditions, consideration of the
presence of liquid water is an essential require-
ment. Many, but not all, of the simulation studies
described herein have modelled the interface
using a molecular-level description of liquid
water. Another aspect for consideration is the
choice of crystallographic orientation of the HAp
surface, and also the idealised crystalline nature
of these HAp surface models, particularly at
physiologically relevant pH values. Prior to dis-
cussing the current progress of peptide-HAp sim-
ulation efforts, these considerations will be
described in detail.

A number of electronic structure theory stud-
ies, principally based on density functional the-
ory (DFT) have explored the structures and
energetics of small molecules (such as water,
citrate and amino acids) interacting with various
terminations of the HAp surface (Astala and
Stottt 2008; Corno et al. 2009; Filgueiras et al.
2006; Lou et al. 2012; Rimola et al. 2008),
including the (001), (110), and (100) orienta-
tions. While valuable, these DFT studies were
done under anhydrous conditions, which limits
the applicability of these finds to biologically-
relevant (i.e. aqueous) conditions, given that it is
currently thought that the structuring of the inter-
facial solvent can strongly influence the adsorp-
tion preferences and structures of molecules
adsorbed at the aqueous interface (Schneider and
Colombi Ciacchi 2012; Skelton et al. 2009). Due
to practical limitations, these DFT studies were
also limited to consideration of idealised crystal-
line HAp surfaces, where the surface was con-
structed as a perfect truncate of the bulk crystal.
Despite its high relevance, consideration of the
presence of disorder in the surface structure of

HAp has been the subject of relatively few stud-
ies (de Leeuw 2010; Lee et al. 2000; Slepko and
Demkov 2013; Wu et al. 2016).

In addition, a crucial omission in almost all of
the molecular simulation studies of aqueous
peptide-HAp interfaces to date is the failure to cap-
ture the protonation state of phosphate groups on
the HAp surface. Along with the lack of disorder or
surface reconstruction in these idealised bulk-trun-
cate surface models, the lack of surface-phosphate
protonation means that these simulations are rele-
vant only to extremely basic (i.e. pH >14) condi-
tions (Lin and Heinz 2016), which is not
physiologically relevant. The reason for this omis-
sion is presumably due to the lack of interatomic
potentials (herein referred to as force-fields) to
describe these protonation states and how they may
change with solution pH. Instead, most of these
previous studies used force-fields that were
intended for use on bulk HAp crystalline systems,
such as the widely-used force-field reported by
Hauptmann et al. (Hauptmann et al. 2003).
Significantly, to address some of these limitations
inherent to currently-available force-fields, Lin and
Heinz (2016) recently published an inter-atomic
potential for the aqueous HAp interface that can
describe both acidic (pH = 5) and basic (pH ~ 10)
conditions, that also takes surface phosphate pro-
tonation into account under these conditions (with
surface coverage of hydrogen phosphate and dihy-
drogen phosphate, respectively).

The use of molecular simulations to predict
the structures of peptides adsorbed at the aqueous
HAp interface is a relatively under-developed
area. On a related note, the study of the interface
between HAp surfaces and liquid water has also
been somewhat under-studied (Chen et al. 2007,
de Leeuw 2010; Lin and Heinz 2016; Zahn and
Hochrein 2003; Zhao et al. 2014). Not unexpect-
edly, all of these studies reported the presence of
several strongly-structured solvent layers closest
to the HAp surface (Fig. 3.3), for some orienta-
tions of the HAp surface. However, only the most
recent of these studies, reported by Lin and Heinz
(2016), used a structural model that did not cor-
respond with extremely basic conditions. These
authors considered the (100), (010), (020) and
(101) interfaces at solvent pH values of 14, 10
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Fig. 3.3 Water adsorption structures for the first two
hydration layers on four HAp surfaces: (a) (100), (b)
(110), (¢) (001), and (d) (004). Water molecules in the first
and second layers are shown by yellow and purple licorice
representation, respectively. Only the first hydration layer
is displayed on the (110) face. Water molecules in the bulk

and 5, and found that not only was the solvent
structuring different for these four different crys-
tallographic orientations, but also that this struc-
turing varied with pH for each of these surfaces.
As an intermediate step on the path to investi-
gating aqueous peptide-HAp interfaces, a limited
number of studies have reported the adsorption of
small molecules such as citrate and amino acids
(including phosphorylated amino acids) at the
aqueous HAp interface (Filgueiras et al. 2006;
Pan et al. 2007; Xu et al. 2014), with a strong
emphasis on negatively-charged adsorbates. Both
Pan et al. (2007) and Xu et al. (2014) attempted
to estimate the adsorption free energy of such
molecules at the HAp interface, using non-
equilibrium molecular dynamics simulations and
umbrella sampling, respectively. These studies
indicated that solvent-mediated adsorption states
could be supported, akin to those reported for the
aqueous titania interface (Schneider and Ciacchi
2012; Skelton et al. 2009). Molecules possessing
negatively-charged species, such as PO, and
COO~ were found to bind strongly, and also
exhibit facet-specific differences in binding
strength (Pan et al. 2007; Xu et al. 2014), while

aqueous solution are not shown for clarity. Figure 3.1.
HAp colour designation: cyan, calcium; brown, phospho-
rus; red, oxygen; white, hydrogen (Reproduced from
Zhao et al. (2014). Reproduced with permission from the
copyright owner)

uncharged adsorbates such as glycine were found
to support weaker interfacial binding.

