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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’ β-amino acids that are without some of the constraints of 
natural α-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 β-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 PamnCys 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 PamnCys-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 Pamn 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 π-π 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 
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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, 

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-
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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.

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 
so). 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).

Peptides

Material

Function

Immobilization

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

K. Shiba
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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 

(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 

Natural 

Artificial

Peptides

Natural peptides 
peptide hormones

bactericidal peptides
mineralization peptides

etc.

Motifs in 
natural proteins

Biochemical or genetical methodologies
identify the functional peptide sequences

in natural proteins

Rationally designed
artificial peptides

Design peptide based on
knowledge on peptides

In vitro evolved
artificial peptides

Select functional peptides
from pool of peptides

having random sequences

Fig. 1.2 Sources of 
peptides used to make 
bio-surfaces

1 Programmable Bio-surfaces for Biomedical Applications
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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 naïve 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 109. 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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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 (Celiz et al. 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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Solid-Binding Peptides 
in Biomedicine                                      

Andrew Care, Peter L. Bergquist, and Anwar Sunna

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, 

A. Care et al.



23

Ta
b

le
 2

.1
 

Se
le

ct
ed

 S
B

Ps
 a

nd
 th

ei
r 

ap
pl

ic
at

io
ns

Ta
rg

et
 s

ol
id

Se
qu

en
ce

pI
a

C
ha

rg
eb

A
pp

lic
at

io
ns

R
ef

er
en

ce
sc

M
et

al
s

G
ol

d
M

H
G

K
T

Q
A

T
SG

T
IQ

S
 8

.5
2

+
1

B
io

m
ol

ec
ul

e 
im

m
ob

ili
za

tio
n;

 b
io

co
m

pa
tib

ili
ty

; 
m

ul
ti-

 m
at

er
ia

l f
ab

ri
ca

tio
n

B
ro

w
n 

et
 a

l. 
(2

00
0)

W
A

L
R

R
SI

R
R

Q
SY

12
.0

0
+

4
B

io
m

ol
ec

ul
e 

im
m

ob
ili

za
tio

n;
 b

io
co

m
pa

tib
ili

ty
H

ni
lo

va
 e

t a
l. 

(2
00

8)

W
A

G
A

K
R

LV
L

R
R

E
11

.7
1

+
3

B
io

co
m

pa
tib

ili
ty

H
ni

lo
va

 e
t a

l. 
(2

00
8)

L
K

A
H

L
PP

SR
L

PS
11

.0
0

+
2

M
at

er
ia

l-
sp

ec
ifi

c 
an

tib
od

y 
ge

ne
ra

tio
n

N
am

 e
t a

l. 
(2

00
6)

V
SG

SS
PD

S
 3

.8
0

0
B

io
m

at
er

ia
l p

ro
du

ct
io

n;
 m

ul
ti-

m
at

er
ia

l f
ab

ri
ca

tio
n

H
ua

ng
 e

t a
l. 

(2
00

5)

Pa
lla

di
um

T
SN

A
V

H
PT

L
R

H
L

 9
.4

7
+

1
N

an
os

tr
uc

tu
re

 s
yn

th
es

is
; c

on
tr

ol
le

d 
ca

ta
ly

si
s

Pa
ca

rd
o 

et
 a

l. 
(2

00
9)

Pl
at

in
um

PT
ST

G
Q

A
 5

.9
6

0
SB

P 
bi

nd
in

g 
st

ud
ie

s
Sa

ri
ka

ya
 e

t a
l. 

(2
00

3)

T
LT

T
LT

N
 5

.1
9

0
N

an
os

tr
uc

tu
re

 s
yn

th
es

is
L

i a
nd

 H
ua

ng
 (

20
10

)

SS
FP

Q
PN

 5
.2

4
0

N
an

os
tr

uc
tu

re
 s

yn
th

es
is

L
i a

nd
 H

ua
ng

 (
20

10
)

C
SQ

SV
T

ST
K

SC
 8

.0
6

+
1

B
io

co
m

pa
tib

ili
ty

Sa
ri

ka
ya

 e
t a

l. 
(2

00
3)

Si
lv

er
A

Y
SS

G
A

PP
M

PP
F

 5
.5

7
0

B
io

m
at

er
ia

l p
ro

du
ct

io
n

N
ai

k 
et

 a
l. 

(2
00

2b
)

N
PS

SL
FR

Y
L

PS
D

 5
.8

4
0

B
io

m
at

er
ia

l p
ro

du
ct

io
n

N
ai

k 
et

 a
l. 

(2
00

2b
)

T
ita

ni
um

R
PR

E
N

R
G

R
E

R
G

L
11

.8
2

+
3

B
io

co
m

pa
tib

ili
ty

K
ha

ta
ye

vi
ch

 e
t a

l. 
(2

01
0)

R
K

L
PD

A
 8

.7
5

+
1

M
ul

ti-
m

at
er

ia
l f

ab
ri

ca
tio

n;
 n

an
os

tr
uc

tu
re

 s
yn

th
es

is
Sa

no
 a

nd
 S

hi
ba

 (
20

03
)

M
et

al
 o

xi
de

s

Ir
on

 o
xi

de
R

R
T

V
K

H
H

V
N

12
.0

1
+

3
B

io
m

ol
ec

ul
e 

im
m

ob
ili

za
tio

n
B

ro
w

n 
(1

99
7)

U
pc

on
ve

rs
io

n 
na

no
pa

rt
ic

le
s

A
C

TA
R

SP
W

IC
G

 8
.1

1
+

1
B

io
m

ol
ec

ul
e 

im
m

ob
ili

za
tio

n;
 b

io
co

m
pa

tib
ili

ty
Z

ha
ng

 e
t a

l. 
(2

01
2)

Si
lic

a
M

SP
H

PH
PR

H
H

H
T

9.
59

+
1

B
io

m
ol

ec
ul

e 
im

m
ob

ili
za

tio
n;

 n
an

os
tr

uc
tu

re
 

sy
nt

he
si

s
N

ai
k 

et
 a

l. 
(2

00
2a

)

SS
K

K
SG

SY
SG

SK
G

SK
R

R
IL

11
.2

2
+

6
M

ul
ti-

m
at

er
ia

l f
ab

ri
ca

tio
n

K
rö

ge
r 

et
 a

l. 
(1

99
9)

H
PP

M
N

A
SH

PH
M

H
7.

10
0

M
ul

ti-
m

at
er

ia
l f

ab
ri

ca
tio

n
E

te
sh

ol
a 

et
 a

l. 
(2

00
5)

R
K

L
PD

A
8.

75
+

1
M

ul
ti-

m
at

er
ia

l f
ab

ri
ca

tio
n;

 n
an

os
tr

uc
tu

re
 s

yn
th

es
is

Sa
no

 a
nd

 S
hi

ba
 (

20
03

)

Q
ua

rt
z

PP
PW

L
PY

M
PP

W
S

5.
95

0
B

io
m

ol
ec

ul
e 

im
m

ob
ili

za
tio

n;
 b

io
co

m
pa

tib
ili

ty
; 

bi
om

at
er

ia
l p

ro
du

ct
io

n;
 m

ul
ti-

m
at

er
ia

l f
ab

ri
ca

tio
n

O
re

n 
et

 a
l. 

(2
00

7)

Z
eo

lit
es

V
K

T
Q

A
T

SR
E

E
PP

R
L

PS
K

H
R

PG
10

.9
0

+
3

B
io

m
ol

ec
ul

e 
im

m
ob

ili
za

tio
n

N
yg

aa
rd

 e
t a

l. 
(2

00
2)

Z
in

c 
ox

id
e

E
A

H
V

M
H

K
V

A
PR

P
8.

86
+

1
M

at
er

ia
l-

sp
ec

ifi
c 

an
tib

od
y 

ge
ne

ra
tio

n
U

m
et

su
 e

t a
l. 

(2
00

5)

R
PH

R
K

12
.0

1
+

3
B

io
m

ol
ec

ul
e 

im
m

ob
ili

za
tio

n
T

ha
i e

t a
l. 

(2
00

4) (c
on

tin
ue

d)

2 Solid-Binding Peptides in Biomedicine



24

Ta
b

le
 2

.1
 

(c
on

tin
ue

d)

Ta
rg

et
 s

ol
id

Se
qu

en
ce

pI
a

C
ha

rg
eb

A
pp

lic
at

io
ns

R
ef

er
en

ce
sc

M
in

er
al

s

C
al

ci
um

 p
ho

sp
ha

te
K

D
V

V
V

G
V

PG
G

Q
D

4.
21

−
1

B
io

m
ol

ec
ul

e 
im

m
ob

ili
za

tio
n;

 b
io

m
at

er
ia

l 
pr

od
uc

tio
n

C
hi

u 
et

 a
l. 

(2
01

2)

H
yd

ro
xy

ap
at

ite
N

PY
H

PT
IP

Q
SV

H
6.

92
0

B
io

m
at

er
ia

l p
ro

du
ct

io
n

C
hu

ng
 e

t a
l. 

(2
01

1)

C
ar

bo
n 

m
at

er
ia

ls

G
ra

ph
en

e
E

PL
Q

L
K

M
6.

10
0

B
io

m
ol

ec
ul

e 
im

m
ob

ili
za

tio
n;

 b
io

m
at

er
ia

l 
pr

od
uc

tio
n

C
ui

 e
t a

l. 
(2

01
0)

Si
ng

le
-w

al
le

d 
ca

rb
on

 n
an

ot
ub

es
H

SS
Y

W
Y

A
FN

N
K

T
8.

50
B

io
m

ol
ec

ul
e 

im
m

ob
ili

za
tio

n,
 b

io
m

at
er

ia
l 

pr
od

uc
tio

n;
 m

ul
ti-

m
at

er
ia

l f
ab

ri
ca

tio
n

Pe
nd

er
 e

t a
l. 

(2
00

5)

D
Y

FS
SP

Y
Y

E
Q

L
F

3.
67

−
2

B
io

co
m

pa
tib

ili
ty

K
as

e 
et

 a
l. 

(2
00

4)

D
SP

H
T

E
L

P
4.

35
−

2
B

io
m

at
er

ia
l p

ro
du

ct
io

n
D

an
g 

et
 a

l. 
(2

01
1)

Se
m

ic
on

du
ct

or
s

C
ad

m
iu

m
 s

ul
ph

id
e

C
T

Y
SR

K
H

K
C

9.
39

+
3

M
ul

ti-
m

at
er

ia
l f

ab
ri

ca
tio

n;
 n

an
os

tr
uc

tu
re

 s
yn

th
es

is
Fl

yn
n 

et
 a

l. 
(2

00
3)

G
al

liu
m

 a
rs

en
id

e
A

Q
N

PS
D

N
N

T
H

T
H

5.
97

0
SB

P 
bi

nd
in

g 
st

ud
ie

s
W

ha
le

y 
et

 a
l. 

)2
00

0)

Z
in

c 
su

lp
hi

de
C

G
PA

G
D

SS
G

V
D

SR
SV

G
PC

4.
21

−
1

B
io

m
ol

ec
ul

e 
im

m
ob

ili
za

tio
n;

 b
io

m
at

er
ia

l 
pr

od
uc

tio
n

Z
ho

u 
et

 a
l. 

(2
01

0)

C
N

N
PM

H
Q

N
C

6.
72

0
B

io
m

at
er

ia
l p

ro
du

ct
io

n
M

ao
 e

t a
l. 

(2
00

3)

L
R

R
SS

E
A

H
N

SI
V

9.
61

+
1

M
ul

ti-
m

at
er

ia
l f

ab
ri

ca
tio

n;
 n

an
os

tr
uc

tu
re

 s
yn

th
es

is
M

ao
 e

t a
l. 

(2
00

3)

A
da

pt
ed

 f
ro

m
 C

ar
e 

et
 a

l. 
(2

01
5)

. C
op

yr
ig

ht
 (

20
15

),
 w

ith
 p

er
m

is
si

on
 f

ro
m

 E
ls

ev
ie

r
a I

so
el

ec
tr

ic
 p

oi
nt

s 
w

er
e 

ca
lc

ul
at

ed
 u

si
ng

 C
om

pu
te

 p
I/

M
w

 to
ol

 (
ht

tp
://

w
eb

.e
xp

as
y.

or
g/

co
m

pu
te

_p
i/)

b C
al

cu
la

te
d 

by
 s

ub
tr

ac
tin

g 
th

e 
nu

m
be

r 
of

 b
as

ic
 r

es
id

ue
s 

(R
 a

nd
 K

) 
fr

om
 th

e 
nu

m
be

r 
ac

id
ic

 r
es

id
ue

s 
(D

 a
nd

 E
)

c R
ef

er
en

ce
 f

ro
m

 w
hi

ch
 th

e 
SB

P 
se

qu
en

ce
s 

w
er

e 
id

en
tifi

ed
 o

ri
gi

na
lly

A. Care et al.

http://web.expasy.org/compute_pi/


25

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). 
M13 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 (Akerström and Björck 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 Förster 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 1O2) (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 μg/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. 2.1 (a) Schematic illustration of the fabrication of 
UCNPs with photosensitizer-doped silica coatings 
(Si-UCNPs) and its functionality and (b) LPG-mediated 
bioconjugation of Si-UCNPs with tumor-specific antibod-
ies and their application in targeted PDT. (c) Fluorescent 
images of human colon adenocarcinoma HT-29 cells after 
incubation with Si-UCNPs + LPG + tumor-specific 
antibody. (d) Intracellular ROS generated (green fluo-
rescence) in HT-29 cells treated with NIR-excited bio-

functionalized UCNPs particles (e) Cell viability of 
HT-29 cells treated with various concentrations (0, 100, 
and 200 μg/mL) of Si-UCNPs and then exposed to NIR- 
excitation for different durations (0, 5, 10, and 15 min) 
and quantified by standard MTT assay. Each value repre-
sents the mean ± standard deviation of five replicates 
(Adapted with permission from Liang et al. (2016). 
Copyright (2016) American Chemical Society)
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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 

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.

Fig. 2.2 (1) Illustration 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 

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–l) 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)

2 Solid-Binding Peptides in Biomedicine



30

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 (IV) 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 μl−1 (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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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 

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, 

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. (c) 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 

upon exposure of the sensor to pulses of exhaled breath 
(red line). Baseline conductance is shown as blue line. (c) 
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))
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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 

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.

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-

posed of a SBP and an antimicrobial peptide (Adapted 
with permission from Yazici et al. (2016). Copyright 
(2016) American Chemical Society)
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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 
on this approach, a more generalized peptide- 
based strategy for tuning the medical  bio- interface 
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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 Ca10(PO4)6(OH)2, 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 

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
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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). 

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).

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(II) positions, where the 
Ca(I) positions are within the rest of the lattice (O ¼ red, 

Ca ¼ green, P ¼ pink, H ¼ white, Ca(I) and Ca(II) indi-
cated on some positions) (Reproduced from de Leeuw 
(2010). Reproduced with permission from the copyright 
owner)
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3.2.1  Progress in 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), (11 0), 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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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 PO4

3− 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 

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 HPO4

2−). In contrast, these 
authors found that at pH = 5 (where the surface 
phosphates were doubly-protonated, as H2PO4

−), 
polar and hydrophobic species made greater 
 contact at the aqueous interface. However, these 

Fig. 3.3 Water adsorption structures for the first two 
hydration layers on four HAp surfaces: (a) (100), (b) 
(110), (c) (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 

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)
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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 

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 

Fig. 3.4 Binding configurations of the phosphorylated 
peptide pVTK (VTKHLNQISpQSpY) 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 

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)
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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). 
Huq 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 TiO2 (110) interface. An 
abundance (relative to many other liquid/solid 
interfaces) of atomic-scale details of the rutile 
TiO2 (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 TiO2 (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- 
TiO2 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 

McQuillan 1999; (Paszti and Guczi 2009; 
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.

Fig. 3.5 Free energy profile of the adsorption of Arginine 
on the TiO2 nanoparticle surface and representative con-
figurations (a–d). The hydrogen-bonds in the triad water- 
amino acid-TiO2 nanoparticle, are indicated by green 

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 TiO2 (110) interface, including peptide 
fragments derived from collagen (Fig. 3.6) 
(Carravetta and Monti 2006; Iucci 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 Ca2+ 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), 

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 TiO2 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-

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) 

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 
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 • β-peptide 
folding

4.1  Introduction

The quest for new materials to meet the increas-
ingly exacting requirements of rapidly changing 
industries from aerospace to regenerative medi-

cine has led to intense activity in contriving non- 
conventional structures and properties (Feynman 
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 
et al. 2010; Ma et 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 α-peptides (Werner and 
Horne 2015). β-peptides are the most commonly 
used unnatural peptides; these are similar to α- 
peptides in that β-peptides contain amide moieties 
that can form hydrogen bond network to stabilize 
secondary structures. They differ from α amino 
acids in the extra carbon atom in the backbone so 
that substitution is possible either on the C2 or C3 
atom (Seebach et al. 2006; Wu and Wang 1999, 
Gellman 1998). Peptides based on beta amino 
acids (β-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 β-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 
β-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 β-sheet structure 
which is characterized by high stiffness and 
rigidity where hydrophilic, electrostatic, hydro-
gen bonding and π-π stacking interactions 
 facilitate specific and selective self-assembly in a 
stable cross β-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 π-π 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−1 (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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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 
(Daura et al. 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 

Fig. 4.1 Different types of non-covalent interactions involved in self-assembly (Mendes et al. 2013)
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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 Asp i o= ≈2 4γ π γrh

 
(4.1)

where ho is the diameter, r is the distance between 
two particles, Ai is the Hamaker constant, and γ 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:
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πεε  
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Where Q1 and Q2 are the interacting charges, ε 
is the vacuum dielectric permittivity, and εr is the 
dielectric constant of the medium in which the 
interaction takes place. Comparing the distance 
dependence of the electrostatic interaction (1/r), 
to Van der Waals interaction (1/r6) it is clear that 
Van der Waals interactions act on much shorter 
range. Van der Waals and electrostatic interac-
tions in solution are unified in the DLVO 
(Derjaguin- Landau- Verwey- Overbeek) theory, 
however in simple treatment it is usually suitable 
to consider each in separation.

4.2.1.5  Aromatic Interactions  
(π-π Stacking)

Aromatic-aromatic interactions occur between 
π-electron rich and π-electron deficient aromatic 
rings depending on the orientation of compounds 
such as edge-to-face, stacked and offset stacked 
rings. If aromatic rings within an oligomeric 
structure are oriented face-to-face, the attractive 
interaction imposes substantial stability on the 
self-assembled structures. Stacking interactions 
are hard to control in molecular design, hence it 
is usually combined with other non-covalent 
interactions to form specific structures 
(Klosterman et al. 2009). In nature β-amyloids 
assemble into fibres via the combination of 
hydrogen bonding and π-π stacking between phe-
nyl rings (Yan et al. 2010; Gazit 2002).

Most of the non-covalent forces are hard to 
control due to non-directionality (except 
 hydrogen bonding) and sensitivity to environ-
mental conditions, which have to be considered 
in the molecular design. A way to overcome 
weakness or non-directionality of non-covalent 
interactions is through using a combination of 
non-covalent interactions in a geometrically 
defined pattern to drive interactions, which is 
essentially a realization of a supramolecular rec-
ognition motif.
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4.3  Bioinspired Building Blocks 
of Self-Assembly

As it was outlined above, nature is the inspira-
tion for building nanostructures using the self- 
assembly principle (Coppens 2005; Shu et al. 
2011; Giuseppone 2012). Lipids, nucleic acids 
and amino acids are the main building blocks 
for building nanomaterials through the sponta-
neous organization into highly sophisticated 
systems using only noncovalent interactions 
(Ulijn and Smith 2008; Zhang et al. 2002). The 
former two have been extensively studied 
before; the focus of this chapter is on oligopep-
tide self-assembly.

Amino acids are the fundamental building 
blocks of nature’s most versatile biopolymers: 
polypeptides. Polypeptides, or proteins, are 
molecular machines, having the most complex 
nanostructures in nature that allow them to build 
functional superstructures. These include trans-
membrane ion channels, essentially molecular 
valves; microtubules, the biochemical conveyor 
belts; and the flagellum rotor, nature’s version 
of rotor-stator motion (Blair 2003; Mora et al. 
2009; Moreau et al. 2014; Aryal et al. 2015). 
The origin of this structural and functional 
diversity is the ability of oligopeptides to fold 
into permanent nanostructures that are “coded” 
into the sequence, primarily helices and sheets, 
where the superstructures are based on these 
structural units.

Materials science has been slow in converting 
this biological versatility into technological solu-
tions, largely since proteins are far too complex 
to design and manufacture. Small peptides, how-
ever, offer a simple means to build up a knowl-
edge base that will one day allow the design of 
oligopeptide-based molecular machines (Gazit 
2007; Ulijn and Smith 2008; Lakshmanan et al. 
2012). The strategies of designing oligopeptide 
based self-assembling structures rely on the natu-
rally occurring conformations of proteins such as 
β-sheet or α-helix as structural elements. The 
self-assembly motif might be based on amphiphi-
licity, salt bridges, hydrogen bonding, or even the 

use of aromatic π–stacking interactions (Zhang 
et al. 1993; Nikolic et al. 2011; Hauser et al. 
2011).

Although peptides and proteins are made of 
only 20 “natural” amino acids, there are many 
more synthetic amino acids that can be prepared 
in laboratory. Such “unnatural” amino acids can 
be designed by substituting side chains and/or by 
insertion of extra carbon atoms in the backbone 
of the amino acids (at β and γ positions) (Seebach 
et al. 2006; Cheng et al. 2001). Thus, coded into 
the amino acid sequence, peptides can fold and 
self-assemble into nanotubes, helical ribbons, 
and fibrous scaffolds (Pizzey et al. 2008; Hamley 
2014; Eom et al. 2015; Jadhav et al. 2014). The 
following part provides an overview of the com-
mon folding geometries that can serve as a basis 
for designing complex self-assembling 
nanostructures.

4.3.1  Secondary Structures 
of α-Peptides

α-peptides are best used for introducing the key 
concepts of peptide folding. α-peptide consists of 
alpha amino acids named so as the alpha carbon 
is substituted. Most natural amino acids are alpha 
type. The “design rules” of α-peptide folding are 
hence well known. The dominant folded struc-
tures are the α-helices and β-sheets (Woolfson 
and Ryadnov 2006). While the folding geometry 
largely depends on the nature of the side chains 
and the peptide sequence, there is enough flexi-
bility in the design rules to provide the peptide 
structures with the needed functionality. 
Importantly, peptides have natural biochemical 
functions that can be utilized under unnatural 
conditions. There are several classes of mem-
brane modulating/disrupting, signaling, and oth-
erwise active peptides (Guillotte et al. 2016; 
Shuvaev et al. 2015; Fodale et al. 2014; Heyduk 
et al. 2010). Hence, structural and functional 
designs can go hand-in hand if the target applica-
tion is biomedical; nano-technological applica-
tions, however, require novel design strategies.

4 Design Principles of Peptide Based Self-Assembled Nanomaterials



58

4.3.1.1  β-Sheet
The dense hydrogen bonding network between 
the amide moieties in oligopeptide β-strands 
leads to the formation of the planar, “hairpin- 
like” folded structure known as β-sheet (Mendes 
et al. 2013). The “hairpin” orientation is pre-
served through in-plane intramolecular hydrogen 
bonds between the backbone amide moieties, 
with an interstrand distance of 5Å between 
strands (Nesloney and Kelly 1996), whereas the 
side chains are positioned approximately perpen-
dicular to the plane of the β-sheet. The strands are 
rarely in a completely extended conformation 
hence beta sheets are “twisted”. Importantly 
β-sheet can be formed between either parallel or 
antiparallel strands that satisfy the folding motif 
(Fig. 4.2).

While a very common folding in nature, 
β-sheets do not have highly exacting require-
ments in terms of amino acid residues, although 
different amino acids have different “propensi-
ties” to fold into beta sheets. It is best understood 
in terms of stabilizing factors, usually interac-
tions between the side chains. β-sheets are stabi-
lized by branching and cyclic side chains as well 
as charged residues. The latter is explained with 
pairwise interactions and salt bridge formation, 
however higher bond energy between adjacent 
residues does not necessarily lead to higher 
β-sheet stability.

Nevertheless, β-sheet stability depends on the 
side-chain pairwise interactions. As the β-sheet 
typically has a hydrophobic and a hydrophilic 
face, it is possible for the hydrophobic interaction 
to act as a stabilizing factor. The more hydropho-
bic cyclic and branched side chains have a stron-
ger stabilizing effect, while β-sheets containing 
glycine and proline side chains have the lowest 
stability (Smith and Regan 1997; Minor and Kim 
1994). Importantly, β-sheets can stack into 
sandwich- like superstructures (Nesloney and 
Kelly 1996) and hence β-sheet peptides have the 
ability to self-assemble into fibres, tapes/ribbons 
and fibrils.

4.3.1.2  α-Helix
Helical folding forms via the intramolecular 
hydrogen bond that occurs between the carbonyl 
oxygen C=O and the proton donor N-H of the 
amide between amino acid residues a given dis-
tance apart. In α-helix hydrogen bonding occurs 
between C=O of residue i and N-H of residue i+4 
(Crisma et al. 2006) with a bond distance of 
2.72Å and rise per turn 5.4 Å (Fig. 4.3) (Crisma 
et al. 2006; Doig 2008).

This α-turn structural motif is characterized 
by 3.6 residues per turn, or 13 carbon atoms in 
the backbone from H-bond donor to H-bond 
acceptor (Gunasekar et al. 2008). α-helix is a 
right- handed helix if formed from L-amino 

Fig. 4.2 (a) Structural representation for antiparallel and parallel β-sheets (b) Schematic representation of β-strands 
and β-sheets (Nesloney and Kelly 1996)
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acids. Elongated tightly stretched α-turns are 
considered to be an essential intermediate for the 
formation of a well-defined α-helix (Bolin and 
Millhauser 1999). Whereas five amino acids 
complete a helical turn, five residue long peptides 
do not form stable α-helices. For peptides con-
taining only Aib (α-aminoisobutyric acid or Cα,α- 
dimethylglycine) seven residues are sufficient to 
form an α-helix, whereas for peptides made of 
combinations of natural amino acids, it is gener-
ally accepted that at least 13 residues are required 
to form a stable α-helix in solid state (Crisma 
et al. 2006).

α-helices may exhibit independent interac-
tions between their side chains, such as ion-pair 
and charge-dipole interactions along the length 
of the helix due to the relative rigidity of the 
structure (Bromley and Channon 2011; Scholtz 
and Baldwin 1992). Both termini are stabilized 

by charged residues, negative at N-terminus and 
positive at C-terminus. The side chains of α-helix 
are spaced at 100° intervals along the axis of the 
helix, thus they do not align; at least 7 residues 
are required to line up two side chains over each 
other on the same helical face (Fig. 4.4 left) 
(Crisma et al. 2006).

Although it is generally believed that α-helices 
are stabilized by hydrophobic side chains, intro-
ducing polar side chains such as lysine or gluta-
mine can promote helix solubility without major 
interference with the helix forming propensity. 
The polar side chains have to be introduced in 
such a way that no interactions occur between 
side chains. For example, if a polar side chain is 
introduced at position I, the next possible posi-
tion of a polar side chain substitution is i+5 
(Crisma et al. 2006; Monera et al. 1995).

Fig. 4.3 Three 
dimensional illustration 
of the hydrogen bonding 
patterns of (a) α-helix 
and (b) 310-helix 
(Crisma et al. 2006)
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The advantage of a helical peptide as a build-
ing block over the β-sheet peptide is the ability of 
side chain substitution of the α-helix. However, 
the scope of side chain modifications is con-
strained by side chain interactions that can affect 
α-helix formation (Padmanabhan et al. 1990; 
Banwell et al. 2009).

4.3.1.3  310 Helix
The 310 helix is distinguished by its intramolecu-
lar hydrogen bond between residues i and i+3 
(Fig. 4.4 right). While 310 helix has similar tor-
sional angles to α-helix, yet 310 helices are less 
stable compared to α-helix. 310 helix has less 
favorable van der Waals energy and the hydrogen 
bond is not optimal due to the higher rise of the 
helix (~0.2 nm) and smaller helix diameter that 
introduces a higher conformational strain on the 
amino acid backbone. The integer number of 
residue per turn allows for the side chains of suc-
cessive turns to align giving 310 helix high sym-
metry along the main axis (Fig. 4.4 right). 
Interestingly, this theoretical symmetry is not 
seen in experimental data, instead side chains are 
slightly staggered (Crisma et al. 2006). Energetic 
analysis suggests the 310 helix act as an interme-
diate during the mechanism of α-helix folding. 
While the α-helix is more common in nature, 
globular proteins often have short irregular 310 
helices near their termini (Crisma et al. 2006).

4.3.2  Secondary Structures 
of β-Peptides

α-peptides are well known since most – but not 
all – of the amino acids in natural proteins are 
alpha amino acids. Nature builds complex devices 
out of α-oligopeptides using a combination of 
secondary and tertiary folding, chaperones, and 
supramolecular binding; it has proven a hitherto 
insurmountable challenge to design even much 
simpler structures from α-amino acids. Long 
α-peptides suffer from reduced stability due to 
the exposed domains, and at least seven residues 
are required for two side chains to align on top of 
each other (Scholtz and Baldwin 1992). The low 
thermodynamic and biological stability of 
α-peptides have been major limitations in the use 
of α-peptides in biomedical applications (Mohle 
et al. 1999; Seebach and Gardiner 2008; Godballe 
et al. 2011). β-peptides offer solutions to all these 
problems. β-peptides are analogous to α-peptides, 
built from unnatural amino acids where one car-
bon is inserted into the backbone of the amino 
acid. In β-amino acids side chain substitution 
may happen on either C2 (β2-amino acids), or C3 
(β3-amino acids) (Fig. 4.5). Unnatural β3-amino 
acids are also known as β3 homo amino acids in 
some works (Vaz et al. 2008; Pizzey et al. 2008; 
Gademann et al. 1999); in this chapter β3 homo 
amino acids will be called β3-amino acids, con-
sistent with works by M-I Aguilar (Gopalan et al. 

Fig. 4.4 Side chains 
distribution along (left) 
310-helix, and (right) 
α-helix (Crisma et al. 
2006)
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2015; McDonald et al. 2014; Luder et al. 2016; 
Steer et al. 2002).

Beta peptides offer good alternative to 
α-peptides for structural design as they exhibit 
much higher metabolic and chemical stability 
while forming well-defined secondary structures 
(Chakraborty and Diederichsen 2005; Bruckner 
et al. 2003; Tomasini et al. 2013). Importantly, 
β-peptides fold into a larger variety of secondary 
structures compared to α-peptides (McGovern 
et al. 2012). Furthermore, folded β-peptides have 
been shown to assemble into well-defined three- 
dimensional superstructures that can be con-
trolled to larger extent than α-peptides 
(Chakraborty and Diederichsen 2005).

Despite the fact that effective number of 
hydrogen bond donor-acceptor pairs decrease in 
β-peptides to one for each 4 chain atoms versus 
one for each 3 chain atoms in α-peptides, the 
folding stability increases moving from α, β, to γ 
peptides (Seebach et al. 2006) for unsubstituted 
backbones; yet substituted β-peptides showed 
even higher stability over γ-peptides (Gellman 
1998). β-peptides are chemically similar enough 
to α-peptides that the existing understanding for 
controlling the folded structures and stability are 
easily compared between the two systems (Cheng 
et al. 2001). β-peptides showed similar ability to 
α-peptides to fold into helices and sheet-like con-
formations (DeGrado et al. 1999).

Similar to α-peptides, β-peptide folding is sta-
bilized through intra-molecular hydrogen bond-
ing between C=O and N-H moieties of the 
backbone amides (Gellman 1998). The carbonyl 

oxygens are either directed towards N or C termi-
nus; hence the orientation of the amide dipole is 
approximately parallel to the main axis of the 
helix that results in exposed amides near the helix 
ends (Goodman et al. 2007). The helices are 
affected by side chain substitution that can hap-
pen on either β2 or β3 positions (Martinek and 
Fulop 2012). Depending on the position of sub-
stitution either left- or right-handed helices are 
formed (Fig. 4.6) (Seebach et al. 2006).

β-peptides can readily form stable helices with 
only four to six residues long sequences in con-
trast to the 13 amino acid long sequences required 
in the case of natural α-peptides for a permanent 
helix in protic solvents such as water and metha-
nol (Wu and Wang 1998; Seebach and Gardiner 
2008; Crisma et al. 2006). The presence of extra 
carbon in the backbone increases the distance 
and hence reduces the interactions between the 
side chains, allowing for easy side chain substitu-
tion without affecting the folding; conversely in 
α-peptides side chain substitution destabilizes the 
helix, at least five amino acid sequences are 
required between polar residues to avoid side 
chain interactions (Padmanabhan et al. 1990).

β-peptides have the ability to adopt various 
secondary structures such as 8, 10, 12, 14, 16, 18 
and 20 helices (Fig. 4.7) (Cubberley and Iverson 
2001), depending on the number of atoms 
involved in each turn (Cheng et al. 2001; Dado 
and Gellman 1994). Due to this rich variety of 
secondary structures, β-peptides are also known 
as foldamers. The presence of an additional car-
bon atom in the backbone provides β-peptides 

Fig. 4.5 Structures of 
unnatural β-amino acids 
(Gopalan et al. 2015)
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with larger conformational freedom than exists in 
case of α-peptides. Gauche conformation around 
torsion angle θ between C2–C3 (Fig. 4.8) is 
favored for folded β helix, where θ values are 
found to be near ±60° (Cheng et al. 2001). The 
unsubstituted backbone has high flexibility, 
where substitutions increase the conformational 
constraints (Cheng et al. 2001; Banerjee and 
Balaram 1997).

β-peptides exhibit large conformational free-
dom in the backbone that should make “adopting 
ordered conformation” entropically disfavored, 
especially in solutions (Applequist and Glickson 
1971: Narita et al. 1986); yet it was seen that 
β-peptides frequently form ordered structures in 
spite of entropic and solvation effects (Hill et al. 
2001; Mohle et al. 1999; Wu and Wang 1998).

The stability of β-helix depends on the steric 
factors and the interactions between the side 
chains that are the reasons for different helix for-
mation between 2, 3, and 2/3 substitutions 
(Seebach and Matthews 1997).

4.3.2.1  14-Helix
Substitution on the carbon backbone at either of 
position 3 or position 2, and in some deprotected 
peptides in both 2,3 positions within the same 
residues usually result in the formation of 
14-helix (Seebach et al. 2006; Cheng et al. 2001; 
Lelais and Seebach 2004; Wu et al. 2008; Seebach 
et al. 1997). Although both β2 and β3 -peptides 
with the same side chains fold into 14-helix, sub-
stitution on C3 position is more stable compared 
to C2 due to steric hindrance in the latter case 
(Seebach et al. 1998). Stabilized by the hydrogen 

Fig. 4.6 Right- and 
left-handed β-helix 
(Seebach et al. 2006)
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Fig. 4.7 (a) Backbone 
substitution patterns of 
β-peptides, (b) 
three-dimensional 
organization of 
β-peptides ((a) 
Reproduced by 
permission from Wu 
et al. (2008). Copyright 
(2008) American 
Chemical Society.) (b) 
(Martinek and Fulop 
2003)
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bond between amide proton donor at position i 
and carbonyl oxygen at position (i+2) (Fig. 4.7) 
14-helix is typically left-handed, although right- 
handed folding is also possible depending on the 
stereochemistry of the constituent amino acids 
(Cheng et al. 2001; Vaz et al. 2008). 14-helix 
 differs from α-helix in having a larger radius (2.7 
vs. 2.2 Å) (Table 4.1), and the carbonyl groups 
are directed towards the N-terminus (Goodman 
et al. 2007). The rise of 14-helix is slightly less 
than α-helix (a rise per residue of 1.56 Å for 
β-helix vs 1.5 Å for α-helix). While the pitch of 
the α-helix is 3.6 residues, the pitch of the 
14-helix is nearly exactly 3 residues, thus allow-
ing side chains to align at 120°, forming three 
functionally defined faces of the peptide (Seebach 
et al. 1996).

14-helices exhibit higher stability than 
α-analogues due to the propensity of β-substituted 
side chains that align laterally, i.e. normal to the 
main helix axis (Seebach et al. 1998; Cheng et al. 
2001). The stability of the helices shows a chain 
length dependence, yet in methanol as few as 6 
residues already form stable helices (Cheng et al. 
2001; Niggli et al. 2012). For example, hexa 
β3(VAL)2-OH folds into a stable helix in pyridine 
and methanol (Seebach et al. 1996); where 
increasing the temperature (298-393K) has no 
effect on helix folding. Introducing rigidity in the 

backbone through cyclization enables even four 
residue peptides to form stable 14-helices in 
methanol or pyridine (Barchi et al. 2000): it was 
demonstrated with NMR that trans-2- 
aminocyclohexanecarboxylic acid (ACHC) tetra-
mer folds into 14-helices in methanol (Barchi 
et al. 2000).

Helicity is often a surprisingly sensitive func-
tion of the chemical environment properties. 
Alanine, serine, and lysine rich β3-hepta- and β3- 
nona- peptides fold into 14-helix in methanol, yet 
low or no helicity is observed in aqueous medium 
(Abele et al. 1998). In polar solvents, the stability 
of the helix is a function of solvent molecules 
accessibility to the backbone amide moieties. 
Water as a highly polar protic solvent competes 
for hydrogen bonding with amide groups and 
thus it has a tendency to destabilize helices, 
unless the internal H-bonding is shielded from 
direct water access (Appella et al. 1999a). Hence 
to promote helix formation in water, different 
strategies have to be followed such as incorporat-
ing hydrophobic bulky branched side chains or 
introducing alternating polar and cyclic apolar 
residues along the helix in a way that one-third of 
the structure is hydrophilic and the rest consist of 
cyclic constrained backbone (Appella et al. 
1999a). For example, the peptide that contain 
repeats of the [trans-2-ACHC/ trans-2-ACHC/ 
β3-lysine] units showed the ability to form stable 
helix in aqueous solution compared to its iso-
meric analogues [trans-2-ACHC/ β3-lysine/ 
trans-2-ACHC] that did not have the same helix 
forming propensity (Appella et al. 1999a; Raguse 
et al. 2001). At the same time, for this class of 
peptides there is overwhelming evidence for 
strong helicity in methanol (Raguse et al. 2002a; 
Epand et al. 2004).

Peptides containing cyclic constrained back-
bone have serious limitations in functionalizabil-
ity (Raguse et al. 2003; Appella et al. 2000; Wipf 
and Wang 2000). Thus another strategy is used to 
stabilize helices by connecting the side chains of 
residues in adjacent turns of the helix either cova-
lently or through salt bridge formation (Lee et al. 
2007). The covalent crosslinking will make heli-
ces stable in most benign media, including aque-
ous environment; however this “stitching” is 

Fig. 4.8 Torsional angles of β-peptide conformations 
(Reproduced by permission from Cheng et al. 2001. 
Copyright (2001) American Chemical Society)

Table 4.1 Helical parameter for β-peptides

Helix 
nomenclature

Rise 
Å

Radius in 
Å

Number of 
residues per turn

14-helix 1.5 2.7 3

12-helix 2.2 2.3 2.5

10-helix 2.3 6 2.6

10/12 2.1 5.7 2.7

8 3 6.7 2

C6-ribbon 4 6.8 1.7
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sensitive to the hydrolysis at extreme (both high 
and low) pHs (Vaz et al. 2008). Salt bridges form 
between anionic and cationic groups in adjacent 
turns of the helix. For example, the sequence of 
residues along the helix of H2N- 
β3(VEOrnVOrnEV)-COOH that contains 
Ornithine (Orn: a lysine analogue with a methy-
lene removed from the backbone) forms helical 
turns where the glutamic acid is positioned next 
to ornithine along the helix permitting ionic 
interactions and hence salt bridge formation on 
both sides of the helix (Fig. 4.9) (Arvidsson et al. 
2001). If arginine is used instead of ornithine in 
the sequence, e.g. in H2N- β3(VERVREV)-
CO-NH2, a lowered 14-helix propensity is 
observed. The difference in the length of the side 
chains may introduce a steric effect even if elec-
trostatic interactions are theoretically possible 
between the side chains. As a simple way to over-
come stability issues, a mixture of methanol and 
water was shown to enhance the helix stability 
(Rueping et al. 2004).

The presence of cyclic constrained amino 
acids at any position can stabilize the helix in the 
presence of any polar side chain combination. 

For example, the deca-peptide NH3-(β3 Tyr- 
β3lys-ACHC-β3Ser- β3Ser-ACHC- β3- β3Ser- 
β3Ser-ACHC- β3lysine)-CO-NH2 where the 
charged residues align at i, i+3 positions, and the 
non-aligned isomers all exhibit some degree of 
helicity in water in spite of the absence of cyclo-
hexyl stacking (Lee et al. 2007).

Although many works emphasized the role of 
side chain branching at Cβ position in helix sta-
bility, molecular dynamic simulations predicted 
that a hepta-β3-peptide with alternating two resi-
due motif alanine and leucine or three residue 
motif valine, alanine, and leucine would fold into 
14-helix although with a lower helix propensity 
in the absence of valine residues, thus indicating 
that structural preferences are not affected by the 
branching at Cβ position, although the helix form-
ing propensity maybe lowered in absence of 
valine residues (Glattli et al. 2004). Hence, the 
structural role of side chain branching is still not 
entirely clear.

Although β2-peptides also form 14-helices, 
the propensity to do so is comparatively weak 
when correlating to β3-peptides; even in metha-
nol the 14-helix is only detected at -20oC (Lelais 

Fig. 4.9 Schematic representation of the pre-organization of side chains that allow salt bridge formation along the same 
face of the helix (Arvidsson et al. 2001)
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and Seebach 2004). Mixed peptides made of β2 
and β3 amino acids have the ability to form 
14-helices, for example the peptide β2 (Val-Ala- 
Leu)-β3 (Val-Ala-Leu) forms 14-helix, yet the 
same but alternating β2 and β3 residues with 
 Boc- protected terminus show12/10 helix forma-
tion (Seebach et al. 1997).

4.3.2.2  12-Helix
With two additional methylene groups in the 
backbone, 12-helix has similar properties to the 
α-helix (Fig. 4.7). Unsubstituted β-peptides favor 
folding into 12-helix over any other type of heli-
ces, where helices are formed through the intra-
molecular hydrogen bond between C=O (i) and 
N-H (i+3) and 12-membered rings can form both 
in solid state and solution (Cheng et al. 2001). 
Importantly, even 4- residue peptides were able 
to show a reasonable population of helices when 
a water-soluble amino acid is included in the pep-
tide sequence (Cheng 2004). Nevertheless, 
12-helix stability is chain length dependent, the 
intensity of CD spectra of trans-ACPC (trans- 2- 
aminocyclopenta carboxylic acid) based peptides 
increases from dipeptide up to hexa-peptide sig-
nificantly (Appella et al. 1999b). While hexa- 
cyclization on the backbone (ACHC) of β-amino 
acids leads to 14-helix formation, penta- 
cyclization on the backbone (ACPC) yields 
12-helix folding (Fig. 4.10) (Appella et al. 1997).