Despite the fact that several experimental
studies (using selection techniques such as phage
display) have reported HAp-binding sequences
(Gungormus et al. 2008; Roy et al. 2008; Segvich
et al. 2009), very few interfacial simulation stud-
ies have focused on these HAp-binding peptides.
The exceptions to this are the studies of Zhao
et al. (2016), who investigated phage-display
peptides (see Fig. 3.4) reported by Segvich et al.
(2009), and Lin and Heinz (2016) who investi-
gated a phage-display sequence reported by Roy
et al. (2008). The study reported by Lin and
Heinz impressively explored pH effects of pep-
tide adsorption at the aqueous HAp (001) inter-
face (considered at pH values of 5 and 10). Their
findings suggested that charged species bound
strongly to the (001) interface at pH = 10 (under
these conditions the surface phosphates were
singly-protonated, as HPO,?"). In contrast, these
authors found that at pH = 5 (where the surface
phosphates were doubly-protonated, as H,PO,"),
polar and hydrophobic species made greater
contact at the aqueous interface. However, these
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Fig. 3.4 Binding configurations of the phosphorylated
peptide pVTK (VTKHLNQIS,QS,Y) adsorbed at the
aqueous (100) HAp interface, at the additional local min-
ima. The global minimum is marked here by an asterisk.
CV1 is the distance between the surface and the peptide

authors did not use advanced conformational
sampling approaches in their simulations, which
is a known limitation in the field of peptide-
interface simulation in general. In contrast, the
simulation study reported by Zhao et al. (2016)
focused on the aqueous HAp (100) interface, and
used advanced conformational sampling, includ-
ing both steered molecular dynamics simulations
and parallel-tempering metadynamics simula-
tions (Bussi et al. 2006), and based their investi-
gation on a phage-display-derived HAp-binding
sequence (Segvich et al. 2009). However, these
authors made use of a surface model generated
via the idealised truncate of bulk HAp, and did
not consider protonation of the surface phos-
phates. Therefore, these simulations correspond
only with extremely basic solution conditions
and are not relevant to the physiological condi-
tions of the experiments. Consistent with the
findings of Lin and Heinz (2016) at pH = 10, the
negatively- and positively-charged residues (such
as Lys an Glu) were found to support the highest
degree of contact with the HAp surface.

In terms of molecular simulations of the aque-
ous peptide-HAp interface, many of the previous
studies have focused on the interfacial structures
and properties of peptides derived from osteo-
pontin (Lai et al. 2014, 2017) adsorbed at the
interface. These peptides were first reported by
Addison et al. (2010), and comprise two

centre of mass, while CV2 is the distance between one
phosphorylated serine and the HAP surface (Reproduced
from Zhao et al. (2016). Reproduced with permission
from the copyright owner)

18-residue sequences, taken from residues 198—
295 and 115-132 of the osteopontin protein (also
referred to as bone sialoprotein 1, or BSP-1), and
two phosphorylated variants of the latter sequence
(which carried a substantial overall negative
charge). Osteopontin is found in the extracellular
matrix in bone, and is thought to act as a natural
adhesive in this complex high-performance com-
posite material. These authors focused on using
molecular dynamics simulations of the aqueous
interface of HAp (100), and used non-equilibrium
simulations to laterally pull the peptides across
the HAp surface. In common with many other
previously-published simulation studies of the
aqueous HAp interface, these authors used the
ideal bulk-truncate of HAp as their surface
model, and did not capture phosphate proton-
ation. This means the outcomes of these studies
correspond with a HAp surface at a solution
pH > 14. Consistent with other studies conducted
under basic conditions, these authors found that
the negatively- and positively-charged residues in
the osteopontin-based peptides dictated the inter-
actions with the HAp surface. Unfortunately, as
the work of Lin and Heinz (2016) suggests, these
observations may not necessarily translate to
milder pH conditions. Moreover, the large size of
these peptides (18 residues) demands substantial
efforts to convincingly sample the conformational
ensemble. However, these authors did not
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combine their steered molecular dynamics simu-
lations with advanced conformational sampling,
the neglect of which may lead to biased results.

The final class of peptides that have been the
subject of interfacial HAp molecular simulations
are phosphorylated short peptides (Huq et al.
2000; Villarreal-Ramirez et al. 2014) associated
with body fluids such as saliva, e.g. dentin bind-
ing, or with non-phosphorylated collagen frag-
ments (Almora-Barrios and de Leeuw 2010).
Hugq et al. (2000) pioneered peptide-HAp simula-
tions, reporting the first all-atom molecular mod-
elling for this class of interfaces. Based on the
Hauptmann force-field, these authors considered
the (100) and (010) interfaces, in contact with a
phosphorylated penta-peptide SSSEE. The sur-
face models used in this instance were the un-
protonated ideal surfaces, and unsurprisingly, as
with many studies that followed this, the highly
charged sequence was found to adsorb strongly
(in this case to both interfaces). It should be noted
that, due to the vintage of this modelling study,
these authors did not report results of molecular
simulations, but instead performed docking cal-
culations, which did not include consideration of
the presence of liquid water. In a separate study,
Almora-Barrios and de Leeuw (2010) used stan-
dard molecular dynamics simulations and found
that an uncharged collagen-relevant tri-peptide
Hyp-Pro-Gly appeared to interact more strongly
with the (11 0) aqueous interface compared with
the (001) interface.