ACPC based peptides are hard to solubilize in 
aqueous media. A way to overcome low solubil-
ity is by cyclization with pyrrolidine rings instead 
of ACPC. The nitrogens in the rings are proton-
ated thus allowing solubilization of the peptides 
in aqueous medium. (2R, 3R)-aminoproline- 

pyrrolidine- based β-amino acids, when incorpo-
rated into hexa- β-peptides it promote 12-helix 
conformations in both methanol and water, with a 
higher propensity to form 12-helix in methanol 
(Porter et al. 2002). For example, hepta peptides 
that contain only amino acids (1R,2R)-trans-2- 
aminocyclopentane carboxylic acid (tans-2- 
ACPC), (3S,4R)-trans-3-aminopyrrolidine-4-  
carboxylic acid (trans-3,4-APC) and (3R)- β3-
lysine (β3-Lys) in different ratios, the right bal-
ance of the ratio between the cyclic and acyclic 
β3-lysine residue can lead to 12-helix formation 
that is soluble either in methanol only or both 
methanol and water. The three peptides [tetra 
(trans-2-ACPC)-tri (trans-3,4-APC)], [tetra 
(trans-2-ACPC)-di (trans-3,4-APC)- (β3-Lys)], 
and [tetra (trans-2- ACPC)- (trans-3,4-APC)-di 
(β3-Lys)] with N-terminal p-methoxyphenacyl 
group all showed the ability to fold into 12-helix 
in methanol and although they gave weaker heli-
cal signal in water, they did show an ability to 
adopt 12-helix conformation. On the other hand, 
peptide that contains [tetra (trans-2-ACPC)-tetra 
(β3-Lys)] and N-terminal p-methoxyphenacyl 
group only folds into 12-helix in methanol. Thus, 
at least five of seven residues have to be con-
strained for peptide to adopt a 12-helix confor-
mation in water (LePlae et al. 2002).

Peptides containing cyclobutane constrained 
backbone also showed the ability to fold into 
12-helix similar to amino-cyclopentane contain-
ing peptide depending on the number of cyclic 
residues: at least six residues are needed to enable 
the peptide to fold into 12-helix, whereas less 
than six cyclic residues will impart a tendency to 
fold into 8-helix. Yet, a tetra peptide with alter-
nating cyclobutane and β-alanine residues would 
adopt 14-helix conformation (Fernandes et al. 
2010; Torres et al. 2009; Izquierdo et al. 2004).

4.3.2.3  10-Helix, 10/12 or 12/10-Helix
10-helices are formed by an intramolecular 
hydrogen bond between i and i+2 residues 
(Fig. 4.7); the helix has μ-dihedral angle less than 
60° (Fig. 4.8). It is a highly strained structure that 
is usually formed via oxetane cyclization of the 
backbone that stabilizes cis conformation (Wu 

Fig. 4.10 Cyclization on the backbone of β-peptides 
(left) Six membered ring (ACHC) (right) five membered 
ring (ACPC)
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et al. 2008; Claridge et al. 2001). However, 
10-helix turns can be stable in combination with 
12-turns to form a hybrid helix.

10/12 helix is the most intrinsically stable 
unsubstituted β-peptide helix as it is held by two 
types of hydrogen bond rings. The carbonyl 
 oxygen C=O is alternatively pointing in opposite 
directions along the helix (Fig. 4.7) (Lelais and 
Seebach 2004). The 10-memberd rings are 
formed between (i, i+2), and the 12-membered 
rings are formed between (i+1 and i+3). 
12/10-helices can also form from substituted 
peptides in three cases: β2/β3 on different resi-
dues, β3/β3 unlike substitution, and reciprocal 
substituted β3/unsubstituted β peptides (Wu et al. 
2008). The 10/12-helix has a low helix dipole 
moment as a result of alternating amide orienta-
tion (Cheng et al. 2001). Substitution at C3 posi-
tion in the first residue with C2 or no substitution 
on the second residue leads to the formation of 
10/12 helix, whereas C2 substitution of the first 
residue and C3 substitution of the second residue 
forms 12/10 helix (Cheng 2004; Rueping et al. 
2002). Mixed β-peptides substituted on both 2,3 
positions show strong tendency to form 10/12 
helix; however 14-helix is formed if the peptides 
are N-terminally Boc-protected (Cheng 2004).

Peptides that fold into 14-helix can be tuned 
into 12/10 helix by altering substitution at the ter-
mini (Seebach et al. 1997). For example in case 
of the peptide described above, β2(Val-Ala-Leu)-
β3(Val-Ala-Leu) with free termini adopts 14-helix 
conformation, whereas with Boc protected 
N-terminus and butanedioic acid at the carboxyl 
terminus the peptide folds into 12/10 helix 
(Seebach et al. 1997).

4.3.2.4  8-Helix
If the amide carbonyl group adopts gauche con-
formation, 8-helix can form with about 2 residues 
per turn with a hydrogen bond between amide i 
and carbonyl (i-2 (Fig. 4.7) (Abele et al. 1999; 
Wu et al. 2008). Introducing cyclopropane in the 
backbone of β-peptide promotes the formation of 
8-helix folding. The hyper-conjugation between 
the cyclopropane and the carbonyl moieties leads 
to the preference for 8-helix, where the normal of 
the cyclopropane ring is aligned with the back-

bone and the C=O of the amide is in cis (bisect-
ing) conformation, leading to the increase in the 
backbone rigidity (Wu et al. 2008; Abele et al. 
1999; Seebach et al. 2006). Trans, cis, and trans, 
trans dipeptides based on cyclobutane (ACBC) 
show preference for 8-helix folding (Torres et al. 
2009).

Other than the inclusion of cyclized amino 
acids, α-aminoxy peptides, in which Cβ in the 
backbone is substituted with oxygen, also showed 
ability to fold into 8-helix (Li and Yang 2006). 
The preference for 8-helix is explained with the 
higher rigidity of these peptides in comparison to 
“regular” β-peptides due to the inclusion of oxy-
gen in the backbone. It can be shown that for such 
a peptide, the 8 membered ring is the lowest 
energy structure due to the presence of stable 
N-O turns. Importantly, hydrophobic cyclic β2,3- 
aminoxy residues with polar cyclic residues 
within the same peptide are not only water- 
soluble but also exhibit stable secondary struc-
tures in both methanol and aqueous medium in a 
wide pH range (Hao et al. 2015).

4.3.2.5  C6-Ribbon
A theoretically predicted structure, C6 ribbon is 
an intermediate structure between a helix and a 
sheet; it is depicted as a helix in (Fig. 4.7) (Wu 
et al. 2008). The 6-ribbon folding has about the 
same (calculated) energy in the gas phase as the 
8-helix (Wu et al. 2008).

4.3.2.6  β Sheet-Like Structures (Parallel 
Sheets)

β-sheets result from different stereochemistries 
of the substitution on β2,3 carbons, that is, (2R,3S) 
or (3R,2S) (Cheng et al. 2001; Wu and Wang 
2000). The formation of β-sheets is associated 
with the existence of a substitution in forbidden 
axial position thus preventing β-peptides from 
folding into helices; instead β-like sheets are 
formed (Wu et al. 2008; Seebach et al. 2004). 
These sheets have anti C2-C3 torsion angle. 
Hence, unlike β-sheets of α-amino acids, the 
β-peptide carbonyl oxygens are oriented in one 
direction, thus providing the sheets with a net 
dipole moment (Fig. 4.11 top) (Krauthauser et al. 
1997).
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Similarly to α-peptides, the sheets may form 
by the parallel or antiparallel alignment of the 
strands. In planar β-strands the backbone has a 
“concave” geometry (Fig. 4.11 bottom), leading 
to an overall twisted geometry similar to 
α-peptide sheets. Nevertheless, β-strands have 
fewer twists than α-strands (Fig. 4.11 bottom) 
(Langenhan et al. 2003). While anti C2-C3 torsion 
has a net dipole moment due to carbonyl groups 
oriented in the same direction, gauche C2-C3 tor-
sion lacks the net dipole as the carbonyl groups in 
that case orient in different direction along the 
strand.

4.3.3  Peptoids

Peptoids are a subclass of β-peptides that lack 
hydrogen atom donors in the backbone of the struc-
ture. The hydrogen of nitrogen amides are substi-
tuted with alkyl groups instead of substituting Cα or 
Cβ side chains (Skovbakke et al. 2015; Reyes et al. 
2015; Stephens et al. 2005), thus there is no possi-
bility for an intramolecular hydrogen bond in the 
backbone. Peptoids fold into helix conformation as 
a result of side chain steric interactions. The ter-
tiary amide in the backbone increases peptoid flex-
ibility thus electronic n-π* interactions due to the 
presence of bulky cyclic side chains which offers a 

way to stabilize the secondary structures (Laursen 
et al. 2013, 2015; Olsen et al. 2008; Roy et al. 
2008). The N-alkylation provides peptoids with 
resistance towards enzymatic degradation (Olsen 
2010; Norgren et al. 2006; Roy et al. 2008). 
Peptoids up to 48 residues length can be synthe-
sized using automated solid-phase protocol 
(Kirshenbaum et al. 1999; Olsen 2010). Peptoids 
form well-defined tertiary structures that enable 
them to mimic bioactive peptides (Laursen et al. 
2015; Roy et al. 2008; Scott et al. 2008).

4.3.4  Hybrid α/β Peptides

The initial motivation for the design of hybrid pep-
tides was to stabilize α-peptide turns through incor-
poration of unnatural cis or tarns-β-ACHC or cis 
β-ACC (Urman et al. 2007; Strijowski and Sewald 
2004). Although incorporation of few β-amino 
acids did not alter the α-peptide conformation, 
increasing the number of β residues leads to the 
discovery of new folding conformations such as 
13, 11 mixed 14/15, and 9/10 helices (Fig. 4.12) 
(De Pol et al. 2004; Baldauf et al. 2006).

Hybrid peptides can either adopt helical 
folding in which the hydrogen bond is pointing 
towards the N terminus such as 11 and 14/15 
helices, or in which hydrogen bonds point 

Fig. 4.11 Top, β-sheet 
with anti C2-C3 torsion 
angle, and bottom, 
β-strand with gauche 
C2-C3 torsion angle 
(Reproduced by 
permission from 
Krauthauser et al. 1997. 
Copyright (1997) 
American Chemical 
Society)
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towards the C terminus such as 9 and 12/13 
helices. In polar solvents hybrid peptides show 
stable 11/9 helix conformation and moderately 
stable 11 and 14/15 helix conformations. In all 
of the stable helices, the hydrogen bonds are 
either pointing towards the N-terminus or are 
alternating (Baldauf et al. 2006). Nevertheless, 
the major advantage of these new conforma-
tions is that it reduces the number of residues 
needed for the formation of stable helices in 
polar solvents to ~ 7 residues, compared to nat-
ural peptides that typically require at least 13 
α-amino acid residues to form stable helices in 
solution (De Pol et al. 2004; Crisma et al. 
2006).

If α-peptides form a hybrid with peptoids, a 
different family of hybrid peptides, “peptomers” 
is formed; these exhibit unusual extended confor-
mations similar to protein catalytic centres and 
binding sites (Butterfoss et al. 2014).

4.4  Factors Affecting β-Peptide 
Folding

There is no clear consensus on the factors affect-
ing β-peptide folding, however there are some 
known features characteristic of the helical con-
formation. In the following part some of the pos-
sible factors will be discussed in terms of 
introducing specific residues or a sequence motif.

14-helix is the most extensively studied among 
all β-peptides. Generally solvent environment 
has a complex effect: it weakens hydrogen bond-
ing directly through its dipole moment and indi-
rectly through its dielectric constant (Wolfenden 
1978). If the polar solvent has a strong dipole 
moment, the solvent molecules may compete for 
the peptide hydrogen bond. Folding of peptide in 
water is a particularly challenging problem since 
the association of water to the carbonyl oxygen 
of the amide bond is stronger than its interaction 
with N-H, thus peptides should dissolve, and 
unfold, in water if water has direct access to the 

Fig. 4.12 Different types of helices formed by hybrid peptides, arrows indicate the directions of hydrogen bonds 
(Baldauf et al. 2006)
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amide moieties (Ralston and De Coen 1974; 
Wolfenden 1978). Other than the solvent, the 
presence of polar residues also affects peptide 
folding as these may also hydrogen bond to the 
backbone (Ralston and De Coen 1974).

As detailed above, the folding of β-peptides 
depends on steric factors, and the strength of the 
intramolecular hydrogen bonds involved in the 
helix folding. Thus, helical β-peptide folding is 
promoted by the presence of branched bulky side 
chains; in contrast, in α-peptides non-branched 
side chains are preferred, and short side chains in 
particular. In both cases, helix folding is pro-
moted by non-polar side chains (Padmanabhan 
and Baldwin 1991; Padmanabhan et al. 1990; 
Kritzer et al. 2005). The β-helix forming propen-
sity in order of the substituted residues is β3Ile > 
β3Val ≈ β3Ser ≥ β3Tyr > β3Ala ≥ β3Leu (Kritzer 
et al. 2005; Abele et al. 1998).

Short polar side chains in the middle of the 
protein sequence interfere with helix formation 
by donating their hydrogen bond to the carbonyl 
group at the backbone of the structure, thus 
reducing the helix-forming propensity 
(Vijayakumar et al. 1999). A comparison between 
the effect of polar and charged side chains using 
serine and lysine residues in a hepta β3-peptide 
(β3Phy- β3Ala- β3X- β3Phy- β3Ala- β3X- β3Phy 
where X is Lys or Ser) showed that lysine dis-
turbs the 14-helix formation much more than ser-
ine (Abele et al. 1998). The effect of serine 
residue depends on its position in the sequence. 
Serine can form intramolecular hydrogen bonds 
to available carbonyl oxygens of the backbone 
and is likely to stabilize the 14-helix content in 
water except when placed close to the N-terminus 
(Kritzer et al. 2005). Threonine has higher stabi-
lizing effect, especially close to the termini; 
branching at Cβ position and the resulting confor-
mational flexibility may explain this difference.

Charged residues do not interfere directly with 
hydrogen bonding; electrostatic interactions can 
even promote helix folding due to the formation 
of salt-bridges between opposite charges, 
whereas inclusion of single charged residues may 
increase or decrease stability, depending on their 
charge and position in the sequence. For exam-
ple, the presence of both glutamic acid and lysine 

decrease helicity in water (Rueping et al. 2004; 
Raguse et al. 2003) however lysine has the high-
est destabilizing effect at the C terminal region, 
whereas glutamic acid at the N-terminal region. 
The cause of the difference is unclear and it may 
be related to solvation effects of the opposite 
charges (Kritzer et al. 2005).

Thus, the known design rules can be summa-
rized as follows. β-helices and α-helices are both 
stabilized by hydrophobic residues, α-helices 
prefer linear side chains, whereas β-helix stabil-
ity is promoted by branching at the Cβ position. 
Bulky side chains reduce the backbone flexibility 
and act as a shield protecting the amide backbone 
from the solvent interaction, thus promoting the 
helix stability. Introducing polar side chains have 
a weakening effect on the helix stability, yet the 
effect of polar residues differs according to their 
charge (- or +), the position from the peptide ter-
mini, the presence or absence of opposite charges, 
and the net charge. The presence of oppositely 
charged residues can stabilize the helix through 
the formation of salt bridges, positively charged 
residues are preferred to be near the N-terminus 
and negatively charged residues near C-terminus 
to promote helix stability.

4.5  Self-Assembled 
Oligopeptide 
Superstructures

The design of self-assembled peptide biomateri-
als starts with choosing a stable folding for the 
monomers, following well-established design 
rules as outlined above. These building blocks 
interact via second order interactions such as 
hydrogen bonding, hydrophobic, and van der 
Waals interactions to form superstructures that 
have the potential to create three dimensional 
networks (Boyle and Woolfson 2011; Tegoni 
2014; Greenwald and Riek 2012). Peptide assem-
blies can be classified according to function, 
chemical structure, or usage (Castillo-León et al. 
2011). The design of the peptide determines the 
way of assembly; the residues used in the peptide 
sequence provide each peptide with a unique 
character. Apolar amino acids such as alanine, 
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isoleucine, leucine, methionine, or valine ensure 
that the self-assembly in polar solvents is driven 
mostly by the hydrophobic/solvophobic effect. 
Aromatic groups introduce π-π stacking interac-
tions between the side chains. Hydrophilic amino 
acids, beyond increasing solubility, may also sta-
bilize the structure through salt-bridge 
formation.

Self-assembled materials can be functional-
ized via incorporating specific residues in the 
monomer. For example, cysteine residues may 
form disulfide bonds that allow the chemical 
crosslinking of peptides, while also giving the 
structure a unique chemical reactivity to bind to 
noble metals (Durand et al. 2015; Chalker et al. 
2009). Histidine residues coordinate to metal 
ions (Zastrow and Pecoraro 2013; Delort et al. 
2006). Hydrogen bonding side chains: alcohols 
such as serine and threonine, or amides such as 
asparagine and glutamine can physically cross-
link peptides. Charged residues often have the 
opposite effect reducing or prohibiting assembly 
through charge repulsion. These design rules, 
when implemented parallel to the folding criteria 
discussed above, give enormous flexibility in 
designing peptide based self-assembling materi-
als (Gellman 1998; Appella et al. 1997, 1999a).

The self-assembly motifs can range from a 
simple amphiphilic character to specific and 
selective supramolecular recognition motifs. The 
design requirements towards the self-assembly 
motifs depend on the target geometry. Hence, in 
the following section some common superstruc-
ture morphologies are reviewed.

Self-assembly motifs for one dimensional 
structures must be geometrically defined: either 
hydrogen bonding patterns or specific hydropho-
bic non-selective interactions (Mandal et al. 
2014). The fibres further interact through van der 
Waals and/or other secondary interactions form-
ing three-dimensional structures, the simplest of 
which are bundles (Mandal et al. 2014). Fibres 
are ideal structural elements for building higher 
order superstructures: directional lateral interac-
tions on opposite sides of fibres could yield two- 
dimensional ribbon-like structures or sheets, 
whereas geometrically controlled crosslinking 

has the potential to form controlled three dimen-
sional networks.

Self-assembly of monomers in a longitudinal 
direction results in fibres. While typically only 
few nanometers in diameter, polypeptide fibres 
can grow to hundreds of micrometers in length. 
The best known natural fibres are worm and spi-
der silks that are strong flexible fibres growing to 
meters length from beta sheet protein building 
blocks forming the cocoon, or web, of the silk- 
spinning species (Zhang 2002). Amyloidic 
(starch-like) fibres are pathologic structures, 
responsible for Alzheimer’s and Parkinson’s dis-
eases (Majd et al. 2015; Breydo and Uversky 
2015; Verma et al. 2015; Chiti and Dobson 2006) 
that also exhibit complex β-sheet structures of 
high stiffness and rigidity (Matsuurua 2014). 
Actin filaments, keratin, microtubules and simi-
lar fibrous structures are all self-assembled from 
specific precursor molecules in a selective and 
exclusive process (Guthold et al. 2007; Schaller 
et al. 2013; Courson and Rock 2010; Subramanian 
and Kapoor 2012). Typically hydrophobic, 
hydrogen bonding and π-π stacking interactions 
stabilize these fibres (Cinar et al. 2012; Bowerman 
and Nilsson 2012; Dehsorkhi et al. 2014; 
Fitzpatrick et al. 2013). Of these, naturally occur-
ring amyloid fibers are among the best-defined 
biological self-assembled superstructures. The 
amyloid assembly is associated with the presence 
of large aromatic moieties suggesting that an 
important role is played by aromatic interactions 
in establishing the order and directionality of 
fibre formation (Fig. 4.13).

In amyloid sheets the strands are bound 
together by a hydrogen bonding network and it is 
generally believed that the sheets interact further 
via the aromatic π-π stacking of phenylalanine 
side chains aligned normal to the plane of the 
β-sheet (Gazit 2002, 2005; Bemporad et al. 2006; 
Profit et al. 2013; Cukalevski et al. 2012).

Yet, it was also argued that the amyloidic 
structure is an alternative conformation of any 
polypeptides and is not dependent on the peptide 
sequence (Fandrich and Dobson 2002). The 
α-helical “folded” protein structure and the amy-
loidic form are different energy minima; the ther-
modynamic stability of each is determined by the 
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physico-chemical conditions such as pH and 
temperature (Fandrich and Dobson 2002; Chiti 
et al. 1999; Invernizzi et al. 2012).

Many aromatic-rich amyloidic proteins are 
implicated in pathogenic processes. The aromatic 
moieties promote the aggregation of proteins into 
the characteristic fibrous deposits. It is believed 
that increasing aromatic interactions increase the 
protein aggregation and cell toxicity. Alzheimer’s, 
Parkinson’s, and Huntington’s diseases have been 
linked to an imbalance in the β-sheet production 
and clearance of the aggregates by the circulation, 
thus the accumulation of excess amyloidic pro-
teins results in the pathologic effect (Zhao et al. 
2012; Zhang et al. 2016; Sun et al. 2015).

While involved in the pathophysiology of the 
mentioned diseases, amyloid fibres are generally 
inert, metabolically and chemically resistant and 
hence frequently considered for applications in 
materials science. Yet, these peptides are large 
and the potential toxicity has not been dismissed 
completely. Hence, alternative ways are sought to 
design fibrous assemblies.

Tubular structures are a special form of one- 
dimensional material, exhibiting higher rigidity 
than fibres, with a potential use of the hollow 
center for the storage/delivery of a payload. 
Tubes are usually formed via hydrogen bonding 
or π-π stacking of aromatic short peptides (Ulijn 
and Smith 2008). Short structural elements often 
suffice to build nanotubes, for example, diphe-
nylalanine peptides assemble into stable nano-
tubes that were used in nanowires applications 
(Hauser et al. 2014).

A special case of self-assembly is that of col-
lagen fibres. Collagen attracted attention because 
in biology it is a major component of the extra- 
cellular matrix and connective tissues. It is 
formed from three left-handed identical protocol-
lagen helices that are aligned along the same axis 
forming right-handed coiled coil super-helix; the 
coiled-coil assembly further bundles forming the 
collagen structure. Protocollagen helices usually 
contain glycine as each third residue that imple-
ments the collagen-folding motif; a collagen-like 
peptide has to contain the same motif (Woolfson 

Fig. 4.13 Schematic of the amyloid beta stacking structure (Reproduced by permission from Solar and Buehler 2014 
© IOP Publishing.  Reproduced with permission.  All rights reserved)
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2010). With a repeating residue sequence of X-Y- 
Gly, such as (Pro-Hyp-Gly)10, the triple helix 
peptide assemble to branched filamentous struc-
tures through hydrophobic interactions driven by 
their alkyl chains (Fig. 4.14) (Koide et al. 2005).

Cysteine residues can be used as strengthen-
ing linkers due to cysteine ability to form 
disulfide- bridge thus linking the strands. The 
peptides normally entangle into a hydrogel but 
heat treatment promotes alignment into the stable 
triple helix upon cooling (Koide et al. 2005). A 
collagen-like peptide might be used as tissue 
scaffold in tissue engineering (Li and Yu 2013). 
The triple helix is able to encode insoluble cellu-
lar signals in synthetic gels (Stahl and Yu 2012). 
Encoding of G3-(POG)8 to PEG-based hydrogels 
through physical cross-linking can result in a 
scaffold with spatial patterns and gradients for 
cell-instructive cues.

4.6  Engineering Unnatural 
Supramolecular Structures

The previous examples have described artificial 
implementations of essentially biological struc-
tures, that is, bioinspired/biobased materials 
design. Deviating from these natural patterns is 
challenging as the design rules have to be 
invented, they cannot be copied from nature. 
Most of the work done on unnatural peptide self- 
assembly patterns has been done on amphiphiles; 
these are often based on ionic complementarity 
design principles thus this is discussed first.

One-dimensional self-assembly can be 
achieved in a fully artificial system by using ionic 
self-complementary peptides. These contain a 
repeated pattern of charged residues, where elim-
inating electrostatic repulsion happens through a 
distributed multipole interaction (Yang et al. 

2009). This is often combined with overlapping 
hydrophobic pockets along the structures due to 
presence of hydrophobic residues placed between 
the charged residues (MacPhee and Woolfson 
2004; Yang et al. 2009). The resulting ionic self- 
assembly leads to a ribbon-like stacked structure 
where the peptides align parallel to each other 
following a combination of hydrophobic and 
charge-complementary interactions: with one 
side of the assembly containing the charged resi-
dues, the other side is fully hydrophobic, thus the 
hydrophobic sides adhere forming a dimer. The 
ionic interactions between the charged residues 
on the other side of the structures result in further 
packing of the dimers, forming nanofiber scaf-
folds and gels (Fig. 4.15) (Zhang et al. 1995; 
Fung et al. 2003; Yang et al. 2007a, b, 2009).

4.6.1  Amphiphiles Based 
on α-Peptides

By far the largest number of works on oligopep-
tide design involve amphiphilic structures. 
Amphiphiles are molecules that contain both 
hydrophobic and hydrophilic zones. The mole-
cules aggregate in a way that the hydrophobic 
moieties minimize contact with solvent mole-
cules whereas the hydrophilic zones are solvated 
(Zhang and Wang 2011). The hydrophilic zones 
of amphiphilic peptides are implemented with 
charged and/or polar residues whereas the hydro-
phobic zone can be composed of hydrophobic 
amino acid residues or an aliphatic chain (Hamley 
2011).

Assembly of amphiphiles is governed by two 
main driving forces: hydrophobic interactions 
between the apolar parts and electrostatic/hydra-
tion repulsion between the charged amino acid 
parts. The assembly can be tuned by changing the 

Fig. 4.14 The two 
crosslinked collagen 
structures using cysteine 
linkers (Koide et al. 
2005)
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spatial distribution and strength of hydrophobic 
and hydrophilic moieties. In pure hydrophobic 
interactions, only aggregates would form. 
Hydrophobic interactions can be weakened by 
introducing hydrophilic groups that are either 
charged or that form hydrogen bonds to water; 
this typically yields spherical micelles although 
the assembly is dependent on the molecular 
geometry. If the hydrophobic regions are bulky, 
regular micellar assembly is seldom possible. An 
increasing number of hydrophilic groups can also 
break the spherical geometry, forming long one- 
dimensional cylindrical micelles.

Given that protonation state of the “charged” 
residues has a substantial effect on amphiphilic 
character, the self-assembly of amphiphiles usu-
ally happens under a specific condition defined 
by pH, temperature, and the ionic environment. 
Unlike small molecule surfactants, in peptide 
amphiphiles the distribution of the hydrophobic/
hydrophilic residues is varied, such as hydropho-
bic domains at both termini, alternating hydro-
phobic/hydrophilic residues or just one 
hydrophobic domain at one terminus, which pro-
vide a broader range of self-assembly motifs. 
Furthermore, peptide amphiphiles can have an 

additional zone of interaction: between the 
hydrophobic “tail” and hydrophilic “head” 
regions there is often a hydrogen bonding seg-
ment that alters the dominant form of self- 
assembly from micelles to sheet-like structures 
with the hydrogen bond linking the monomers. 
Conversely, the length of the hydrophobic tail 
mediates the curvature of the micellar assemblies 
(Aggeli et al. 2001). Since amphiphilic self- 
assembly has been extensively studied, a classifi-
cation system exists.

Type І is the complementary ionic self- 
assembly motif: modules formed by alteration of 
anionic (–) and cationic (+) amino acid residues 
define the peptide properties. Positively charged 
lysine and the negatively charged glutamate are 
ideal building blocks. In this class the geometri-
cal matrix can be tuned through the organization 
of the charged residues into “modules”: module 
1–+–+–+, module 2 ––++––++, and module 3 
–––+++ (Zhang 2002; Zhang et al. 1995; Holmes 
et al. 2000). For example, VKVVKVKVKVK–
VDPPT–KVKVKVKV-CONH2.forms hydrogel 
at basic condition whereas Ac-QQRFEWEFEQQ- 
CONH2 forms short fibrils with nematic proper-
ties (Koutsopoulos 2016).

Fig. 4.15 Designing 
amphiphilic peptides 
that can further assemble 
into fibrous scaffolds 
(Yang et al. 2009)
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Type II are switchable peptides that change 
conformation between β-sheets and α-helices as 
a function of environmental stimuli. These are 
also ionic complementary peptides containing 
the same alternating peptide residues but with a 
cluster of negatively charged residues at the N- 
terminus and a cluster of positively charged resi-
dues at the C- terminus. Peptides of this type are 
β-sheet formers at ambient temperature, whereas 
upon increasing the temperature the β-sheets 
break up and stable α- helical structures are 
formed instead (Zhang 2002; Zhang and Rich 
1997; Altman et al. 2000).

Type III are beta sheet based amphiphilic pep-
tides that can be designed to assemble in a 
surface- templated pattern. Such “molecular 
paints”, although not amphiphilic peptides in the 
strictest sense, are nevertheless regularly included 
in this category (Zhang 2002). Molecular paints 
are based on a three zone peptide: (i) an anchor 
that is responsible for the formation of a covalent 
bond with the surface; (ii) a spacer that is respon-
sible for the interactions between the molecules, 
controlling the flexibility and/or rigidity of the 
structure; (iii) a functional group recognized by 
cells or biological molecules. This type of self- 
assembled peptides enables engineering func-
tional surfaces thus can be used for example in 
biomedical engineering (Zhang 2002)

Type IV are surfactant-like peptides. The self- 
assembly of surfactant-like molecules depends on 
the overall molecular geometry or shape factor 
(Fig. 4.16): if it is conical, the ideal assembled 
geometry is a spherical micelle with the hydrophilic 
residues facing outwards; if the molecular geometry 
is cylinder-like, a bilayer sheet is formed that may 
further roll into tubes or vesicles (Fig. 4.16).

Surfactant-like peptide designs rely on a 
sequence of 4 to 8 hydrophobic amino acid resi-
dues to the analogy of the “tail” groups of surfac-
tants to drive self-assembly. The head group of 
these peptides is typically a short hydrophilic 
amino acid sequence of one or two residues. 
Surfactant-like peptides can assemble through 
tail-to-tail packing in parallel with intermolecular 
hydrogen bonding along the backbone, forming 
bilayers that further roll into either nanotubes or 
nanovesicles. Another possible way of surfactant- 

like peptides to self-assemble is a micelle-like 
geometry where the hydrophobic amino acid tails 
are directed towards the core and hydrophilic 
head groups forming the outer surface of the 
spherical or cylindrical structures. This latter type 
of surfactant-like peptides may have cationic or 
anionic head groups, such as peptide A6K that can 
assemble into nanofibers, nanorods, and nano-
spheres depending on pH environment; mixtures 
with anionic surfactant-like peptide A6D can form 
longer ordered nanofibres due to the formation of 
ion pairs (Tang et al. 2013; Qiu et al. 2009).

Micelle-forming molecules should have a 
purely conical geometry (Fig. 4.16); in practical 
terms, it is seldom achievable with peptide 
amphiphiles. Thus, the self-assembly of Type IV 
peptides more frequently leads to bilayer struc-
ture, that forms nanotubes or nanovesicles (Tang 
et al. 2013). The use of alanine residues as a tail 
leads to more stable structures due to the strong 
hydrophobic interactions compared to other 
hydrophobic residues such as glycine (Tang et al. 
2013). The geometrical shape of surfactant-like 
peptides can be designed by choosing amino 
acids of different size to achieve geometrical 
compatibility, for example, while AVK± 
(Ac-AAAVVVK) had wedge-like shape, 
AGK±(Ac-AAAGGGK) is an inverted wedge, 
and A6K± (Ac-AAAAAAK) has a straight shape 
(Tang et al. 2013; Chen et al. 2009).

“Single tail” peptide-amphiphiles (Paramonov 
et al. 2006) belong to the family of surfactant-like 
peptides; in this case, the peptide includes an 
actual aliphatic tail, while hydrophobic residues 
act as a linker. The self-assembly in this type is 
not constrained by the bulk of the hydrophobic 
tail and thus micellar aggregates are more regu-
larly achieved. If the hydrophilic areas of the 
peptide are accessible to water in the micellar 
assembly, hydrogen bonds can form to the sol-
vent from peptide regions closer to the micelle 
core, and that may twist the hydrophilic groups 
towards the solvent, leading to loser, weaker 
assembly (Paramonov et al. 2006).

Reducing the bulk of the peptide sequence 
offers a way to design cylindrical molecular 
geometries to form stable flat lamellas bilayer 
assemblies (sheets). If a surfactant-like peptide is 
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Fig. 4.16 Factors that affect geometrical shapes of amphiphile (Reproduced by permission from Lombardo et al. 2015. 
Copyright (2015) Hindawi)
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designed from valine alternating with hydrophilic 
residues, for example C16VEVE is introduced to 
an aqueous medium, valine surfaces associate 
with each other in order to minimize surface 
solution exposure. By that, a dimeric structural 
unit is formed with two hydrophobic tails. Thus, 
in an analogy to phospholipid membranes, flat 
bilayer forms instead of cylindrical nanofibres 
(Versluis et al. 2010; Cui et al. 2010). In contrast, 
cylindrical nanofibres are formed if the two 
valine residues are adjacent, e.g. C16VVEE (Cui 
et al. 2009, 2010).

Amphiphiles form gels when the headgroup 
charges are screened, so by that amphiphiles 
would assemble into nanofibres or cylindrical 
structures (Hartgerink et al. 2002; He et al. 2014). 
In the absence of charge screening, the result of 
self-assembly in polar solvents yields micelles 
(Higashi and Koga 2008).

Short aromatic peptide sequences may also 
lead to the formation of nanotubes and vesicles 
(Reches and Gazit 2003, 2004; Zhang et al. 2003) 
through π-π stacking effects that imposes a supra-
molecular character on the amphiphile self- 
assembly (Zhang et al. 2003).

In case the hydrophilic head contains charged 
residues, the protonation state and hence the self- 
assembly is sensitive to pH: if the net charge is 
positive (basic residues), the self-assembly is 
preferred at acidic pH and vice versa for net neg-
ative charge. As most biological applications 
require that the peptides self-assemble at neutral 
pH, the challenge of delivering biological signal 
using such a system can be overcome by using 
mixed amphiphiles of opposite headgroup 
charges. In such a system, it was empirically 
shown that self-assembly takes place at neutral 
pH, thus it is possible to carry signal at neutral 
pH (Niece et al. 2003).

Peptide amphiphiles formed the basis of the 
first successful attempts to form biocompatible, 
highly ordered hierarchical structures and hence 
they have been used in biomedical applications 
such as bone and enamel regeneration (Mata 
et al. 2010; Huang et al. 2008, 2010; Sargeant 

et al. 2008), bio-regenerative medicine (Mart 
et al. 2006; Stupp et al. 2005; Stephanopoulos 
et al. 2013) and cancer therapy (Hartgerink et al. 
2001; Mata et al. 2010; Standley et al. 2010). In 
an analogous application to regular surfactants, it 
is also possible to use peptide amphiphiles for 
dispersing hydrophobic solid phase, such as car-
bon nanotubes, in water; the peptide amphiphiles 
assemble on the surface of the hydrophobic par-
ticles (Arnold et al. 2005; Andersen et al. 2013).

4.6.2  Self-Assembly of α-Helical 
Building Blocks

Not much work has been done on the self- 
assembly of α-helical peptides due to a lack of 
suitable self-assembly motifs. α-helices are stabi-
lized by local backbone hydrogen bonds with all 
side chains exposed along the helix; thus design-
ing functional nanostructures from α-helix would 
be geometrically better defined than β-sheets 
where side chains mostly participate in/ hidden 
by the sheet stacking (Bromley and Channon 
2011). Arranging α-residues to produce helices 
where all polar residues align on the same face of 
the helix yield amphiphilic helices, the most 
common motif for the self-assembly of helices 
into coiled-coil superstructures (Loo et al. 2012; 
Lupas 1996; MacPhee and Woolfson 2004). 
Either parallel or antiparallel, a number of helices 
twist into bundles with one of the helix side 
chains positioned in the core of the bundle lead-
ing to a tight packing. Consistently, the formation 
of coiled-coil superstructure requires optimal 
side chain interactions thus the side chains have 
to be at equivalent positions along the helix, that 
is typically achieved with a repeat pattern (Lupas 
1996). Because α-helix contains 3.6 residues in 
each turn, hepta-repeat is required that ensures 
alignment of the residues after two turns. The 
rigidity of the coiled-coil structure allows for 
designing longer assemblies. Coiled-coil molec-
ular recognition can occasionally form fibrillar 
filaments such as spectrin proteins that have the 
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ability to assemble into two- and three- dimen-
sional scaffolds (Herrmann et al. 2007). Helical 
peptides based on a charge complementary motif 
can also form a staggered coiled coil structure 
allowing an overlap between dimers, hence 
allowing for fibre formation (Pandya et al. 2000). 
If more than two helices form a parallel assembly 
through amphiphilic or charge complementary 
motif, nanotubes/barrels can be formed which 
might further assemble end-to-end into up to 
100nm-long superstructures (Thomas et al. 2016; 
Thomson et al. 2014).

4.6.3  Amphiphiles Based 
on β-Peptides

As detailed before, β-peptides can adopt well- 
defined conformations and hence it is easy to 
implement similar amphiphilic motifs to the 
α-peptides. The assembly of amphiphilic 
β-peptides yields distinct structures that are dif-
ferent from the structures described in the previ-
ous section.

β-peptide amphiphilies are based on the 
14-helical folding, where the chemistry of the 
three faces is controlled. The peptides can be 
globally amphiphilic when containing one hydro-
philic face and two hydrophobic faces or non- 
globally amphiphilic if altering between 
hydrophobic and hydrophilic faces along the 
helix (Fig. 4.17) (Raguse et al. 2002b; Mondal 
et al. 2010a, b, c). The stability of the helix in the 
solution is maintained through introducing cyclo-

hexane constrained residues in the backbone 
(Raguse et al. 2001, 2002b; Mondal et al. 2010a).

Depending on the substitution pattern, 
β-peptides can assemble into either hollow cylin-
ders or smaller globular structures (Mondal et al. 
2010b). The nanopatterns of amphiphiles are 
easy to predict due to the aligning of side chains 
of β-peptides. Thus altering the position of hydro-
philic groups along the parallel of the helix 
between two isomers would affect the lyotropic 
liquid-crystalline phase of both isomers 
(Pomerantz et al. 2008). The strength of the inter-
molecular interactions in this case is a good pre-
dictor of the three-dimensional self-assembly 
patterns even for isomeric peptides (Acevedo- 
Velez et al. 2011). A detailed study on the influ-
ence of aligning the functional groups along the 
helix confirmed that such a design allows for 
stacking the molecules. For example, when com-
paring a globally amphiphilic nonapeptide to its 
non-globally amphiphilic isomer (Fig. 4.18), in 
the first case the face of the like side chains inter-
act to yield a free energy minimum. Hence, four 
molecules align parallel to each other forming 
rings that further stack forming hollow cylinders 
that grow into liquid crystals. In the isomer, while 
a tetrameric assembly is also possible, stacking 
would lead to one of the molecules turning per-
pendicular to the rest so the stack that is not 
favored energetically206.

The motivation for much of the work described 
above is to design antimicrobial peptides, to the 
analogy of natural membrane disrupting pep-
tides; the superstructures are not essential for 
such a role. In terms of antimicrobial action, the 
tubular structures were supposed to act as trans-
membrane channels; it was found that amphiphi-
lies that do not possess net positive charge fail to 
act as antimicrobial peptides (Arvidsson et al. 
2005). Although increasing chain length corre-
lates to increasing antimicrobial activity (Hamuro 
et al. 1999), increasing 14-helix content does not 
influence the antimicrobial activity of these 
β-peptides (Raguse et al. 2002b).

The well-defined folding geometries and the 
structural, metabolic, and chemical stability of 
the secondary structure makes β-peptides well 
suited to replace natural proteins in many appli-

Fig. 4.17 Schematic representation of substitution pat-
terns of amphiphilic 14-helix forming peptides suggested 
by Gellman et al (Reproduced by permission from Raguse 
et al. 2002b. Copyright (2002) American Chemical 
Society)
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cations such as antimicrobial polymers or as pep-
tidomimetic oligomers (Tew et al. 2010; Patch 
and Barron 2002; Scott et al. 2008; Robinson 
2011). Accordingly, an interesting application of 
the assemblies of amphiphilic β-peptides 
described above is as antimicrobial agents that 
act similar to short host defence peptides secreted 
by many organisms (Epand et al. 2008; Mondal 
et al. 2010c).

4.6.4  Head-to-Tail Supramolecular 
Self-Assembly of 14-Helical 
Peptides

The 14-helix geometry offers another way of 
implementing hierarchical superstructures. 
Given that in a 14-helix hydrogen bonding 
occurs between the carbonyl oxygen of the 
amide group of residue i and N-H of the amide 
group of residue i + 2, even though three resi-
dues complete a turn of the helix, these cannot 
have free termini at either end and hence, the 
least number of residues required to form a 
complete turn of the helix is five. Acylation of 
the N-terminus forms an amide and thus in that 
case four residues can already form an intramo-
lecular hydrogen bond (Del Borgo et al. 2013). 
Importantly, this small modification also copies 
the intramolecular hydrogen bonding motif to 
the termini, offering three hydrogen bond 
donors at the C-terminus and three hydrogen 

bond acceptors at the N-terminus. This supra-
molecular self-assembly motif allows mono-
mers to stack head-to-tail in a continuation of 
the helix (Fig. 4.19). This lead to the formation 
of fibres and fibre bundles of up to millimeter 
dimensions. The self-assembly was demon-
strated for hexapeptides, tetrapeptides and tri-
peptides (Del Borgo et al. 2013; Seoudi et al. 
2015a, b, 2016a, b).

4.7  Factors That Enable 
Designing Well-Defined 
Structures

Designing self-assembled structures from folded 
peptide monomers can be achieved through 
inducing non-covalent interactions between the 
individual molecules and/or molecular assem-
blies. While non-covalent interactions are inher-
ently weak, the incorporation of multiple binding 
sites to form a supramolecular recognition motif 
can lead to robust superstructures (Rybtchinski 
2011). Simultaneous control of multiple non- 
covalent interactions between the building blocks 
in a systematic way remains challenging but not 
impossible: the formation of nanostructures 
including nanorods, tubes (Qin et al. 2011; Shao 
et al. 2010), fibres (Krysmann et al. 2008; Dong 
et al. 2008), spheres, (Ma et al. 2010; Han et al. 
2010) and donuts (Gao et al. 2009) have been 
successfully demonstrated.