More recently, Villarreal-Ramirez et al. (2014)
reported molecular simulations of ten different
peptides derived from human dentin phosphopro-
tein (DPP), in both regular and phosphorylated
forms, with an overall charge ranging from -2e to
-22e¢, in contact with the aqueous HAp (100)
interface. These peptides were around 15 resi-
dues or more in length; however, these peptides
were modelled using only standard molecular
dynamics simulations of relatively short duration
(20 ns). It is currently accepted that peptides of
this size cannot be reliably modelled without
recourse to advanced conformational sampling
strategies. Moreover, these authors used the com-
mon structural model of HAp corresponding with

a pH >14, and therefore supported a conclusion
similar to many previous studies, identifying the
highly-charged phosphorylated sequences as
binding the strongest. However, as remarked ear-
lier, these findings have not been obtained at
physiologically-relevant conditions, due to the
limitations of the surface model.

3.2.2 Outlook for Molecular
Simulations of the
Peptide-HAp Interface

The chemical composition and atomic-scale sur-
face structure of HAp are key aspects that need
further improvement and refinement in future
peptide-HAp simulation studies. Relevant traits
regarding the state of the HAp surface include:
the degree of crystallinity of the surface, the
charge density of the surface under aqueous con-
ditions and over a range of pH values, not to men-
tion the protonation state of the surface phosphate
units. To date, no published molecular dynamics
simulation study has presented a surface struc-
tural model of HAp under physiological (pH = 7)
conditions. The closest that previous studies have
come to meeting this requirement can be found in
the study reported by Lin and Heinz. While these
authors were able to explore pH-dependent pep-
tide binding, their model permits the study of
acidic or basic conditions only. Nevertheless, this
model is preferable to the widely-used ideal trun-
cate of the bulk solid, which corresponds with
extremely basic conditions. Construction of a
force-field and corresponding structural model
that is relevant to a pH =~ 7 should be an urgent
priority in this area.

The use of advanced conformational sampling
is also an essential requirement for future molec-
ular simulations of peptide-HAp interfaces. This
is especially relevant to chimeric peptides, where
one domain comprises the HAp-binding domain,
while the second domain may be used for a dif-
ferent function (such as an integrin, or an anti-
fungal peptide sequence), and therefore may
comprise relatively long (and complex) peptides.
The molecular simulation of such chimeric pep-
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tides in contact with HAp have not yet been
reported, despite their recent applications in
experimental studies, and the growing need to
identify the structural modes of adsorption of
these sequences to ensure both domains in the
chimeric peptide can optimally carry out their
intended function.

3.3 Titania-Based Materials

The titanium surface is another key substrate rel-
evant to the bio-engineering of tissue implant
surfaces. Under physiological conditions, tita-
nium naturally oxidizes to form a titania layer on
the surface, and when in contact with solution at
neutral pH, this surface features a negative sur-
face charge density. Titania is used in myriad bio-
medical implant applications, due to its high
strength relative to its light weight, its corrosion
resistance, and its lack of bio-toxicity. The use of
titania-binding peptides as a coating agent for the
titania surface, without recourse to covalent
attachment to the substrate, remains a prime
strategy to tune and enhance the bio-compatibility
of titania implant materials. Moreover, materials-
binding peptides in and of themselves can confer
benefits in addition to material-specific recogni-
tion; e.g. Shiba and co-workers found that their
titania-binding minTi-1 hexapeptide (Sano and
Shiba 2003) could prevent the formation of bio-
films on titania substrates (Yoshinari et al. 2010).

3.3.1 Progress in Molecular
Simulations of the

Peptide-Titania Interface

The vast majority of molecular simulations of the
aqueous peptide-titania interface have been
reported for crystalline substrates, particularly
the crystalline rutile TiO, (110) interface. An
abundance (relative to many other liquid/solid
interfaces) of atomic-scale details of the rutile
TiO, (110) surface in contact with liquid water
are available. Experimental data along these lines
includes truncation X-ray standing wave and
crystal truncation rod measurements on single-

crystal substrates (Zhang et al. 2004), which has
enabled the adaptation and refinement of interfa-
cial force-fields to describe the aqueous rutile
(110) interface (Predota et al. 2004). Moreover,
the experimental results have provided valuable
benchmarks for validating the data produced by
molecular simulations using such force-fields
(Predota et al. 2004; Skelton and Walsh 2007) for
rutile (110). To date, credible structural models
and force-fields for other crystalline orientations
of the rutile surface, in addition to different poly-
morphs of titania (e.g. anatase) are much less
well developed.

Use of the crystalline rutile TiO, (110) inter-
face, however, presents a complication in terms
of making close links with experimental findings,
since most peptide-titania characterization exper-
iments have been reported for the native,
thermally-oxidized titanium substrate, which
might be best approximated via a structural
model of amorphous titania. The work of
Schneider and Colombi Ciacchi (2011) is impres-
sive for addressing this challenge; in this work,
the authors constructed and used an amorphous
titania substrate, in addition to a corresponding
peptide-surface force-field, in their simulations.
Notably, Roddick-Lanzilotta et al. (1998) used in
situ spectroscopy of lysine adsorbed at the aque-
ous titania interface to compare adsorption for
amorphous titania surfaces versus crystalline
anatase surfaces. These authors found no discern-
ible differences in adsorption in this instance.
This finding indicates that crystalline surfaces
might provide suitable structural surrogates for
amorphous substrates, for the purposes of molec-
ular simulation. Another aspect of the peptide-
TiO, interfacial simulations that has only recently
received attention is the use of the Reax-FF (van
Duin et al. 2001) force-field to model deproton-
ation events at the aqueous titania interface in the
context of peptide adsorption (Li et al. 2012;
Monti et al. 2012).