Fig. 4.18 Peptide 
amphiphiles proposed 
by Gellman et al. top, 
globally amphiphile 
peptides; bottom, 
non-golobally 
amphiphile peptides 
(Acevedo-Velez et al. 
2011. Copy-right (2011) 
American Chemical 
Society)
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As the non-covalent interactions depend on 
the physical characteristics of the environment, 
changing the environmental conditions offers a 
way to control the self-assembly. Solvent charac-
teristics affect non-covalent interactions through 
the dipole moment and protic/non-protic nature 
of the solvent molecules and the dielectric con-
stant of the medium (Balamurugan and 
Muraleedharan 2012). These factors affect both 
hydrogen bonding and van der Waals interactions 
and hence the self-assembly process itself. 
Introducing residues that allow chemical cross- 
linking can further stabilize superstructures post- 
assembly. For example, cysteine residues form 
disulfide bonds under oxidizing conditions; it is 
possible to reverse the process by using a reduc-

ing agent (Hartgerink 2004; Hartgerink et al. 
2002).

A typical problem of self-assembly design is 
controlled, preferably switchable gel formation. 
Gels are based on fibrous molecular assemblies 
that further interact to form a mesh structure to 
entrap solvent molecules. Hence, gelators require 
a strong primary and a weaker secondary binding 
motif. These interactions are dependent on the 
chemical environment, offering the means of 
switching the system between a crystalline-like 
and a gel-like state (Bartocci et al. 2015). An 
example of a peptide-based gelator is the dipep-
tide FF (phenylalanine-phenylalanine). It has got 
two ways of interacting: backbone to backbone 
hydrogen bonding and π-π stacking between the 
aromatic rings. Self-assembly takes place by a 

Fig. 4.19 (a) Intramolecular hydrogen bond network (b) 
Axial intermolecular hydrogen bond network, forming a 
supramolecular self-assembly motif (c) Continuous head- 

to- tail monomer stacking leads to long fibre formation 
(Del Borgo et al. 2013)
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nucleation-growth mechanism triggered by evap-
oration of the solvent. Change from gel into crys-
talline state depends on the solvent polarity: 
apolar toluene allows for the self-assembly into 
organogel driven by π-π stacking between the 
aromatic rings, whereas polar ethanol solvent 
increases the parallel hydrogen-bonded β-sheet 
content due to the interference of ethanol and the 
gel changes into microcrystals (Zhu et al. 2010).

Given that non-covalent interactions have low 
binding energies, it is possible to control self- 
assembly using temperature. Increasing tempera-
ture causes disassembly of the aggregate, as the 
energy given to the system increases the kinetic 
energy of the monomers (Fenske et al. 2012). As 
in the previous example, phenylalanine dipeptide 
(FF) was switched between two forms using sol-
vent polarity; assemblies of the same peptide also 
exhibit different morphologies as a function of 
temperature. While dissolution at room tempera-
ture in acetonitrile/water solution leads to the for-
mation of a crystalline phase, heating the system 
and cooling again lead to a reorganization into 
nanowires and microtubes (Huang et al. 2014).

Temperature can also reduce hydrophobic 
interactions leading to increased hydration of oli-
gopeptide structures. Regenerated silk fibroin 
(RSF) consists of alternating hydrophobic/hydro-
philic blocks, the superstructure formed by which 
exhibited different morphologies depending on 
the incubating temperature. High temperature is 
associated with the aggregation of antiparallel 
β-sheets leading to the formation of proto- 
filaments and globule-like features, whereas at 
lower temperatures coiled bead-like structures 
are dominant (Zhong et al. 2015).

The protonation state of acidic and basic 
amino acids such as lysine (K) or glutamic acid 
(E) are pH sensitive and thus including such resi-
dues in the sequence of a self-assembling system 
can result in a superstructure that is pH sensitive 
(Wang et al. 2009; Jiang et al. 2005). Most of the 
peptide amphiphiles contain such residues and so 
the overall charge of such peptides is also pH 
sensitive. Hence, if acidic residues are deproton-
ated, the electrostatic repulsion can suppress the 
self-assembly (Gossler-Schofberger et al. 2009). 
Lowering the pH leads to charge neutralization of 

the peptides and trigger the self-assembly, 
through reducing electrostatic repulsion (Jun 
et al. 2004). Most water soluble peptides are at 
least slightly amphiphilic. The hydrophilic resi-
dues often contain both positive and negative 
charges. As amphiphilic peptides assemble via a 
combination of electrostatic, hydrogen bonding, 
and hydrophobic interactions, using pH alter the 
charge thus enables controlling the self-assembly 
while also tuning hydrogen bond strength. For 
example, in the peptide (C11H19O-NH-VRGDV- 
COOH), in acidic medium the ionization state is 
lower hence the electrostatic repulsion between 
the head groups is much restrained and strong 
hydrogen bonds can be formed between the 
monomers; the result is a fibrous, entangled 
hydrogel structure. Increasing pH to neutral 
increases charge repulsion and disturbs hydrogen 
bonding, and hence fibre formation, yielding 
spherical aggregates (Jin et al. 2008). Another 
example is (C17H35CO-NH-GRGDG)2KG that 
shows the formation of nanofibers at pH 3 that 
can be changed into aggregates of nanospheres 
upon increasing pH to 6 and further elevation of 
pH to 10 yielded lamellar layers (Qin et al. 2012).

It is not only the pH that can affect the electro-
static interactions in self-assembly, but the pres-
ence of salts as well. Counterions from the ionic 
environment may shield the charges of an oligo-
peptide which enhances the propensity of assem-
bled oligomers. For example, the assembly of 
ionic–complementary peptide 
AEAEAKAKAEAEAKAK is dependent on the 
electrostatic interactions: while it always forms 
beta sheet fibres, it is possible to switch from 
individual fibres to fibrous networks using salts 
such as NaCl in an aqueous environment (Hong 
et al. 2005).

Structural design can also be used to control 
electrostatic interactions. Screening the electro-
static repulsion through introducing hydrophobic 
residues is frequently used to tune peptide assem-
bly. For example, in β-amyloidic peptides 
increasing the hydrophobicity of peptide residues 
can alter peptide assembly from random coil into 
β-fibril in a physiological environment. Steric 
effects define the amount of charge shielding; the 
length and bulkiness of the hydrophobic side 
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chains are key factors. Increasing the hydropho-
bicity of specific residues can clearly demon-
strate this effect. For example, the difference 
between substituting the hydrophobic side chains 
valine, lysine, isoleucine, and cyclohexylalanine 
in X positions in the octapeptide 
(Ac-(XKXK)2-NH2) is seen in the self-assembly 
properties of the respective peptides. In case of 
(Ac-(VKVK)2-NH2), the small hydrophobic resi-
dues do not overcome the repulsion between the 
lysine residues thus no self-assembly happens 
even in high NaCl concentration (Bowerman 
et al. 2011). Replacing valine residues with more 
hydrophobic isoleucine, the peptides remain in a 
monomeric state, random coil conformation in 
300mM NaCl that can, however, convert into 
β-sheets when increasing NaCl concentration to 
700mM (Bowerman et al. 2011). On the contrary, 
substituting phenylalanine residues further 
extends the salt concentration range at which the 
peptide remains in an equilibrium between the 
monomeric and β-fibril form to 700 mM NaCl 
due to the interference of the π-π interactions 
with the formation of the β-sheets; β-fibrils are 
formed at 1000mM NaCl (Bowerman et al. 
2011). Yet, further increasing hydrophobicity by 
using pentafluorophenylalanine (F5-Phe) yields a 
monomeric system in the absence of salts how-
ever already at 20 mM NaCl concentration 
β-fibrils are formed. Although cyclohexylalanine 
(Cha) is even more hydrophobic, substitution in 
the peptide yields β-fibrils only at 60mM NaCl 
concentration due to the steric effects of the bulky 
side chain. The results are a clear evidence of the 
role of the length and dimensions of the hydro-
phobic residues on shielding charge-charge 
repulsive interactions (Bowerman et al. 2011).

Moving beyond simple fibrous or spherical 
assembly geometries remains an enormous chal-
lenge. However, using beta peptides it is possible 
to create a longitudinal geometrical and chemical 
pattern coded into the peptide sequence, with the 
help of environmental control. Micrometer size 
superstructures can be obtained from hepta-
(ACPC). This peptide folds into a 12-membered 
ring in THF; adding this solution to aqueous 
medium causes a sudden shift in the strength of 
the lateral hydrophobic interactions between the 

helical faces to allow association of helix faces 
leading to the formation of micrometer scale, 
homogeneous sized windmill-shaped structures 
(Fig. 4.20a) (Kwon et al. 2010).

Similarly, a tetrapeptide based on ACPC 
(CH3COONH-(ACPC)4-OBn) in mixture of 
methanol/water assemble into microtubes with 
rectangular cross-sections (Fig. 4.20c) through 
controlled solvent evaporation (Kim et al. 2012).

Fig. 4.20 (a) Windmill-shaped structures formed from 
self-assembly of hepta-ACPC in water (Kwon et al. 2010), 
(b) Straight fibres formed from self-assembly of tri-β 
amphiphilic peptide in a mixture of water and formic acid 
(Ishihara and Kimura 2010) (c) Microtubes with rectangu-
lar cross-sections formed by tetrapeptides in water/metha-
nol mixture (Reproduced by permission from Kim et al. 
2012. Copyright (2012) American Chemical Society 
http://pubs.acs.org/doi/full/10.1021/ja3088482)
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A tri-β amphiphilic peptide that contains one 
ACHC and two β-glucosamino acids showed 
ability to assemble into rodlike crystals in a mix-
ture of formic acid and diisopropyl ether. In this 
mixture the self-assembly showed a concentra-
tion dependence: at low concentrations rodlike 
structures were formed while increasing the con-
centration lead to the formation of straight fibres 
instead (Fig. 4.20b) (Ishihara and Kimura 2010).

The self-assembly of β-peptides can be orga-
nized by introducing nucleobases as recognition 
units. 14-helical peptides substituted at the N and 
C termini by guanine and cytosine, respectively, 
assemble through oligonucleotide-base pairing, 
forming band-like arrangements and higher order 
organized structures (Srivastava et al. 2009).

4.8  Conclusions

As it was demonstrated in this chapter, oligopep-
tides offer a rich library of building blocks and 
binding motifs for the design of bioinspired self- 
assembled materials. This variety is the main 
strength and weakness of the field at the same 
time, promising unmatched complexity in struc-
ture and function, yet limited by the understand-
ing of the intra-and intermolecular interactions 
responsible for this complexity. Ultimately the 
ability to design functionalized peptide nano-
structures for specific applications is tied to the 
ability of controlling the morphologies of the 
self-assembled superstructures, which is based 
on a thorough understanding of the structural and 
environmental factors affecting self-assembly. 
Much works was done on designing and stabiliz-
ing folding of oligopeptides, as well as adapting 
the basic principles of self-assembly to these 
geometrically defined building blocks. Thus, 
electrostatic and surfactant-like self-assembly 
has been successfully explored for oligopeptide 
superstructures. The next challenge is to improve 
the specificity and selectivity of the binding 
motifs: to implement truly supramolecular 
assembly, approximating the structural and func-
tional complexity of proteins. This chapter has 
shown what is the state of the art; it is for the 
reader to take the next steps forward.
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Bioprinting and Biofabrication 
with Peptide and Protein 
Biomaterials
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David Nisbet, and Richard Williams

Abstract

The ability to fabricate artificial tissue constructs through the controlled 
organisation of cells, structures and signals within a biomimetic scaffold 
offers significant promise to the field of regenerative medicine, drug deliv-
ery and tissue engineering. Advances in additive manufacturing technolo-
gies have facilitated the printing of spatially defined cell-laden artificial 
tissue constructs capable of providing biomimetic spatiotemporal presen-
tation of biological and physical cues to cells in a designed multicompo-
nent structure. Despite significant progress in the field of bioprinting, a 
key challenge remains in developing and utilizing materials that can ade-
quately recapitulate the complexities of the native extracellular matrix on 
a nanostructured, chemical level during the printing process. This gives 
rise to the need for suitable materials - particularly in establishing effective 
control over cell fate, tissue vascularization and innervation. Recently, sig-
nificant interested has been invested into developing candidate materials 
using protein and peptide-derived biomaterials. The ability of these mate-
rials to form highly printable hydrogels which are reminiscent of the native 
ECM has seen significant use in a variety of regenative applications, 
including both organ bioprinting and non-organ bioprinting. Here, we dis-
cuss the emerging technologies for peptide-based bioprinting applications, 
highlighting bioink development and detailing bioprinter processors. 

M. Boyd-Moss • R. Williams (*) 
School of Engineering, RMIT University,  
Melbourne, VIC, Australia 

Biofab3D, St. Vincent’s Hospital Melbourne,  
Fitzroy, VIC, Australia
e-mail: richard.williams@rmit.edu.au 

K. Fox 
School of Engineering, RMIT University,  
Melbourne, VIC, Australia 

M. Brandt 
Centre for Additive Manufacturing, School of 
Engineering, RMIT University,  
Melbourne, VIC, Australia 

School of Engineering, RMIT University,  
Melbourne, VIC, Australia 

D. Nisbet 
Laboratory of Advanced Biomaterials, Research 
School of Engineering, The Australian National 
University, Canberra, ACT, Australia

5

mailto:richard.williams@rmit.edu.au


96

Furthermore, this work presents application specific, peptide-based bio-
printing approaches, and provides insight into current limitations and 
future perspectives of peptide-based bioprinting techniques.
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Abbreviations

μCT  Micro computed 
tomography

10 T1/2   Mouse embryo 
fibroblasts

ADSC  Adipose derived stro-
mal cells

AFA-LIFT  absorbing film- 
assisted laser-induced 
forward transfer

B16  Carcinoma cell line
BMSC  Bone marrow derived 

mesenchymal stem 
cells

C2C12  C2C12 myoblast cells
CaCl2  Calcium chloride
CB[6]  Cucurbit[6]uril
DAH-HA  1,6-diaminohexane 

(DAH)-conjugated HA
dECM  Decellularized extra-

cellular matrix
DPBS  Dulbecco’s 

phosphate- buffered 
saline solution

ECM  Extracellular Matrix
GAG  Glycosaminoglycan
GelMA  Gelatin methacryloyl
GG  Gellan gum
H1ESCs  H1 embryonic stem cells
HA  Hyaluronic acid
HAC  Human articular 

chondrocytes
HAp  Hydroxyapatite
hASC  Human adipose- 

derived stem cells
HAVIC  Human aortic Valvular 

Interstitial cells

hCPC  Human cardiac pro-
genitor cells

HEK293  Human embryonic 
kidney cell line

HepG2/C3A  Human liver cancer 
cells (hepatocellular 
carcinoma)

hFB  Human fibroblast 
cells

hKC  Human keratinocyte 
cells

hMSC  Human mesenchymal 
stem cells

HMVEC  Human microvascu-
lar endothelial cells

HUVEC  human umbilical vein 
endothelial cells

HNDF  Human neonatal der-
mal fibroblasts

HSC  Human bone marrow- 
derived mesenchymal 
stromal cells

hTMSC  Human inferior 
turbinate- tissue derived 
mesenchymal stromal 
cells

L6  Rat myoblast cell line
MAPLE-DW  Matrix-Assisted Pulsed 

Laser Evaporation 
Direct Writing

MC3T3 E1  Osteoblast precursor 
cells (Add to main 
article)

MCF-7  Breast adenocarci-
noma cells

MG63  Osteoblast-like cells
MSC  Mesenchymal stem 

cells

M. Boyd-Moss et al.



97

mTgase  Microbial 
transglutaminise

NT2  Neural cells
PBS  Phosphate-buffered 

saline solution
PCL  Polycaprolactone
PEG  Poly(ethylene Glycol)
PEGDA  Poly(ethylene 

Glycol)-di-acrylate
PEGDMA  Poly(ethylene glycol) 

dimethacrylate
PEGMA  Poly(ethylene glycol) 

methacrylate
PEGTA  Poly(ethylene 

glycol)-tetra-acrylate
PEO  Poly(ethylene oxide)
PLA  Polylactic acid
PVA  Polyvinyl alcohol
Ru/SPS  Ruthenium/Sodium 

persulfate
SAP  Self-Assembled 

Peptide
SF-G  Silk-fibroin/Gelatin
SLA  Stereolithography
SMC  Smooth muscle cells
SPPS  Solid phase peptide 

synthesis
TGF-β  Transforming growth 

factor-β
VEGF  Vascular endothelial 

growth factor
VIC  Aortic valve leaflet 

interstitial cells

5.1  Introduction

Regenerative medicine is a rapidly advancing 
field which aims to replace functional tissue lost 
to disease, trauma or congenital anomalies 
(Sadtler et al. 2016). A key challenge for research-
ers is the requirement to develop an advanced, 
dynamic tissue engineered scaffold capable of 
adequately mimicking the complexities of the 
native extracellular matrix (ECM); providing the 
necessary behaviour cues to cells whilst promot-
ing angiogenesis to enable the delivery of nutri-
ents to developing tissue while facilitating waste 

removal (Chen and Liu 2016; Novosel et al. 
2011; Fortunato et al. 2016). To achieve this, 
multidisciplinary techniques and insight from 
engineering, chemistry, material science, nano-
technology and biology are required to enable the 
tailored design of biomimetic scaffolds. These 
highly structured materials must reproduce 
aspects of the natural tissue environment; for 
instance, having the capacity to simultaneously 
providing physical support and biologically rele-
vant molecules to cells. Effective materials 
should be capable of promoting and regulating 
regenerative cell behaviours, including survival, 
migration, proliferation, and differentiation down 
appropriate linages (Horgan et al. 2016).

The recent advancements of additive manu-
facturing technologies, material science, and cell 
biology have brought forth the ability to print 
complex artificial tissue-engineered scaffolds 
through bioprinting (Murphy and Atala 2014). 
This technology enables the precise placement 
of structural and biologically suitable materials 
containing living cells, biochemicals, and bio-
logically relevant molecules within a well-
defined geometry (Murphy and Atala 2014). The 
ability of these printed tissue scaffolds to have 
spatially defined regions of different material 
have the potential for the hitherto unavailable 
fabrication of tissue constructs capable of pro-
viding the necessary behavioural cues to cells, 
whilst also facilitating vascular network genera-
tion (Richards et al. 2017). Currently there are a 
number of bioprinting techniques being 
employed for the printing of tissue constructs 
based on commercially available or modified 
printers, including inkjet bioprinting, extrusion 
bioprinting, laser-assisted bioprinting, and ste-
reolithography-based bioprinting. Figure 5.1 
shows an idealised cartoon of the ability to pres-
ent multiple cell types in a defined fashion with 
great fidelity.

These rapidly advancing techniques are 
being developed to print blends of biomaterials 
containing living cells in a liquid or hydrogel 
suspension, which are termed ‘bioinks’ (Hölzl 
et al. 2016). Ideally, bioinks should form tune-
able, biocompatible scaffolds with adequate 
mechanical strength, rigidity, and shape fidelity; 
resemble the native ECM; and, facilitate large 
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scale synthesis with minimal batch-to-batch 
variation (Loo et al. 2015). Furthermore, the 
bioink is required to protect cells from shear 
stresses whilst maintaining printability and 
nutrient transport post printing (Chimene et al. 
2016). Understanding the biological, chemical, 
and mechanical requirements of cells is crucial 
for successful tissue growth, whilst understand-
ing the material properties of bioinks is essen-
tial for ensuring printability, biocompatibility, 
and suitable biodegradability (Park et al. 2016).

The study of bioink material science is of par-
ticular interest for biological and engineering 
fields, including drug delivery, tissue engineer-
ing, and regenerative medicine (Gao and Cui 
2016). Peptide and protein-based biomaterials in 
particular have been extensively researched for 

use in tissue engineering applications, due to 
their highly favourable inherent biological prop-
erties (Lee and Mooney 2001). This chapter will 
discuss the use of these as bioinks in a range of 
bioprinting applications, including adipose (Pati 
et al. 2014), bone (Zhou et al. 2016), cartilage 
(Rhee et al. 2016), cardiovascular (Pati et al. 
2014; Duan 2017), and neural tissue regeneration 
(Zhu et al. 2016).

5.2  Peptide and Protein Based 
Bioinks

Peptide and protein hydrogels are formed when 
the molecules spontaneously self organise into 
(typically) nanofibrous structures that entangle to 

Fig. 5.1 Schematic showing working principles, bio-
printing systems, and outcomes. (a) Cartoon of multi- 
component tissue construct showing different cellular and 
structural regions; top neural cells, middle rigid compo-
nent, bottom blood vessel. (b) Basic bioprinter; (c) Inkjet 
printhead workings showing actuator in dark blue, 
Mechanical printhead showing plunger configuration, 

Pneumatic-driven printhead showing compressed air 
input with valve, and solenoid printhead showing solanoid 
valve (left to right); (d) AFA-LIFT laser-assisted bio-
printer (left), MAPLE-DW laser-assisted printer (right); 
and (e) Beam-scanning SLA (left), Mask-image projec-
tion SLA
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immobilise their surrounding solvent to form 
highly hydrated networks. These unique bioma-
terials have been predetermined as promising 
candidates for bioink formulation, due to their 
highly hydrated state (99% w/w water of their 
dry weight), ability to mimic the native tissue 
ECM, and propensity to undergo shear thinning 
before returning to their original shape (Buenger 
et al. 2012; Tibbitt and Anseth 2009; Jungst et al. 
2016). This combined with their ability to shield 
cells from stress during printing makes these 
materials highly sought after for tissue bioprint-
ing applications (Dubbin et al. 2016). Peptide 
and protein-based biomaterials may be natural 
(collagen, gelatin, fibrin)(Rice et al. 2013), syn-
thetic (self-assembling peptides, SAPs)
(Rodriguez et al. 2014), or may form part of a 
biosynthetic hydrogel (Collagen-PEG, PEG- 
Fibrinogen)(Sargeant et al. 2012; Dikovsky et al. 
2006).