The use of simulations to predict the adsorp-
tion of small biologically-relevant molecules,
such as amino acids (or their analogues), can
provide clear fundamental benchmarks for
interpreting more complex data arising from
measurements or simulations of peptide-surface
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adsorption. While there is a dearth of experi-
mental data corresponding to such measure-
ments, several molecular simulation studies
have reported adsorption free energies at aque-
ous titania interfaces for amino acids (or related
molecules) on the rutile (110) (Monti and Walsh
2010; Sultan et al. 2014) surface. These simula-
tion data were reported for both charge-neutral
and hydroxylated, negatively-charged surfaces,
and under both of these conditions identified
that the analogues of charged amino acids, in
particular Arg, Glu and Asp, exhibited the stron-
gest adsorption at the titania interface, while
hydrophobic and aromatic residues (such as Leu
and Trp) were repelled by the surface. These
findings are consistent with experimental obser-
vations (Paszti and Guczi 2009; Roddick-
Lanzilotta et al. 1998; Roddick-Lanzilotta and
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Fig.3.5 Free energy profile of the adsorption of Arginine
on the TiO, nanoparticle surface and representative con-
figurations (a—d). The hydrogen-bonds in the triad water-
amino acid-TiO, nanoparticle, are indicated by green

McQuillan 1999; (Paszti and Guczi 20009;
Roddick-Lanzilotta et al. 1998; Roddick-
Lanzilotta and McQuillan 2000), and have also
been recently reported for the calculation of
adsorption free energies of amino acids on tita-
nia nanoparticles in solution (Fig. 3.5), pre-
dicted via molecular simulation (Liu et al.
2016). However, in this instance, the nanoparti-
cle surface was not hydroxylated and the
nanoparticle itself did not carry an overall
charge; both of these aspects should be consid-
ered in future. In contrast, umbrella sampling
molecular simulations of amino acid analogues
at the uncharged aqueous rutile (100) interface
(Brandt and Lyubartsev 2015) indicated that
polar and aromatic residues supported the stron-
gest adsorption, which is not consistent with
available experimental data.

(B)

alr)

dashed lines. (d) Water molecules in the first (FL) and
second (SL) water layers are colored in purple and cyan,
respectively (Reproduced from Liu et al. (2016).
Reproduced with permission of the copyright holder)
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Much of the previously-published molecular
simulation work concerned with aqueous
peptide-titania interfaces involves short peptides
with a propensity to aggregate (or form fila-
ments). Monti and co-workers reported some of
the earliest simulations of short peptides (di- and
tri-peptides) adsorbed at the aqueous crystalline
rutile TiO, (110) interface, including peptide
fragments derived from collagen (Fig. 3.6)
(Carravetta and Monti 2006; Tucci et al. 2007,
Monti et al. 2008; Monti et al. 2007; Zheng et al.
2016). Given the findings reported for amino
acids (and their analogues) adsorbed at the aque-
ous titania interface, it is not surprising that
charged residues were reported as being of the
most strongly adsorbing. Of particular note is the
abundance of simulation studies concerning the
adsorption of the tri-peptide Arg-Gly-Asp (RGD)
(Chen et al. 2010; Wu et al. 2011, 2012, 2013).

RGD is a ubiquitous adhesive motif in proteins,
and has been previously used in experiments
based on ‘“chimeric” peptide constructs for
implant materials, and therefore, a deeper under-
standing of how the RGD motif interacts with
these interfaces is a key requirement. These stud-
ies have indicated how the charged Arg and Asp
residues are the chief mediators of the peptide-
surface contact, although it appears that the pres-
ence of cations such as Na* and Ca*" in solution
at the interface can modulate this contact.

In terms of larger peptides, molecular simula-
tion studies in this area have focused chiefly on
peptide sequences identified from phage display
experiments. The minTi-1 titania-binding peptide
(RKLPDA), first experimentally isolated by Sano
and Shiba (2003), has been the subject of molec-
ular  simulation studies (Schneider and
Colombi Ciacchi 2012; Skelton et al. 2009),

6.57
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¢ ® <O

Fig.3.6. The adsorption conformations of the Pro-Hyp-
Gly tripeptide on the negatively charged surface (a) and
(b), and the distribution map (c) and (d) of absorbed func-
tional groups on the TiO, surface. The values in (c)—(e)

represent the z-positions (peak value) of the functional
groups or calcium ions with respect to the surface Ti
atoms (Reproduced from Zheng et al. (2016). Reproduced
with permission from the copyright owner)
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which identified that the presence charged side-
chains (in this case the Arg, Lys and Asp residues)
ensured close interfacial contact. These studies
also indicated that the presence of the strongly
structured interfacial solvent layers nearest to the
titania surface exerted a strong influence on pep-
tide adsorption. In particular, these studies sug-
gested that stable surface-adsorbed peptide
configurations could be mediated via the first
interfacial water layer, in addition to being medi-
ated via direct surface contact. Moreover, a recent
simulation study (Sultan et al. 2016) of two dif-
ferent titania-binding peptides identified from
phage display experiments (Puddu et al. 2013)
adsorbed at the aqueous rutile (110) interface
similarly showed that both solvent-mediated and
direct-contact modes of adsorption were possible
(Fig. 3.7). Interfacial solvent structuring was also
found to play an influential role in peptide adsorp-
tion, as suggested by the molecular simulations
of Friedrichs et al. (2013), who considered the
rutile (100) interface, and investigated two differ-