Natural hydrogels are used extensively in tis-
sue engineering applications due to their inherent 
biological properties; however present challenges 
exist relating to batch-to-batch variation, risk of 
immune response and pathogen transfer 
(Nilasaroya et al. 2008; Nisbet and Williams 
2012; Guo and Ma 2014). Synthetic hydrogels 
provide good mechanical properties, demonstrate 
high tuneability, and present no immunological 
concerns (Collins and Birkinshaw 2013; Guo and 
Ma 2014); however generally they have poor bio-
degradation and limited bioactivity unless modi-
fied (Lau and Kiick 2014; Guvendiren and 
Burdick 2013). Having said this, self-assembled 
peptides, (SAPs) are engineered from versatile 
molecular building blocks which under appropri-
ate conditions, spontaneously organise to form an 
entangled nanoscale scaffold. These are easily 
synthesised through standard peptide synthesis 
approaches such as solid phase peptide synthesis 
(SPPS) (Li et al. 2015). The inherent biocompat-
ibility and biodegradability of these molecules, 
combined with their batch-to-batch consistency 
and ease of synthesis have resulted in this mate-
rial showing promise for biomedical applications 
(Li et al. 2015). Table 5.1 gives an overview of 
these classes of materials and their uses.

5.2.1  Natural Peptide/Protein- 
Based Bioinks

The native ECM contains a variety of fibrous pro-
teins and polysaccharides which provide both 
structure and biochemical support to tissue 
(Bogdani et al. 2014). Natural peptide/protein- 
based hydrogels have been extensively used in 
tissue engineering and regenerative medicine due 
to their high bioactivity which provides suitable 
chemical, physical, and biological signals which 
are essential for supporting cell responses includ-
ing survival, adhesion, differentiation and prolif-
eration (Hunt et al. 2014). These materials also 
provide favourable degradation properties and 
are capable of producing hydrogels with high 
biocompatibility and biodegradability (Hunt 
et al. 2014); yet present a risk of pathogen trans-
fer, immunogenic reaction and batch-to-batch 
variance (Guo and Ma 2014; Nilasaroya et al. 
2008).

In tissue engineering and regenerative medi-
cine, the central aim of scaffold development is to 
recapitulate the ECM. As such, many studies use 
of physical, chemical and enzymatic processes to 
remove cellular content from tissue and yield a 
decellularized extracellular matrix (dECM) (Pati 
et al. 2014; Jang et al. 2016). Other common 
protein- based biomaterials used for bioink 
 formulation include proteins found in tissue, such 
as collagen, gelatin, fibrin, and fibroin/fibrino-
gen, which will also be discussed further below.

5.2.1.1  Decellularised Extracellular 
Matrix

The use of dECM materials in tissue engineering 
applications has gained significant momentum 
due to their inherent ability to mimic the com-
plexities of the native ECM; providing both sig-
nals and structure to developing tissue. Currently, 
there is no gold standard decellularisation pro-
cess, rather a variety of processes exist which 
may be categorised as chemical, physical, or bio-
logical (Gilbert et al. 2006). Chemical decellu-
larisation processes make use of chemical agents, 
including acids and bases, hypotonic and hyper-
tonic solutions, detergents, alcohols, and other 
solvents; physical processes take advantage of 
temperature, force and pressure, and non-thermal 
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irreversible electroporation; whilst biological 
processes may employ enzymatic agents or non- 
enzymatic agents, including: chelating agents, 
toxins, serum and serine protease inhibitors 
(Crapo et al. 2011). The effectiveness of decel-
lularisation is dependent on tissue source, den-
sity, organisation, composition, and finally, the 
desired final use of the tissue or organ (Crapo 
et al. 2011; Gilbert et al. 2006). In bioprinting 
applications, dECM constructs are often lyophi-
lised before being ground into a powder and sub-
sequently used to form a hydrogel (Pati et al. 
2014; Jang et al. 2016).

Pati et al. have developed application specific 
dECM bioinks from decellularised adipose, carti-
lage and heart tissues (Pati et al. 2014). 
Decellularisation of the ECM material is com-
pleted through a combination of physical, chemi-
cal and enzymatic processes to yield 
decellularized tissue with ~98% cellular contents 
reduction and only 39 ± 15, 11 ± 1 and 6.7 ± 1.2 ng 
of DNA mg−1 of fat, cartilage and heart dECM, 
respectively. The required amount of ground 
dECM powder was weighed and solubilised in a 
solution of 0.5 M acetic acid with 10 mg of pep-
sin for 100 mg dECM – such that the final con-
centration of dECM was 3%. The pH of the 
solution was then raised to a physiological pH 
through dropwise addition of 10 M NaOH. Human 
adipose-derived stem cells (hASCs) and human 
inferior turbinate-tissue derived mesenchymal 
stromal cells (hTMSCs) were used to assess the 
effectiveness of adipose and cartilage dECM bio-
inks on adipogenic and chondrogenic differentia-
tion respectively. Rat myoblast cells (L6) were 
used to verify functional enhancement of myo-
blasts in heart tissue-derived dECM (hdECM) 
bioinks. 10x concentrated culture media was 
added to the cell-free bioink at 1/10th volume 
before cultured cells are mixed into the bioinks at 
a concentration from 1 to 5 x106 cells mL−1. Cell 
viability was found to be sufficiently maintained 
after printing, showing greater than 95% cell via-
bility 24 h–incubation post-printing in media. 
Cell viability was found to be maintained above 
90% when examined on days 7 and 14 with active 
cell proliferation evident. Gene expression analy-
sis demonstrates increased expression in chon-

drogenic (SOX9 and COl2A1), cardiogenic 
(Myh6 and Actn1) and adipogenic (PPARγ and 
LPL) constructs when compared to that of the 
collagen bioink control. The group further expand 
on this work in a later study in which a photo- 
crosslinkable dECM gel was engineered through 
the addition of photoinitiator vitamin B2; result-
ing in a hydrogel which was approximately 33 
times more stiff than the aforementioned dECM 
bioink (Jang et al. 2016).

5.2.1.2  Collagen and Gelatin
Both collagen and gelatin have been extensively 
investigated in tissue engineering applications 
due to their inherent biocompatibility, adhesive 
qualities, high porosity, high tensile strength and 
biodegradability; however their lack of rigidity, 
batch-to-batch variability and immunogenicity 
concerns limit their applicability in tissue engi-
neering applications (Lynn et al. 2004; Rice et al. 
2013). Collagen has a unique structure in which 
three individual polypeptide chains twist around 
each other to form a 3-stranded rope-like struc-
ture (Lee et al. 2001). Partial hydrolysis of colla-
gen breaks down this structure into 
single-stranded, gelatin molecules (Hunt et al. 
2014). Crosslinking of collagen and gelatin 
hydrogels is enabled through the use of 
 gluteraldehyde, genipin, or water soluble carodi-
imides; or alternatively, non-covalently through 
the entanglement of fibres (Hunt et al. 2014). Due 
to their favourable bioactivity deriving from their 
natural source, recent approaches have focused 
on designing bioinks from these biomaterials.

A novel gelatin-based, photo-crosslinking 
bioink containing 10% wt Gelatin Methacryloyl 
(GelMA) and 0.6% wt collagen type I was 
described by Lim et al. (2016) In their study, two 
bioinks were engineered with different photoini-
tiators; the first contains the photoinitiator 
Irgacure 2959 (0.05% wt), whilst the second con-
tains ruthenium/sodium persulfate (Ru/SPS, 
0.2 mM/2 mM). The Irgacure 2959 containing 
bioink undergoes UV light (300–400 nm) enabled 
crosslinking while the second was crosslinked 
under visual light (400–450 nm). Using these 
bioinks, complex multilayered constructs (dome 
and human nose) were printed. Breast adenocar-
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cinoma cells (MCF-7) encapsulated within the 
hydrogels show the visible light system to be 
superior for bioprinting applications, demonstrat-
ing >80% cell viability after day 1 in photoinitia-
tor concentration tests (2 mM/20 mM), and ~90% 
for light intensity viability tests after 1 day 
(0.2 mM/2 mM concentration at intensity 
100 mW cm−2 for 15 min). Contrastingly, the UV 
photo-crosslinking system shows ~50% (at 0.5% 
wt) and ~45% (at intensity 100 mW cm−2 and 
concentration 0.05% wt for 15 min) cell viability 
for the same tests – indicating that the crosslink-
ing methodology is in some way damaging cells. 
Further cell types were tested including human 
articular chondrocytes (HACs) and human bone 
marrow-derived mesenchymal stromal cells 
(HSCs); in all cases the visual light system had 
superior cell viability compared to the UV light 
system.

Two collagen-based bioinks are developed by 
(Lee et al. 2015) The first bioink (CA-1) consists 
of collagen which has been cultured with pre-
osteoblast cells for 1 day to allow for initial ECM 
deposition within the collagen bioink; whilst the 
second (CA-3) consists of collagen which has 
been cultured with preosteoblast cells for 3 days 
to allow for increased ECM deposition. Both inks 
were formulated as follows: 2% wt collagen was 
gelled in an incubator for 30 min before preosteo-
blast cells (1× 106 cells mL−1) were cultured on 
the gelled collagen for various periods of time 
(1 day and 3 days). Mixtures were then combined 
with alginate (4 wt% in PBS) and cells in equal 
volumes at a density of 2.8 × 106 cells mL−1. 
Other culture periods were also investigated how-
ever culture periods of 1 day and 3 days were 
found to present the best balance between print-
ability and bioactivity. A pure alginate bioink 
was used as the control. An ionic crosslinking 
method was employed through aerosol disper-
sion of CaCl2 onto printed constructs, resulting in 
alginate crosslinking. The compressive moduli of 
the printed inks were found to be 68 ± 15 kPa, 
67 ± 13 kPa, and 69 ± 8 kPa for CA-1, CA-3, and 
alginate respectively. Unfortunately, these modu-
li’s were considered too low and therefore had to 
be reinforced with Polycaprolactone (PCL) 
struts. Initial cell viability was sufficiently high 

with ~88% viability at 1 day. Cell proliferation 
rates were significantly higher on scaffolds fabri-
cated from CA-3 compared to those of fabricated 
from either CA-1 or Alginate. From this study 
the collagen/ECM/alginate bioink was found to 
be effective in simultaneously presenting physi-
cal and biological cues required for tissue regen-
eration. Mechanically, the CA-3 bioink was able 
to protect cells from processing conditions, 
whilst biologically the ECM components of the 
ink provide a highly active cell-platform when 
compared to the alginate bioink.

Similarly, Kim et al. (2016) develop a 
collagen- based bioink which uses Genipin as a 
crosslinking agent. Type-I collagen was mixed at 
3, 5, and 7 wt% with cells (1 × 106 cells mL−1 for 
MG63s and hASCs) to yield a bioink that was 
biocompatible and mechanically stable. Printed 
constructs were crosslinked through structure 
incubation in 0.1, 0.5, 1, 3 and 5 mM genipin 
solutions over different time periods (1, 6, 24, 
48 h). Of these conditions, 5 wt % collagen cross-
linked with genpin at concentration ~ 1 mM (over 
1 h) was found to produce the best results. Using 
this ink, a cellblock of 21 × 21 × 12 mm was 
printed with a cell viability of >95%. In vitro test-
ing of the printed construct shows increased via-
bility, cell proliferation, and osteogenic activity 
compared to constructs printed using a control 
alginate-based bioink.

As the denatured form of collagen, a gelatin- 
based bioink developed by Irvine et al. (2015) 
takes advantage of enzymatic crosslinking 
through microbial transglutaminise (mTgase). 
Three gelatin concentrations were investigated 
(3%, 5%, 7%) along with three different mTgase 
concentrations (0.5, 1.5, 3 U mL−1). Human 
umbilical vein endothelial cells (HUVECs) and 
HEK293s were encapsulated within the hydro-
gels. Lower concentrations of gelatin showed 
increased cellular spreading resulting in pseudo-
podia; whilst cells in the higher concentration 
(7%) gelatin bioinks maintained a round in shape. 
Constructs fabricated from bioinks with lower 
gelatin concentrations lacked sufficient mechani-
cal strength, resulting in the inability to retain the 
printed structure. With this in mind, a 5% gelatin 
concentration was used for all subsequent print-
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ing applications. Together, these studies that gel-
atin and collagen hydrogels are shown to have 
significant promise for bioprinting applications 
owing to their favourable bioactivity and inherent 
ECM nanoarchitecture, however care needs to be 
taken to avoid cellular damage in the fabrication 
processes.

5.2.1.3  Fibrin and Fibrinogen
Fibrinogen is a soluble plasma protein which is 
converted to insoluble polymeric fibrin in 
response to vascular system damage, initiating 
clotting at the wound site (Doolittle 2001). The 
conversion of the precursor fibrinogen to fibrin is 
initiated by the serine protease thrombin (factor 
IIa) which plays a key role in haemostasis, 
inflammation and wound healing (Thiagarajan 
and Narayanan 2001). Fibrin is a major compo-
nent of the provisional ECM formed during tis-
sue repair following injury, and enables cell 
infiltration and anchoring at the wound site 
(Hsieh et al. 2017). Fibrin clots allow platelet, 
leukocyte and fibroblast infiltration and adher-
ence in wound sites enabling natural wound 
repair; this, combined with the ease of fibrinogen 
purification from blood has resulted in fibrin 
development for a number of applications (Hsieh 
et al. 2017) - including tissue engineering (de la 
Puente and Ludeña 2014), drug delivery (Whelan 
et al. 2014) and clinically as a tissue sealant 
(Spotnitz 2010). The provisional fibrin matrix’ 
also provides a physically supportive network to 
the wound site before eventually being replaced 
by natural ECM proteins, including collagen and 
fibronectin to form new tissue (Brown and Barker 
2014). Recently, fibrin-forming hydrogels have 
been used as bioinks in bioprinting applications, 
enabling highly effective tissue regeneration 
owing to fibrins inherent wound healing 
properties.

Xu et al. (2006) investigate the effectiveness 
of fibrin in bioprinting applications. A thermal- 
based inject printer was modified to allow the 
layer-by-layer printing of neural (NT2) cells and 
fibrin gels, enabling development of 3D cellular 
structures for use in neural tissue engineering 
applications. The NT2 cell ink was formulated 
through the re-suspension of cultured NT2 neu-

ronal precursor cell pellets in 0.5 mL of 3× 
Dulbecco’s phosphate-buffered saline solution 
(DPBS) to obtain cell print suspensions of 
2,000,000 cells mL−1. The viability of this cell 
suspension post printing was approximately 
74%. The fibrin gel was formulated by printing 
bovine thrombin (dissolved in 20 μm CaCl2 to 
yield a final concentration of 20 IU mL−1) onto a 
thin fibrinogen substrate. The gel was allowed 
3–5 min to facilitate sufficient fibrin formation 
before a new cartridge containing NT2 neurons 
was loaded into the printer and neurons printed 
on top of the fibrin layer. Another thin layer of 
fibrinogen was then placed over the printed struc-
ture and the process was repeated. Results 
showed this printing method allowed the con-
trolled deposition of patterns and structures of 
primary hippocampal and cortical neurons, whilst 
maintaining neuronal phenotypes and basic elec-
trophysiological function.

The group further build on this work formulat-
ing a thrombin bioink containing human micro-
vascular endothelial cells (HMVEC) which was 
printed onto a fibrinogen substrate to form cell 
laden fibrin channels suitable for microvascular 
formulation (Cui and Boland 2009). Various con-
centrations of fibrinogen, thrombin and Ca2+ 
were investigated and an optimal formulation 
was selected such that the final bioink contains: 
1–8 million cells mL−1 HMVEC, 50 unit mL−1 
thrombin, and 80 mM Ca2+ in 1× DPBS. This 
bioink was able to be effectively printed onto a 
‘biopaper’ containing 60 mg mL−1 fibrinogen 
solution, enabling the simultaneous deposition of 
cells within a fibrin support gel. The cells were 
found to align within the channel during gel for-
mation and effectively proliferate to form conflu-
ent lining along with the fibrin scaffold after 
21 days. During proliferation, endothelial cells 
within the scaffold were shown to form tubular 
structures which show angiogenesis functional-
ity. Furthermore, the fibrin-based bioinks demon-
strate favourable biodegradability and mechanical 
properties highlighting their potential use in 
microvascular regeneration. Fibrin provides a 
novel natural biomaterial for use in bioprinting 
applications owing to its propensity to form a 
stable hydrogel upon thrombin and fibrinogen 
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interaction. This enables the gentle encapsulation 
of cells within the printed scaffold and subse-
quently has attracted the interest of recent 
studies.

5.2.1.4  Fibroin
Fibroin is a natural fibrous protein existent in silk 
spun by silk-producing arthropods, including 
silkworms and spiders (Kundu et al. 2013). The 
protein constitutes one of two main proteins of 
silk. The other protein, sericin, is usually pro-
cessed out of the natural material through alkali- 
or enzyme-based degumming processes. The 
composition of silk fibroin is dependent on its 
source. Silk fibroin sourced from B. mori is com-
posed of a heavy (H) and a light (L) chain linked 
together by a disulphide bond, and another glyco-
protein (P25) is also non-covalently linked to 
these chains (Tanaka et al. 1999); these fibroin 
proteins can form anti-parallel β-sheets (Kundu 
et al. 2013). Alternatively, silk produced by non- 
mulberry Saturniidae do not contain L chain or 
P25, instead they contain H-chain homodimers 
(Sehnal and Žurovec 2004); these proteins form 
β-sheets due to the higher Ala/Gly ratio and poly- 
alanine blocks (Sehnal and Žurovecurovec 2004; 
Kundu et al. 2013). Silk fibroin offers numerous 
advantages for use as a biomaterial including its 
excellent inherent mechanical properties, good 
biocompatibility, biodegradability, ease of pro-
cessing and ease of modification (Kundu et al. 
2013). As such, these materials have been used 
for the regeneration of a variety of tissues, includ-
ing bone, ligament, cartilage and tendon (Kasoju 
and Bora 2012).

Fibroin-based bioinks were developed by Das 
et al. (2015) in which hTMSCs were encapsu-
lated in a silk-fibroin/gelatin (SF-G) biomaterial. 
The SF-G blend was prepared by adding 15 wt % 
of sterilised gelatin powder to 8% w/v SF solu-
tion, next hTMSCs were encapsulated within the 
SF-G solution to formulate the bioink. As two 
crosslinking mechanisms (enzymatic and physi-
cal) were investigated; the first incorporated 
tyrosinase (500 units) to enable enzymatic cross-
linking; whilst the second was physically cross-
linked through sonication at 50% amplitude for 
10 s. When compared to an alginate control, both 

SF-G bioinks demonstrate superior mechanical 
properties in regards to stiffness and stability, 
with the enzymatic crosslinking mechanism 
resulting in the best stability over 21 days. 
However, cellular responses of hTMSCs show 
cell proliferation to be highest in the enzyme 
crosslinked bioink. Furthermore, the enzymati-
cally crosslinked ink facilitates better cellular dif-
ferentiation down chondrogenic and adipogenic 
lineages, whilst osteogenic differentiation 
favoured the physically crosslinked hydrogel. 
Cellular viability of the enzymatically cross-
linked bioink was found to be maintained for 
over a month in vitro culture conditions. From 
this study, it was clear that the SF-G bioinks sup-
ported better cell proliferation, differentiation 
and viability than the control bioink, likely due to 
the increased bioactivity induced by the gelatin 
combined with the favourable mechanical prop-
erties of the silk fibroin.

5.2.2  Synthetic Peptide-Based 
Bioinks

Self-assembled peptide (SAP) hydrogels are a 
novel class of bioinspired materials capable of 
forming complex biomimetic structures through 
the spontaneous self-assembly of low-molecular 
weight peptide sequences (Horgan et al. 2016). 
The ability of SAPs to spontaneously form 
hydrogels containing intricate nanofibrous net-
works, combined with their ability to be synthe-
sised through standard peptide synthesis 
approaches (including solid phase peptide syn-
thesis) has resulted in success in tissue engineer-
ing applications (Nisbet and Williams 2012). As 
these peptides are synthesised from peptide 
derivatives or amino acids, they are inherently 
biocompatible and demonstrate good biodegrad-
ability (Li et al. 2015). Mechanically, SAPs offer 
high tunability; whilst biological functionalisa-
tion may be incorporated through the addition of 
well-known bioactive motifs (Nisbet and 
Williams 2012). One particular advantage of 
these materials is their ability to undergo revers-
ible shear thinning, making them highly suited to 
minimally invasive tissue engineering and drug 
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delivery, particularly when loaded with cells 
(Bruggeman et al. 2016). However, despite these 
materials being ideal candidates for bioprinting 
applications, very few studies have taken advan-
tage of these synthetic peptide hydrogels for bio-
printing applications.