Fig.3.7. Degree of
residue — surface
contact for peptides Ti-1
and Ti-2, generated from
REST molecular
dynamics simulation
data. Coloured dots
superimposed on the
molecules indicate the

Ti-1

ent peptides identified from a different set of
phage-display selection experiments.

3.3.2 Outlook for Molecular
Simulations of the Peptide-
Titania Interface

In summary, the current body work in the area of
peptide-titania simulations provides a strong
foundation for enabling developments with the
potential to advance effective surface-coating
strategies for medical implant materials. Most of
the existing peptide-titania simulation data has
been obtained for short peptides, and moreover
has been focused on exploring the characteristics
of single-peptide adsorption. The prospects for
extending this knowledge base into more com-
plex scenarios is promising. The influence on
peptide-surface binding due to the presence of
more than one surface-adsorbed peptide (i.e.
multi-peptide effects) at the aqueous rutile (110)

L4 oo L10 Ki2

degree of

residue — surface direct
contact. Tables use the
same colour scheme to
indicate the amounts of
direct and indirect
(solvent mediated)
surface contact in
addition to the total
contact (direct +
indirect) (Reproduced
from Sultan et al.
(2016). Reproduced

with permission from
the copyright owner)
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interface is a clear direction that could be readily
studied via molecular simulation. On a related
note, the adsorption of peptides on the surface of
titania nanoparticles in solution is a similarly
under-explored area. However, a pre-requisite to
realizing this goal is first to construct credible
structural models (that incorporate physically-
reasonable surface charge density and surface

hydroxylation = states) of such titania
nanoparticles.
3.4  Outlook and Future

Prospects

Molecular simulations of the aqueous peptide-
solid interface can provide a valuable and funda-
mental structural basis which can directly inform
and guide the rational design of more complex
molecules such as the “chimeric”, two-domain
peptides. Such peptides show enormous promise
in providing reliable, non-covalent surface-
coating strategies for medical implants. Recent
experimental evidence suggests that the effec-
tiveness of hydroxyapatite as a coating for
implant materials can be tuned via the adsorption
of multi-domain peptides. Similarly, titanium is a
widely-used medical implant material, and the
non-covalent functionalisation of the oxidized
substrate, namely titania, can also provide a reli-
able strategy for modulating the biocompatibility
of titanium implants. To date, no molecular simu-
lations have yet been reported regarding the
adsorption of “chimeric” peptides at these aque-
ous interfaces of HAp and titania. In particular,
molecular simulations could provide critical
input into the design of the inter-domain spacer
that separates the materials-binding domain and
the functional domain, to ensure that these mole-
cules can provide optimal performance in vivo.
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Design Principles of Peptide Based
Self-Assembled Nanomaterials

Rania S. Seoudi and Adam Mechler

Abstract

The ability to design functionalized peptide nanostructures for specific
applications is tied to the ability of controlling the morphologies of the
self-assembled superstructures. That, in turn, is based on a thorough
understanding of the structural and environmental factors affecting self-
assembly. The aim of designing self-assembling nanostructures of con-
trolled geometries is achieved via a combination of directional and
non-directional second order interactions. If the interactions are distrib-
uted in a geometrically defined way, a specific and selective supramolecu-
lar self-assembly motif is the result. In this chapter we detail the role of
non-covalent interactions on the self-assembly of peptides; we will also
discuss different types of peptide building blocks and design rules for
engineering unnatural supramolecular structures.

Keywords

Programmed self-assembly ¢ Hierarchical nanomaterials ¢ Second order
interactions ¢ Unnatural peptides ¢ Peptide building blocks ¢ B-peptide
folding

Introduction

cine has led to intense activity in contriving non-
conventional structures and properties (Feynman

The quest for new materials to meet the increas-
ingly exacting requirements of rapidly changing
industries from aerospace to regenerative medi-
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1960; Adams and Barbante 2013; Garrett and
Poese 2013; Quandt and Ozdogan 2010; Arico
et al. 2005). One of the key demands towards
novel materials is inherent functionality (Werner
and Horne 2015; Laursen et al. 2015; Imperiali
et al. 1999; Pagel and Koksch 2008; Wang et al.
2006a; Ryu et al. 2008; Care et al. 2015), primar-
ily in the context of the so-called smart materials
that are capable of responding to environmental
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stimuli (Kopecek 2003; Lowik et al. 2010; Mano
2008; Seabra and Duran 2013; Sun et al. 2011),
in applications as diverse as optical biosensors,
molecular electronics and regenerative medicine
(Scanlon and Aggeli 2008; Kim et al. 2015; Rad-
Malekshahi et al. 2016; Wang et al. 2006b; Mart
et al. 2006; Deming 2007; Stoop 2008; Tamerler
and Sarikaya 2008; Toksoz et al. 2010; Nguyen
et al. 2013). The ability of smart materials to
respond to stimuli may be achieved through
designing functional hierarchical systems: bulk
materials composed of specific chemically or
physically responsive nanostructures (Yoshida
et al. 2006; Fairman and Akerfeldt 2005; Ju
2011).