Loo et al. detail a novel SAP bioink formu-
lated from lysine-containing hexapeptides which 
self-assemble into stable nanofibrous hydrogels 
(Loo et al. 2015). Two hexapeptiddes 
(Ac-ILVAGK-NH2 and Ac-LIVAGK-NH2) were 
investigated and found to outperform various 
other SAPs in regard to gelation behaviour – 
requiring both lower peptide concentration and 
gelation time. Optimised formulations of the 
Ac-ILVAGK-NH2 and Ac-LIVAGK-NH2 hydro-
gels resulted in the development of bioink suit-
able formulation, capable of gelating within 5 
and 30 seconds respectively. Furthermore, both 
gels were also shown to possess highly favour-
able mechanical properties with a stiffness of 40 
kPA being achieved in Ac-ILVAGK-NH2 gels. 
Human mesenchymal stem cells (hMSCs) encap-
sulated within Ac-ILVAGK-NH2 gels were able 
to be successfully cultured and demonstrate uni-
form suspension within dispensed droplets. 
Using this bioink approach, multicellular con-
structs were able to be fabricated by sequential 
deposition of different cell types localised to spe-
cific domains as demonstrated through the depo-
sition of a multi-domain construct which could 
serve as an in vitro model for skin. Furthermore, 
through the culturing of intestinal epithelial cells 
on the SAP hydrogel, the native phenotype of the 
cultured cells was maintained – even outperform-
ing that of the gold standard Corning transwell 
membranes. Finally, the peptide scaffolds were 
also shown to be inherently biocompatible and 
stable, with subcutaneous implantations of 
hydrogel discs into healthy mice persisting for at 
least 2 months with minimal immune response 
and no capsule formation evident. This study 
highlights the potential for SAPs in bioprinting 
applications, however greater developments are 
still required to improve both the gelation speed 
and mechanical properties after printing of these 
materials.

5.2.3  Biosynthetic Bioinks

Although synthetic scaffolds offer the ability to 
precisely control the mechanical properties of a 
material, they often provide inadequate biologi-
cal information for effective cell culture; alterna-
tively, biologically derived scaffolds offer a 
variety of biological motifs to regulate cell activ-
ity which can make it difficult to precisely regu-
late specific cellular events (Almany and Seliktar 
2005). Thus, combing the two material types can 
yield a biosynthetic scaffold which simultane-
ously provides the structural characteristics of 
synthetic materials whilst presenting the inherent 
biofunctionality of natural materials (Almany 
and Seliktar 2005). Despite this, few biosynthetic 
peptide-based bioinks have been developed to 
date.

Skardal et al. have developed a comprehensive 
hyaluronic acid-gelatin (HA-Gel) bioink toolkit 
comprised of a 2-crosslinker, 2-stage polymerisa-
tion technique (Skardal et al. 2015). The combi-
nation of Poly(ethylene glycol) (PEG)-based 
crosslinkers used facilitated the development of a 
highly modular toolkit suitable for a variety of 
tissue types. The bioinks were formulated 
through the addition of tissue-derived 
 dECM- based solutions containing combinations 
of growth factors, collagens, glycosaminogly-
cans, and elastin, enabling the ability to target 
specific tissue regeneration. Using this model, 
primary liver spheroids were encapsulated and 
printed within a liver-specific bioink to create in 
vitro liver constructs which demonstrated high 
cell viability and tissue functionality through 
measurable albumin and urea output. The biosyn-
thetic bioink toolbox places pays attention to 
both biochemical and physical properties 
required in tissue engineering applications and as 
such have a vast potential to make a large impact 
in a variety of applications.

A biosynthetic gelatin-Poly(ethylene oxide) 
(Gel-PEO) bioink was developed by Irvine et al. 
(2015) for ‘2D’ printing applications. The bioink 
was formulated from 3% Type-A gelatin, 2% 
PEO, 3 U mL−1 mTgase, HUVECs, and human 
embryonic kidney cells (HEK293s). 2 U mL−1 
mTgase was chosen to enable rapid gelation 
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(3 min for Gel-PEO bioink). The bioink showed 
consistent, even print lines with little ink bleed-
ing, producing a well-defined grid pattern. 
Cellular florescence imaging showed increased 
cell proliferation and a high degree of spreading 
throughout the bioink. Biosynthetic peptide- 
based materials show potential in bioprinting 
applications due to their ability to demonstrate a 
versatile range of mechanical properties whilst 
maintaining bioactivity, however more research 
is required to increase the ease of synthesis and 
application specific modification of these materi-
als (Fig. 5.2).

5.3  Bioprinting Techniques

Developments in nanotechnology and microfab-
rication has led to advances in additive manufac-
turing, enabling the ability to fabricate micrometer 
scale scaffolds and control the spatial distribution 
of cells more accurately than before (Wang et al. 
2015). Among these developments lies the novel 

advanced biofabrication technique of bioprint-
ing, which enables the printing of cell-laden inks, 
distinguishing this method from traditional addi-
tive manufacturing techniques in which the pro-
cessing parameters were typically too harsh to 
support cell viability (Wang et al. 2015; Murphy 
and Atala 2014). The ability to print 3D, cells- 
embedded artificial tissue construct allows for 
highly intricate scaffold development, opening 
the possibilities for successful and complex tis-
sue engineering approaches that were previously 
unavailable. Ultimately, bioprinting has the 
potential to (1) Create fully functional replace-
ments for damaged or missing tissues in patients, 
and (2) Rapidly fabricate small-sized tissue mod-
els or organoids, for diagnostics, pathology mod-
elling, and drug delivery (Skardal and Atala 
2015).

Although not the focus of this chapter, some 
understanding of the design and operation of the 
printing processes is useful for context. Figure 5.1 
shows schematic versions of each of these 
approaches. In bioprinting, the spatially con-

Fig. 5.2 Microstructure of common peptide-based mate-
rials. (a) SEM image GelMA (scale bar 100 μm); (b) SEM 
image silk Fibroin (scale bar 100 μm); (c) Cryo-TEM 
image Fmoc-FRGDF (SAP) hydrogel (scale bar 500 nm); 

and (d) GelMA/PEG hydrogel (scale bar 10 μm) 
(Reproduced with permission from Xiao et al. (2011), 
Tamada (2005); Smith et al. (2008) and Einerson et al. 
(2003) respectively)
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trolled, layer-by-layer deposition of biological 
materials, biochemicals, and living cells yields 
3D tissue constructs (Murphy and Atala 2014). 
There are four basic steps to this process: (1) a 
computerised 3D solid model is developed and 
converted to a suitable file format; (2) the file is 
then sent to the requisite additive manufacturing 
equipment (in this case, the bioprinter) where the 
file is then manipulated to control part orientation 
and scaling; (3) the structure is printed through 
layer-by-layer deposition, and finally; (4) matu-
ration, where the materials undergo tissue culture 
conditions either in vivo or in a bioreactor (Huang 
et al. 2013; Murphy and Atala 2014). Different 
printing techniques depend on vastly differing 
material dispersion mechanisms (Tang et al. 
2016). The four predominant bioprinting tech-
niques currently being used for tissue engineer-
ing applications, these are: inkjet bioprinting, 
extrusion bioprinting, laser-assisted bioprinting, 
and stereolithography-based bioprinting (Skardal 
and Atala 2015). An overview of these tech-
niques is given in Table 5.2, with references for 
further reading.

5.4  In vitro and in vivo 
Applications of Peptide- 
Based Inks

Bioprinting of artificial tissue constructs is set to 
revolutionise tissue engineering approaches 
allowing for rapid yet controlled deposition of 
cells, biomimetic structures and signals within a 
spatially-defined advanced tissue scaffold (Zhang 
and Zhang 2015). The potential capability of 
these approaches to provide immediate perfuse-
able vasculature, facilitating a greater depth of 
nutrient transport, allows for fabrication of tissue 
with greater thickness (Zhang et al. 2015). 
Furthermore, the use of cell-laden bioinks pro-
vides superior-distribution of biological compo-
nents within a scaffold (Gao, Schilling, et al. 
2015); whilst the spatial delivery of different bio-
inks using multi-head bioprinting technologies 
allows for the printing of gradient transition tis-
sue constructs (Ren et al. 2016). Bioprinting 
using peptide-based bioinks has been extensively 

investigated and have found use in both organ- 
engineering and non-organ tissue engineering 
applications. Non-organ tissue engineering 
includes the printing of bone (Wüst et al. 2014; 
Levato et al. 2014; Duarte Campos et al. 2016), 
osteochondral (Gao et al. 2015a; Shim et al. 
2016; Gao et al. 2015b), cartilage (Ren et al. 
2016; Daly et al. 2016; Gurkan et al. 2014), vas-
cular (Kolesky et al. 2014; Jia et al. 2016; Cui and 
Boland 2009; Guillotin et al. 2010), muscular 
(Choi et al. 2016), and neural tissue constructs 
(England et al. 2017) whilst organ regeneration 
includes the printing of cardiac (Pati et al. 2014; 
Jang et al. 2017; Zhang et al. 2016), cardiac valve 
(Duan et al. 2013; Duan et al. 2014), liver (Li 
et al. 2009; Bhise et al. 2016), and skin regenera-
tion (Cubo et al. 2016) as well as organoid regen-
eration for use in drug screening applications (Li 
et al. 2009; Bhise et al. 2016). Table 5.3 high-
lights various applications where peptide-based 
bioinks have been used and details printing pro-
cess and bioink selection.

5.4.1  Non-organ Tissue 
Regeneration

5.4.1.1  Bone-Tissue Regeneration
Bone is a bioceramic composite which is made 
up of organic collagen, inorganic hydroxyapatite 
(HAp), and water (Olszta et al. 2007). The hierar-
chical organisation of these materials results in 
the development of various bone types through 
the formation of mineralised collagen fibrils. The 
organisation of these fibrils is responsible for the 
determination of mechanical properties of bones, 
and therefore enables the formation of different 
bone types (compact and spongy) (Weiner and 
Wagner 1998). Bone tissue engineering is of par-
ticular interest when considering the regeneration 
of large orthopedic defects or the requirement to 
develop orthopedic implants that are mechani-
cally more suitable to their biological environ-
ments (Burg et al. 2000).

Wüst and et al. (2014) developed a bioink 
designed specifically for bone-tissue regenera-
tion applications. The bioink was composed of 
encapsulated hMSCs within an alginate and gela-
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tin hydrogels prepared with differing amounts of 
HAp, and demonstrates adequate printability 
with an extrusion-based bioprinter. A two-step 
gelation method is employed which implements 
both reversible thermal- and irreversible 
chemical- crosslinking, enabling rapid gelation 
during printing and long-term stability post print-
ing. To facilitate thermal gelation, the bioink 
solution was liquefied through heating to 40 °C 
prior to printing. After extrusion the bioink was 
allowed to cool through contact with a cooled 
substrate (~10 °C) leading to a temporary increase 
in ink rigidity. Once scaffold printing was com-
pleted it was immersed in a cold CaCl2 solution 
to enable chemical crosslinking of alginate within 
the ink; resulting in irreversible crosslinking 
yielding a scaffold which demonstrates long- 
term stability. Three different bioink formula-
tions were investigated: 8% HAp/2%Alginate/ 
10%Gelatin, 4% HAp/2%Alginate/10%Gelatin, 
and 2%Alginate/10%Gelatin. The bioinks all 
demonstrate good cell viability (84–85%) 3 days 
post printing; however inclusion of HAp was 
found to increase bioink viscosity that leads to 
more difficult handling during printing. 
Interestingly, the addition of HAp was not found 
to significantly alter the stiffness of bioink con-
structs in this study, and hydrogels were shown to 
be ineffective in resembling the mechanical prop-
erties of bone tissue; despite this, two-phase 
printed structures were able to be printed and suf-
ficiently imaged under μCT.

An alternative approach for the development 
of bioprinted bone-tissue engineering constructs 
was investigated by Levato and et al. in which 
MSC-laden polylactic acid (PLA) microcarriers 
were distributed within a GelMA-Gellan Gum 
(GelMA-GG) hydrogel (Levato et al. 2014). 
Using a ‘green solvent-based’ method, PLA 
microcarriers of average diameter 120 μm were 
fabricated and later functionalised with human 
recombinant collagen type-I to improve cell 
responsiveness. The hydrogel component of the 
bioink was formulated through GelMA incorpo-
rated with 0.1% w/v Iracure 2959 to facilitate 
photo-crosslinking. Furthermore, in an effort to 
improve bioink printability, 1% w/v gellan gum 
was added to the hydrogel solution. Microcarriers 
were either preseeded with rat derived MSCs and 

then supplemented at 30 mg mL−1 into hydrogel 
solutions (GelMA-GG MC-MSCs), or were sup-
plemented alongside MSCs into the hydrogels 
(GelMA-GG MC’s and MSCs); creating two 
separate bioinks. Cell viability post extrusion 
was found to be 60% after 1 day in GelMA-GG 
MC-MSCs, and 90% after 3 days. The addition 
of PLA microcarriers was also shown to increase 
the compressive modulus of GelMA-GG. Alizarin 
red staining intensely marked diffused areas 
around MC-MSCs complexes, indicating 
strongly mineralised areas; furthermore on a 
molecular level MC-MSCs gels showed the most 
OCN secretion and demonstrated matrix calcifi-
cation suggesting the ability to form mature 
bone-like tissues. Despite the bioink not reaching 
sufficient compressive strengths for initial load- 
bearing applications, clinically relevant sized 
constructs were able to be printed with large cell 
numbers and high shape fidelity; furthermore, the 
bioinks demonstrated good printability and 
showed homogeneous cell distribution through-
out the printed scaffold.

Duarte Campos et al. (2016) utilise inkjet bio-
printing for the fabrication of bone-tissue engi-
neering scaffolds. In combining agarose 
hydrogels with collagen type-I, a thermorespon-
sive bioink can be developed which demon-
strates superior printability than pure collagen 
hydrogels. The agarose/collagen bioinks (con-
taining MSCs) demonstrated high cell viability 
(>98%) 21 days post printing. Softer hydrogels 
with lower agarose concentrations and higher 
collagen concentrations were shown to demon-
strate the highest degree of spreading with the 
longest elongation, as seen in ITGB3 staining; 
furthermore, through qPCR it was evident that 
genes COL1 and RUNX2 were expressed sig-
nificantly more in low stiffness hydrogels 
(AG0.5- COL0.21) compared to other hydrogels. 
Finally, the increased cell spreading in softer 
hydrogels resulted in increased differentiation to 
osteoblast cells; leading the group to conclude 
osteogenic differentiation was improved in softer 
–agarose- collagen hydrogels due to less 
restricted cell spreading and branching. The 
study shows the challenges between selecting a 
correct balance between increased printability 
(high agarose bioinks) and increased oestrogenic 

5 Bioprinting and Biofabrication with Peptide and Protein Biomaterials



114

differentiation (high collagen gels). Ultimately, 
these gels were found to be suitable for bone-
tissue engineering bioprinting applications.

5.4.1.2  Osteochondral Regeneration
Osteochondral defects affect both articular carti-
lage and underlying bone tissues, therefore 
regenerative engineering approaches need to ade-
quately address this interface transition, whilst 
supporting both bone and cartilage regeneration 
within their respective regions. As such, several 
strategies have been employed for osteochondral 
repair, including single –phase, layered and 
graded approaches (Nukavarapu and Dorcemus 
2013). In such approaches, both structure and 
signalling are able to be modified to enable rele-
vant cell differentiation and subsequent tissue 
regeneration.

A comprehensive 3D bioprinting process was 
presented by Shim et al. (2016) in which a multi-
layered 3D construct containing human mesen-
chymal stromal cells was developed for 
osteochondral-tissue regeneration. They made 
use of a number of hydrogels to provide both sup-
port and conducive cellular microenvironments 
for artificial tissue construct. The bioinks at the 
core of this study was based on atelocollagen and 
supramolecular HA, both of which were types of 
native ECM proteins. Atelocollagen containing 
hTMSCs and BMP-2 was used as the bone- 
forming bioink, whilst Cucurbit[6]uril- 
Hyaluronic acid (CB[6]-HA) containing hTMSCs 
and transforming growth factor-β (TGF-β) 
formed guest host interactions with another 
hydrogel, 1,6-diaminohexane (DAH)-conjugated 
HA (DAH-HA), to form the chondral layer. Pores 
are made available in the bone-forming portion 
of the 3D printed scaffold to allow for infiltration 
of vascularisation, whilst in the chondral section 
the PCL framework was fully interconnect to 
inhibit vascular invasion. High cell viability is 
evident in both printed bioinks; demonstrating 
93% and 86% for atelocollagen and CB[6]/
DAH-HA respectively. In vitro tests showed 
hTMSCs in the atelocollagen hydrogel exhibited 
a stretched morphology typical of the osteogenic 
phenotype at day 10, whilst hTMSCs within the 
CB[6]/DAH-HA bioink demonstrate spherical 

morphologies, characteristic of the chondrogenic 
phenotype. Additionally, atelocollagen bioink 
layers demonstrated an increase in ALP, COL-I, 
and OSX genes compared to those in the CB[6]/
DAH-HA bioink layer, whilst the CB[6]/
DAH-HA layers showed increases in ACAN, 
COL-II, and SOX9 compared to the atelocolla-
gen layer at day 14. Furthermore, cells within 
atelocollagen constructs showed high levels of 
RUNX2 (a master transcription factor in osteo-
blasts), whereas cells cultured within CB[6]/
DAH-HA hydrogels demonstrated high levels of 
COL-II (the major collagen in cartilage); RUNX2 
was not detected in CB[6]/DAH-HA gels, nor 
was COL-II detected in atelocollagen hydrogels. 
These results demonstrated that the materials 
used were cytocompatible and capable of direct-
ing desired cell differentiation. In vivo tests on 
rabbit knee osteochondral defects reinforced 
these observations, with the printed scaffold 
yielding outstanding regenerative ability in both 
gross morphological and histological evaluations 
after 8 weeks implantation.

An alternative osteochondral bioprinting 
method was presented by Gao et al. (2015a, b) in 
which thermal-based inkjet printing was 
employed to print acrylated-peptide/PEG bio-
inks. The bioinks were prepared at formulation 
10% w/v poly(ethylene glycol) dimethacrylate 
(PEGDMA), 1 mM acrylated GRGDS, 1 mM 
acrylated MMP-sensitive 
(GCRDGPQGIWGQDRCG) peptides, 
0.05%w/v Irgacure, and 6 × 106 hMSCs mL−1. 
Using this bioink, cylindrical artificial bone and 
cartilage tissue constructs were printed with 
4 mm internal diameter. Printed constructs were 
then placed in a 24 well plate containing either 
1 mL osteogenesis medium or 1 mL chondrogen-
esis medium with 10 ng mL−1 TGF- β and cul-
tured for 21 days. Bioinks were compared to 
regular, PEG, PEG-GelMA and GelMA inks in 
regards to printability, with results showing the 
peptide-PEG bioinks demonstrate excellent 
printability with viscosities highly similar to that 
of regular ink. Alternatively, PEG inks with the 
addition of GelMA demonstrated poor printabil-
ity due to the significant increase in viscosity 
resulting in frequent printhead clogging. The 
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pure GelMA bioink was found to be unprintable. 
In regards to cell viability, PEG/peptide bioinks 
were shown to demonstrate improved cell viabil-
ity after 24 h when compared to pure PEG hydro-
gels, with a ~90% cell viability in PEG/peptide 
hydrogels compared to ~83% in PEG hydrogels. 
The PEG-peptide scaffold demonstrated a lower 
compressive modulus than the PEG scaffold right 
after printing, however after osteogenic and 
chondrogenic differentiation, PEG/peptide scaf-
folds demonstrated significant increase in com-
pressive moduli with an increase of 100% and 
82% respectively from day 7 to 21. Alternatively, 
PEG hydrogels only showed a 44% and 38% 
increase from day 7 to 21 for osteogenisis and 
chondrogenisis samples respectively. A complex 
analysis of gene expression found the printed 
scaffolds placed in the osteogenic media 
expressed very high levels of COL10A1 and 
MMP13 genes, suggesting that the PEG-peptide 
scaffold strongly stimulates the potential endo-
chondral bone formation; alternatively, scaffolds 
placed within the chondrogenic media demon-
strates high chondrogenic differentiation factors, 
highlighting the ability for use in cartilage regen-
eration applications. Finally, the PEG/peptide 
bioink combined with the thermal inkjet bioprint-
ing technique was found to promote homoge-
neous bone and cartilage regeneration, and thus, 
shows potential use in osteochondral regenera-
tion applications.

A subsequent study by the same group inves-
tigated the use of an inkjet printable PEG/GelMA 
bioink for bone and cartilage tissue applications 
(Gao et al. 2015) Briefly, 10% w/v PEGDMA 
and 1.5% GelMA were mixed together with 
Irgacure 2959 (0.05% w/v) and subsequently 
seeded with hMSCs at 6 × 106 hMSCs mL−1. The 
concentration of GelMA in the bioink was deter-
mined as the highest printable concentration. 
Once again, through comprehensive cell viability 
testing, mechanical testing, and gene expression, 
biochemical and histological analysis the PEG/
GelMA bioink developed was found to encour-
age stem cell differentiation down desired lin-
ages. This study highlights the significant 
potential for PEG/GelMA based bioinks in osteo-
chondral applications.