Materials design often turns to nature for
ideas. The strength of natural fibres such as silk-
worm (bombyx mori) silk turned attention to
self-assembled systems: bioinspired materials
that hold the promise to create hierarchical nano-
structures (Fan et al. 2000; Quantock et al. 2015;
Kumar et al. 2011; Bhattacharya et al. 2014)
while offering the means of controlling the chem-
ical functionality and morphology from nano- to
macroscale structures (Bhushan 2009; Liu et al.
2013; Zhang 2002, 2003). Bioinspired materials
are distinguished from synthetic polymeric mate-
rials by their assumed biocompatibility and bio-
degradability, however they are truly superior to
polymeric materials in their programmable struc-
tural diversity and functionalizability (Joo et al.
2015; Reimers et al. 2015; Su and Wang 2015,
Lee et al. 2001; Wang et al. 2004). Among the
most versatile bioinspired materials are polypep-
tides (Zhao et al. 2014; MacEwan and Chilkoti
2014; Shen et al. 2015; Canalle et al. 2010;
Numata 2015). Careful design of the peptide
sequence can be used to control folding patterns,
while chemical modification of the side chains
can confer an active chemical or physical func-
tionality on the polypeptide structures (Klinker
and Barz 2015; Rasale and Das 2015; Engler
et al. 2011; Zhang et al. 2014).

In traditional material science, fabrication of
functional micro- and nanostructures is routinely
achieved through ‘top-down’ methods, creating
surface patterns with high-resolution optical
lithography (Henzie et al. 2006; Leggett 2006;

Colson et al. 2013). An alternative way of creating
functional nanostructures is using self-assembly
to build these structures ‘bottom-up’ from small
molecule precursors (Cheng et al. 2006; Ariga
et al. 2008; Zhang et al. 2009). Peptide-based bio-
inspired materials can be designed to form via
self-assembly and thus hold the promise to imple-
ment bottom-up nanofabrication (Shimomura and
Sawadaishi 2001; Shimizu 2003; Ariga et al.
2007; Koehler 2015). Self-assembly or bottom-up
nanofabrication is based on thermodynamic prin-
ciples: energy minimization drives small mole-
cules to associate into large well-ordered
structures that are held together only by non-cova-
lent bonds (Zhang and Altman 1999; Mattia and
Otto 2015; Levin et al. 2014; Kar et al. 2014). The
non-covalent forces acting between the mono-
mers are either of van der Waals (vdW) attraction,
electrostatic forces, hydrogen bonding, or hydro-
phobic attraction (Zhao et al. 2008; Cao et al.
2013; Hobza et al. 2006). Because self-assembly
occurs under equilibrium conditions, without any
external stimuli, the system is sensitive to any
environmental changes (Mann 2009; Grzelczak
etal. 2010; Maet al. 2010; Bowerman and Nilsson
2010). The environmental control parameters are
temperature, pH, concentration and the physico-
chemical solvent characteristics (Koga et al. 2011;
Rissanou et al. 2013; Chen 2005; Ryu and Park
2008; Lee et al. 2014; Tian et al. 2015). For exam-
ple, changing the pH would change the proton-
ation state of acidic ligands of the monomers, thus
controlling the ability to form hydrogen bonds,
leading to a change in the dimensionality of the
oligomeric form (Victorov 2015). The ionic
strength of solvent environment affects the
strength and often the sign of the net force between
charged molecules, for example, introducing salts
to a solution of anionic peptides may lead to
aggregation in which positive ions reduce the
repulsion between the peptide molecules (Mendes
et al. 2013). The dielectric constant of the solvent
affects the strength of van der Waals interactions
and thus affects the self-assembly as well (Bishop
et al. 2009; Stendahl et al. 2006). Temperature can
alter the hydrophobic/hydrophilic character of
materials leading to folding or unfolding of oligo-
peptide structures (Leikin et al. 1995; Pochan
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et al. 2003), hence temperature variation can be
used to design directed self-assembly through
switching the assembly on/off. Electromagnetic
effects can be used to the same end (Yu et al.
2014; Velichko et al. 2012; Wang et al. 2011; Park
et al. 2013; Gilmartin et al. 2005). Due to these
advantages, the design of bioinspired self-assem-
bling nanostructures is at the forefront of contem-
porary materials science (Cao et al. 2013; Gazit
2007; Ariga et al. 2008) and has also been consid-
ered for various applications in medicinal and
biochemistry (Kim et al. 2015; Seow and Hauser
2014; Bhattacharya et al. 2014).

A particularly active research area is the design
of unnatural amino-acid based peptides aiming to
achieve much greater structural polymorphism
than that is possible in a-peptides (Werner and
Horne 2015). B-peptides are the most commonly
used unnatural peptides; these are similar to o-
peptides in that f-peptides contain amide moieties
that can form hydrogen bond network to stabilize
secondary structures. They differ from o amino
acids in the extra carbon atom in the backbone so
that substitution is possible either on the C? or C*
atom (Seebach et al. 2006; Wu and Wang 1999,
Gellman 1998). Peptides based on beta amino
acids (pB-peptides) show an ability to fold into
well-defined secondary structures (Horne 2015;
Collie et al. 2015; Kortelainen et al. 2015). In
principle, it is possible to design secondary struc-
tures using p-peptides that can be side chain func-
tionalized without affecting the folding (Martinek
and Fulop 2003; Gratais et al. 2015; Althuon et al.
2015). Thus, materials design based on unnatural
B-peptides holds the promise to revolutionize bio-
inspired bottom-up nanofabrication. In this chap-
ter, the means of controlling the folding and
self-assembly of oligopeptides will be described,

with examples of complex hierarchical
structures.
4.2 Self-Assembly

Self-assembly is the process by which an ini-
tially disordered system becomes ordered
through  local non-covalent interactions
(Whitesides et al. 1991; Lehn 2004; Whitesides
and Grzybowski 2002). Self-assembly can be

also templated in a structural sense, that may
occur with imposing direction on the self-assem-
bly process by an external force by magnetic
(Tanase et al. 2002), electric (Smith et al. 2000)
or flow fields (Huang et al. 2001). Because self-
assembly happens via association of small mol-
ecules of nanoscale dimensions into more
complex systems, the defects of such systems
are minimized to atomistic or molecular scale
(Mishra et al. 2011; Barth et al. 2005; Buehler
and Ackbarow 2008). The incorporation of more
than one association motif can encode into the
molecular design the formation of secondary
and/or hierarchical structures; this general form
of supramolecular self-assembly (Pasini and
Kraft 2004) offers great precision in structural
materials design (Gazit 2007; Huang and Che
2015).

The formation of nanostructures with specific,
predetermined shape, size and structure through
self-assembly is one of the main objectives of
materials science since this is the prerequisite of
designing molecular devices. While some degree
of success was achieved with the assembly of
geometrically controlled nanoparticles (Abb
et al. 2016; Bromley et al. 2008; Stupp et al.
2013), these systems lack the required versatility.
Bioinspired self-assembly modelled on ligand-
receptor interactions offers the necessary design
rules (Kopecek and Yang 2009).

Specific self-assembly is prevalent in biologi-
cal systems. While ligand-receptor binding yields
only dimers, the mass of functional protein com-
plexes such as a flagellum motor or a virus cap-
sule reach megadalton to gigadalton sizes. Less
specialized but much larger in assembly mass are
linear oligomeric systems such as amyloid fibres
causing Alzheimer’s and Parkinson’s diseases.
Amyloid fibres have a complex p-sheet structure
which is characterized by high stiffness and
rigidity where hydrophilic, electrostatic, hydro-
gen bonding and n-m stacking interactions
facilitate specific and selective self-assembly in a
stable cross pf-arrangement (Cinar et al. 2012). A
common characteristic of these biological self-
assembled systems is that multiple interactions
are aligned along the structures, creating a geo-
metrical pattern (Ulijn and Smith 2008; Zhang
2002). This inspired the invention of supramo-
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lecular chemistry that is also known as the chem-
istry of the non-covalent bond.

Supramolecular self-assembly arises from a
synergy of multiple geometric, steric, ionic and
directional bonds. It offers highly specific and
selective recognition motifs that, when utilized in
a bottom-up design, offers a great precision lead-
ing to a high-level manipulation of materials.
Supramolecular assembly opened new avenues in
the world of nanotechnology (Gazit 2007; Chen
and Rosi 2010; Berl et al. 2000; Ramstrom et al.
2002), offering spontaneous formation of ordered
structures at the nanoscale leading to macro-
scopic objects with nano-scale order (Gazit
2007). Supramolecular self-assembly can be
classified into reversible and irreversible pro-
cesses. The reversible supramolecular interac-
tions involve a sequence of interactions that lead
to the formation of supramolecular structures
(Rajagopal and Schneider 2004). In irreversible
assembly, the interactions occur at the same time
leading to the formations of complex hierarchical
structures (Rajagopal and Schneider 2004).
Using these principles, protein and peptide based
self-assembled materials were developed through
several processes of molecular recognition, spon-
taneously arrange themselves to highly organized
structures (Gazit 2007; Ulijn and Smith 2008;
Lakshmanan et al. 2012).

4.2.1 Interactions That Drive

Self-Assembly

Self-assembly can happen via a number of physi-
cal, also known as second order, interactions.
Although those interactions form weak non-
covalent bonds, the collective effect of them
often leads to strong, stable structures. The com-
petition between second order interactions as a
function of environmental conditions gives rise
to different structures (Mendes et al. 2013), hence
it is important to understand those interactions
and what are their fundamental characteristics.
The main interactions involved in self-
assembly are hydrogen bonding, van der Waals
interactions, solvophobic (e.g. hydrophobic)
interactions and n-n stacking (Fig. 4.1).

In case of charged particles, electrostatic
forces are also important, although in ionic solu-
tions these are typically reduced in range and
strength. A special category of interactions
between colloidal systems are so-called entropic
forces, including thermal fluctuation, steric, and
hydration forces.

4.2.1.1 Hydrogen Bonding

While its exact nature is still debated, the hydro-
gen bond arises from the attraction between an
electron-deficient hydrogen and a lone pair of
electrons (e.g. of carbonyl oxygen). The hydro-
gen bond is directional, stronger, and shorter dis-
tance than a dipole-dipole interaction. It was
hypothesized before that H-bond is a partial
covalent bond, however no electron pair sharing
was observed. Presently it is believed that
H-bonding is a special case of polar interaction.
Whereas the exact physical basis of H-bonding is
not known, its strength does correlate to the
dipole moment of the interacting moieties, and
hence competition is possible for H-bonding
sites; furthermore the attraction depends on the
dielectric constant of the solvent.

The hydrogen bond is the one responsible for
the formation of the three-dimensional macromo-
lecular structures in what is called hydrogen bond
polymerization (Israelachvili 2011). Hydrogen
bonding is the strongest among the second-order
interactions, however it is still a short range
point-to-point interaction. Hydrogen bonding is a
strong interaction, with bond energies ranging
between 5-65 kJmol~' (Faul and Antonietti 2003)
thus multiple hydrogen bonding moieties can
drive self-assembly into robust supramolecular
structures through specific and selective binding
motifs due to the directionality and specificity of
the bonding (Sijbesma and Meijer 1999). The
cooperative effect of multiple hydrogen bonds,
while also dependent on the solvent, is primarily
defined by the nature of the donor and acceptor
sites. Hydrogen bonding motif is used to direct
the self-assembly mostly in apolar environment
so as there is no competition for the binding sites
from the solvent (Prins et al. 2001). The hydro-
gen bond is frequently used in the design of
supramolecular structures, to build one-, two- or
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Fig.4.1 Different types of non-covalent interactions involved in self-assembly (Mendes et al. 2013)

three-dimensional molecular crystals (Russell
and Ward 1996).

4.2.1.2 Van der Waals Interactions

Also known as polar interactions, van der Waals
(vdW) interactions exist between all molecules.
Van der Waals interaction is not as strong as
Columbic interaction or hydrogen bonding, how-
ever it may act on large surface areas thus giving
van der Waals interaction the ability to influence
structural assembly. There are three types of
interactions that contribute to van der Waals
forces: permanent dipole-dipole interactions
(Keesom or orientation force), induced dipole-
permanent dipole interaction which is also known
as Debye induction force, and induced dipole-
induced dipole interaction (London dispersion
force, London 1937) that can occur between any
species irrespective of polarity or charge.
Although London dispersion force is inherently
weak, it is nevertheless the reason behind the
condensed (liquid) state of non-polar solvents.

Van der Waals interactions are not pairwise
additive, but depend on the dimensionality of the
system as well, becoming substantial if acting on
a large surface area. The atomic arrangement and
dimensionality were also shown to affect Van der
Waals coefficient of carbon nanostructures
(Gobre and Tkatchenko 2013).

Given the relative weakness of second-order
interactions, it is important to consider the
Boltzmann energy kT in the stability of self-
assembled structures. Increasing the temperature
weakens both hydrogen bonding and van der
Waals interactions, which in case of polypeptides
may lead to unfolding of secondary structures
(Dauraetal. 1998; Seebach et al. 2006; Gademann
et al. 1999).

4.2.1.3 Solvophobic Interactions

The interaction of solutes with the solvent can
take three different forms: if the solute is charged,
strong orientation forces create a hydration shell;
if the solute has hydrogen bond donors or accep-
tors, moieties of the molecule become embedded
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into the hydrogen bonding network of the sol-
vent; and in case of apolar molecules, an exclu-
sion shell is formed around the structure by the
solvent. The latter gives rise to an apparent attrac-
tion between the solute molecules, known as sol-
vophobic interaction. Solvophobic interaction
can be expressed as the tendency of the solvent to
minimize the exclusion shell by squeezing the
apolar molecules into aggregates (Luo et al.
2015). The extent of solvophobic interactions
depends on the strength of the hydrogen bond
network of the solvent (Rodnikova 2007,
Rodnikova and Barthel 2007).

Solvophobic interactions are long range, tem-
perature dependent, entropically originated
forces. The energy of the solvophobic interaction
between two particles is:

E,, =2Ay ~4nrhy (4.1)

where h, is the diameter, r is the distance between
two particles, A; is the Hamaker constant, and vy is
the surface tension at the particle-solvent inter-
face (Luo et al. 2015).

Self-assembly frequently involves solvopho-
bic and solvophilic interactions. Hydrophobic
moieties tend to minimize contacting surface
areas with the solvent, thus particles would asso-
ciate to minimize energy. If a hydrophilic part
exists, it would tend to increase interfacial sur-
face area with the solvent. The competition
between the solvophobic/solvophilic interactions
determines the overall structure that in the sim-
plest amphiphilic systems, surfactants, induce the
formation of micelle structures (Toksoz et al.
2010). Some designs of self-assembling peptides
copy surfactant properties by introducing a
hydrophobic “tail” attached to hydrophilic amino
acids. Introducing such structures to water leads
to the association of peptides into micellar
nano-structures.

4.2.1.4 Electrostatic Interactions

Long-range nonselective strong Coulombic
(electrostatic) interactions are either attractive or
repulsive. Electrostatic interactions depend on
the dielectric constant of the solvent. Coulombic
forces act between charged groups. The impor-
tance of charge interactions in an electrolyte is
much reduced for two reasons: the dielectric con-

stant of the medium reduces the strength of the
interaction (also leading to dissolution of salts in
water), while solvated counterions shield the
charges. For interactions between two surfaces:

1 00,

w(D)= 4.2)