5.4.1.3  Cartilage Regeneration
Cartilage is a dense connective tissue with a 
highly ordered matrix consisting predominantly 
of collagens and proteoglycans (Daly et al. 2016). 
Depending on the composition of the matrix, car-
tilage is classified into three categories: elastic, 
hyaline, and fibrocartilage (Karlsen et al. 2016). 
Elastic cartilage is surrounded by perichondrium 
and characterized by the presence of chondro-
cytes immersed in an ECM (García-Martínez 
et al. 2017); in humans this tissue is found in the 
external ear, auditory tube, and epiglottis (Karlsen 
et al. 2016). Hyaline cartilage also contains pri-
marily collagen type II; but rather is found in 
many load-bearing – particularly covering syno-
vial joints as articular cartilage (Daly et al. 2016). 
Fibrocartilage contains both type I and II colla-
gens, and was found extensively in tendons, ver-
tebral disks and menisci (Daly et al. 2016; 
Karlsen et al. 2016). Due to the limited regenera-
tive capabilities of cartilage and potential for 
chondral defects to induce early arthritis, carti-
lage regeneration was of significant interest to 
current tissue engineering approaches (Bhosale 
and Richardson 2008).

Ren et al. (2016) developed a gradient bio-
printing method for the printing of zonal tissue 
constructs for cartilage engineering. Three colla-
gen type-II based bioinks groups were formu-
lated, each with differing cell densities (2 × 107, 
1 × 107, and 0.5 × 107 cells mL−1); for each bio-
ink, two different types of constructs were pre-
pared, one with a biomimetic gradient 
chondrocyte density and the other with a single 
cell density. For gradient scaffolds, the gradient 
concentrations were designed such that the total 
cell concentration through the whole construct 
equalled that of the homogenous scaffold. The 
biomimetic approach aims to mimic the native 
cell densities in zonal articular cartilage tissues; 
therefore, a construct was fabricated with areas 
of: 10% superficial layer (high cell density), 10% 
middle layer (medium cell density), and 80% 
deep layer (low cell density). Constructs were 
cultured for 0, 1, 2 and 3 weeks to investigate cell 
viability, reverse transcription PCR (RT-qPCR), 
biochemical assays, and histological analysis. 
Cell viability was found to be extremely high 
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after 1 day, with an average live cell percentage 
of 93 ± 3% evident in all groups. A slight loss in 
cell numbers was evident over the 3 week period; 
however this was not statistically significant. 
Analysis of gene expression showed low expres-
sion of COL1A1 over the 3 weeks, whilst expres-
sion levels of COL2A1 and ACAN showed 
significant increase over the same time period. 
Average single-cell glycosaminoglycan (GAG) 
production was found to be highest in group B 
(1 × 107 cells mL−1 total concentration) after 
3 weeks; whilst Alcian blue staining and immu-
nohistochemical analysis of chondrocytes in dif-
ferent gradient constructs showed high positive 
staining for collagen type-II. This study demon-
strated the potential for gradient-based bioprint-
ing in zonal articular cartilage regenerations, 
with results highlighting the desired ECM 
deposition.

The use of bioprinting for fibrocartilage and 
hyline cartilage regeneration applications was 
investigated by Daly et al. (2016) in which 4 
commonly used hydrogel bioinks (agarose, algi-
nate, GelMA and PEGMA) were compared in 
respect to printing properties and potential to 
support either hyaline cartilage or fibrocartilage 
development. Each hydrogel was seeded with 
porcine-derived bone-marrow derived mesenchy-
mal stem cells (BMSC) at density 2 × 107 cells 
mL−1, before being used to form cylindrical arti-
ficial tissue constructs. Histological, immunohis-
tological and biochemical analysis of constructs 
showed that over the 4 week culture period, algi-
nate supported the highest GAG synthesis, whilst 
GelMA demonstrated the lowest GAG synthesis. 
Furthermore, Alginate and agarose hydrogels 
showed strong staining for collagen type-II, 
whilst GelMA and PEGMA stained weakly for 
collagen type-II, rather, stronger staining was 
evident for collagen type-I. These results suggest 
that the alginate and agarose bioinks support 
greater development of hyaline cartilage-like 
phenotypes, whilst fibrocartilage-like phenotypes 
were supported to a greater extent by GelMA and 
PEGMA-based bioinks. In printability investiga-
tions, GelMA (10% w/v combined with 0.05% 
w/v Irgacure 2959) demonstrated the greatest 
printability, whilst the PEGMA-based bioinks 

demonstrated poor printability. Alginate and aga-
rose hydrogels presented moderate printability 
with higher filament spreading and variability 
compared to GelMA. Post printing cell-viability 
was demonstrated to be sufficiently high (~>80%) 
for all bioinks. The addition of a PCL support 
was found to reduce cell viability slightly, how-
ever viability of all groups remained sufficiently 
high (above 70%), demonstrating the capability 
to mechanically reinforce bioinks. The addition 
of PCL microfiber reinforcement in printed con-
structs was shown to significantly increase com-
pressive stiffness of the scaffolds, yielding a 
printed scaffold which was within range of native 
hyaline tissue. Although this was higher than 
required for fibrocartilage tissue, modifications 
to fiber diameter and fiber spacing could result in 
a mechanically suitable construct. Finally, algi-
nate- and agarose-based bioinks were shown to 
support the development of hyaline-like cartilage 
tissues whilst demonstrating sufficient printabil-
ity; alternatively GelMA and PEGMA-based bio-
inks were shown to support fibrocartilage 
development, with GelMA exhibiting good print-
ability properties. Through these studies, the use 
of peptide-based bioinks paired with suitable 
printing techniques are shown to be effective for 
cartilage engineering applications, enabling 
printing of anatomically mimetic tissue con-
structs which encourage healthy tissue 
regeneration.

5.4.1.4  Vasculature Repair
Due to the relation between narrowing blood ves-
sels and heart disease, there is a significant need 
to develop vascular-tissue engineering approaches 
(Nerem and Seliktar 2001). Vascular tissue is 
comprised of three histologically distinct layers. 
The innermost layer (tunica interna) consists of a 
single layer of endothelial cells mounted on a 
basil lamina; below this lies the sub-endothelial 
fibro-elastic connective tissue layer and an organ-
ised internal elastic lamina (Pugsley and Tabrizchi 
2000). The middle layer (tunica media) consists 
of predominantly smooth muscle cells and elastin 
fibers, and a layer of external elastic lamina; 
whilst the outermost layer (tunica adventitia) is 
composed of fibro-elastic connective 
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tissuem(Pugsley and Tabrizchi 2000). 
Considering the multicomponent nature of these 
constructs, there is substantial difficulty in ade-
quately recapitulating these vessels.

A novel 3D bioprinting method for the fabri-
cation of tissue engineered structures was 
described by Kolesky et al. (2014) wherein cells, 
vasculature, and ECM mimic were all able to be 
printed to form an artificial tissue construct. The 
study took advantage of multi-head, extrusion- 
based bioprinting technique to print 4 differing 
inks: the first ink a ‘fugitive’ pluronic ink was 
designed to be gently removed (at <4 °C) post 
printing. This fugitive-ink acts to provide a tem-
porary structure, which upon removal creates an 
open channel which was later seeded with human 
umbilical vein endothelial cells to form the pre-
liminary vascular network. The Pluronic ink was 
made at a 40% wt Pluronic F127 concentration 
dissolved within deionised, ultrafiltrated water. A 
cell-free GelMA ink was prepared by dissolving 
15% wt/v% GelMA powder in media. A photo-
initiator (Irgacure 2959) was added to the solu-
tion at 0.3% wt; the addition of the photoinitiator 
enables photo-crosslinking under UV light. The 
second ink formulated was a GelMA based bio-
ink; this ink was prepared with 15wt/v% GelMa 
dissolved in media with 2 × 106 human neonatal 
dermal fibroblasts (hNDF) mL−1. A third bioink 
was prepared with the same formulation as the 
GelMA-HNDFs bioink, except HDMFs were 
replaced with mouse embryo fibroblast (10 T1/2) 
cells. Using these inks, a diverse range of vascu-
lature structures were able to be printed within a 
tissue construct. A PDMS support-ink was also 
used to set a well-defined border for the whole 
tissue construct. Initially 1D, 2D and 3D struc-
tures were printed using the fugitive-ink sur-
rounded and encapsulated by the GelMA cell-free 
bioink. Removal of the Fugative ink was found to 
be effective and may be done quickly at high 
fidelity even in the 3D vascular constructs; after 
removal, the open channels of the ‘2D’ printed 
system were seeded with HUVECs at 1 × 107 
cells mL−1 through injection before being cul-
tured in media 48 h. After incubation, cells were 
found to demonstrate good cell viability (>95%) 
in live/dead staining confocal imaging. To further 

investigate the effectiveness of this printing tech-
nique and the bioinks formulated, a 3D construct 
containing both vasculature (fugitive-ink) and 
cell-laden constructs (HNDF containing GelMA 
bioink) was printed before being surrounded by 
the cell-free GelMA bioink. The fugitive-ink was 
once again removed and endothelial cells were 
seeded as before; the scaffold shows good cell 
viability for both inks in confocal live staining 
images, with each cell-type being clearly distin-
guishable within its designated printed zone. 
Finally, multiple cell-types were printed into a 
single tissue construct, and endothelial cells were 
seeded into the fugitive–ink removed channels. 
Confocal observations once again show good cell 
viability (81% for HNDFs and 82% for 10 T1/2 
cells) after 7 days. Once again, there were clearly 
distinguishable regions correlating to the regions 
of different printed bioinks.

An extrusion-based bioprinting method was 
employed by Jia et al. (2016) for the fabrication 
of perusable vascular constructs in tissue engi-
neering applications. Briefly, a bioink was devel-
oped from Alginate (2 or 3% w/v), GelMA (5 or 
7% w/v) and poly(ethylene glycol)-tetra-acrylate 
(PEGTA, 2 or 3% w/v, which was seeded with 
HUVECs and hMSCs); additionally, a photoini-
tiator was included at 0.25% (w/v) to enable 
GelMA photo-crosslinking. Using a coaxial noz-
zle, the bioink was printed from the outer sheath; 
the inner sheath pumps a CaCl2 solution to enable 
alginate crosslinking (ionic) inside the hollow 
vessel, whilst a spray of CaCl2 solution was used 
to crosslink the external surface of the vessels. 
The alginate crosslinking provides immediate 
temporary structural stability to the hollow tubes. 
Next, covalent crosslinking occurs through 
GelMA photo-crosslinking, facilitating the devel-
opment of a mechanically stable vessel. The ves-
sel was then washed in mixture medium 3 times 
to remove excess CaCl2 and photoinitiator, before 
being immersed in a CA2+- chelating agent 
(EDTA) for 5 min to dissolve alginate. The 
PEGTA acts to combat the reduced mechanical 
strength post alginate removal, stabilising the 
crosslinked matrix. Printability investigations of 
the bioinks found the optimal ink formulation as 
follows: 7% (w/v) GelMA, 3% (w/v) Alginate, 
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2% (w/v) PEGTA; this ink was used for subse-
quent experimental observations. Cell viability 
was shown to be sufficiently high when UV 
exposure does not exceed 30s, demonstrating 
viability percentages above 80% after 1, 3, and 
7 days. Cellular metabolic activity was also found 
to increase as a function of culture time, confirm-
ing the cytocompatibility of the approach. The 
vascular constructs also demonstrated high 
expression levels of α-SMA and CD31, both of 
which were crucial for vessel formation and sta-
bilisation. The perfusability of vessels was 
proven through both confocal imaging and fluo-
rescent microscopy. This work was extended 
through use of a tri-layered nozzle which enables 
variance in vessel diameter through the con-
trolled alternation of bioink delivery from middle 
sheath to external sheath, providing a compre-
hensive approach to tissue engineered 
vascularisation.

Using a laser-assisted bioprinting approach 
Guillotin et al. (2010) investigate the biofabrica-
tion of microvascular tissue constructs through 
various bioink formulations. In this study, bio-
inks were formulated from alginate (containing 
glycerol), Matrigel, or a solution of thrombin; 
however due to the scope of this study, only the 
thrombin solution will be focused on. The throm-
bin solution was formulated containing cell-laden 
(Eahy926 or B16) thrombin (250 UI) and CaCl2 
(40 mM) which was printed onto a fibrinogen 
substrate. Using this approach, a stable construct 
was printed with microscale resolution compati-
ble with microvascular dimensions. Cell-viability 
testing of Eahy926 cells demonstrates the pres-
ence of viable cells and good cell distribution. 
These studies highlight the potential for peptide- 
based bioprinting applications in vasculature 
regeneration, providing a key advance in address-
ing the urgent requirement to develop healthy 
vasculature within constructs.

5.4.1.5  Muscle Regeneration
Skeletal muscle is the most abundant muscle type 
and is responsible for various mechanisms, 
including voluntary and controlled body move-
ment, facial expression and viscera protection 
(Lewis et al. 2009). Skeletal muscle is a hierar-

chical tissue composed of tightly bound muscular 
fascicles within an epimysium sheath. Each fas-
cicle contains numerous tightly bound muscle 
fibres; each of which is a single, multinucleated 
cell (Lewis et al. 2009). Within these muscle cells 
lie myofibrils, formed from actin and myosin fila-
ments (Schiaffino and Reggiani 2011). Skeletal- 
muscle regeneration offers promise to clinical 
treatments for tissue lost through trauma, or 
altered through disease.

Choi et al. (2016) employ pneumatic-driven 
extrusion for the bioprinting of functional skele-
tal muscle constructs. The bioink was formulated 
from decellularised skeletal muscle ECM seeded 
with C2C12 myoblasts, and compared to a colla-
gen bioink in regard to mechanical properties, 
cell viability, myotube formation, and myogenic 
differentiation. Characterisation of muscle 
 tissue- derived dECM (mdECM) verified that the 
cellular contents were removed whilst ECM 
components, including GAGs, collagen and lam-
inin, were all retained. The bioink was found to 
possess excellent printability due to its thermally 
controlled gelation properties (owing to collagen 
content) and the ability of the material to undergo 
shear thinning; from this ink, a number of 3D 
cell-printed muscle constructs with varying 
shape, pores and architectures were able to be 
printed with uniform cell distribution and good 
cell viability. High cell viability (>90%) was evi-
dent after 24 h of printing and maintained over 
14 days; furthermore, cells were found to begin 
longitudinally aligning over the culture period. 
Cell alignment was shown to be a function of line 
width and culture time; thinner printed lines 
(500 μm) demonstrated the greatest degree of cell 
alignment after induced differentiation, with 
76 ± 2% alignment evident at day 7 compared to 
an initial value of 64 ± 9% at day 1. Mechanical 
testing of the mdECM bioink show improved 
stiffness, ultimate tensile strength, and elastic 
moduli compared to the control collagen hydro-
gel both at day 7 and day 14 of post-print cultur-
ing. Furthermore, the mechanical properties of 
both collagen and mdECM were found to 
improve greatly between days 7 and 14. Cell pro-
liferation assays of printed constructs showed 
significantly increased levels of cell proliferation 
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in mdECM-bioink printed structures compared to 
collagen bioink printed structures; furthermore, 
both collagen- and mdECM-bioinks demonstrate 
improved cell-proliferation as culture days prog-
ress from 1–7. Investigation of gene expression 
showed significantly greater myogenic gene 
expression of Myf5, MyoG, MyoD, and MHC in 
the mdECM bioink compared to the collagen 
control; indicating a higher level of cell stimula-
tion toward myogenic maturation. A high level of 
myotube formation was evident in the mdECM 
printed constructs compared to the collagen con-
trol; with myotubes of greater length, width, area, 
and fusion index being evident in the mdECM 
bioink printed constructs. Finally, agrin preserva-
tion in mdECM was evident, providing potential 
for increased acetylcholine receptor cluster for-
mation in 3D printed constructs. The bioink and 
printing process combination investigated in this 
study highlights the potential for mdECM bioink 
use in functional skeletal muscle development in 
tissue engineering applications, enabling the cus-
tomised formation of muscle substrates for the 
treatment of muscular injuries.

5.4.1.6  Neural Regeneration
A nerve consists of a cell body (soma) and its 
extensions (axons and dendrites), the soma 
receives signals through its dendrites, before 
sending the signal down onward through the 
axon (Winter and Schmidt 2002). Nerves are 
groups of axons, and may form part of the central 
nervous system or peripheral nervous system 
(Winter and Schmidt 2002). In the peripheral ner-
vous system, small injuries are able to be regen-
erated naturally; whilst larger injuries require 
surgical treatments (Schmidt and Leach 2003). 
The central nervous system is more complicated 
however in that the body inhibits repair, and as 
such there has been little success in spinal cord 
repair (Schmidt and Leach 2003).

Peptide based bioprinting was investigated by 
England et al. (2017) in which a pneumatic- 
driven extrusion printer was employed to print a 
fibrin-forming bioink formulated from fibrino-
gen, factor XII and HA. To enable nerve regen-
eration, Schwann cells were encapsulated within 
the hydrogel. The bioink was printed into a 

NaCL, CaCl2, Polyvinyl Alcohol (PVA) and 
thrombin ‘crosslinking’ solution enabling fibrin 
formation whilst supporting the fabrication of 
multilayered fibrin-HA scaffolds. PVA concen-
tration was found to be a crucial factor which 
affects material spreading and regulates strand 
uniformity, furthermore, PVA inclusion was 
found to compensate strand buoyancy; allowing 
for the formation of complex shapes; however, 
too much PVA results in poor adjacent layer 
attachment, subsequently resulting in lateral dis-
placement of layers relative to each other. Fibrin 
fibres were found to orientate parallel to strand 
direction, with 97% of fibres orientated within 
±10°, and 45% of fibres orientated within ±1° 
relative to the strand. Cell viability of Schwann 
cells within bioinks assessed immediately post 
printing showed high cell viability (~98%), 
which was maintained over 7 days; a high cell 
proliferation was also evident during the same 
period. Cell alignment was evident within printed 
constructs, with strands adopting elongated, 
bipolar morphologies; alternatively, no signifi-
cant cell alignment was evident on control 
(plated) cultures of Schwann cells. Culturing of 
dorsal root ganglia on printed strands showed 
directional neurite growth compared to the con-
trol laminin-coated surface; furthermore, the dor-
sal root ganglia cultured on the fibrin-based 
strands demonstrated a greater average length of 
the longest dorsal root ganglia neurite. The find-
ings of this study demonstrate the ability of natu-
rally derived peptide bioink use in neural 
regeneration applications, enabling for printing 
of highly ordered autologous scaffolds (Fig. 5.3).

5.4.2  Organ Regeneration

5.4.2.1  Cardiac Regeneration
As heart-failure is the primary cause of death in 
industrialised countries; therefore there is signifi-
cant need to develop successful and practical car-
diac regeneration approaches. However cardiac 
tissue engineering approaches are complex as 
they are required to simultaneously facilitate 
heart function whilst facilitating cardiac tissue 
regeneration; thus, constructs should be (1) con-
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tractile, (2) electrophysiologic stability, (3) 
mechanically robust yet flexible, (4) vascular-
ised, and (5) autologous (Zimmermann et al. 
2004). Unfortunately however, such biomaterials 
currently do not exist.

Using a multi-head, extrusion-based deposi-
tion system, Pati et al. (2014) additively manu-
facture heart, cartilage and adipose tissue 
constructs in vitro; to do so they formulate a 
dECM bioink previously discussed (see Sect. 
5.2.1.1). In addition, a synthetic PCL hydrogel 
bioink is used to provide structure and support to 
cartilage and adipose dECM constructs. A PCL 
framework was created and the dECM bioink 
was printed in every alternating gap between the 
PCL lines – making a porous structure. Printed 
heart tissue constructs contained no PCL sup-
ports. All dECM bioinks were then used to 
encapsulate cells; hASCs and hTMSCs were 
used to assess the effectiveness of adipose and 
cartilage dECM bioinks on adipogenic and chon-

drogenic differentiation respectively. L6 cells 
were used to confirm functionality of myoblasts 
in hdECM bioinks. Cell viability was found to be 
sufficiently maintained after printing, showing 
greater than 95% cell viability 24 h–incubation 
post-printing in media. Furthermore, cell viabil-
ity was found to be maintained above 90% when 
examined on day 7 and 14 with active cell prolif-
eration evident. Gene expression analysis dem-
onstrates increased expression in chondrogenic 
(SOX9 and COl2A1), cardiogenic (Myh6 and 
Actn1) and adipogenic (PPARγ and LPL) con-
structs when compared to that of the collagen 
bioink control.

Extending on this work, the group develop a 
cardiac-specific approach wherein bioinks were 
formulated from hdECM bioinks (Jang et al. 
2017). Three bioinks were formulated as follows: 
(I) 20 mg mL−1 hdECM and 0.02% (w/v) Vitamin 
B2 laden with cardiac progenitor cells (hCPCs); 
(II) 20 mg mL−1 hdECM, 0.02% (w/v) Vitamin 

Fig. 5.3 Bioprinted non-organ tissue constructs: (a) 
Skeletal muscle constructs containing C2C12 myoblasts, 
[top] Fluorescence imaging showing high control over 
architecture, and [bottom] live dead staining of constructs 
at days 1, 4, 7, and 14; (b) Bioprinted fibrin nerve con-
struct: showing [left] encapsulated Schwann cell align-
ment, [right] neurite elongation and alignment; (c) 

Bioprinting approach for multicomponent tissue fabrica-
tion: [left] Schematic view of printed 3D construct, and 
[right] composite fluorescent image showing 10 T1/2 
fibroblasts (blue), HNDFs (green) and HUVECs (red) 
(Reproduced with permission from Choi et al. (2016), 
England et al. (2017), and Kolesky et al. (2014) 
respectively)
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B2, and 10 μg mL−1 vascular endothelial growth 
factor (VEGF) laden with hMSCs; and (III) 
20 mg mL−1 hdECM, 0.02% (w/v) Vitamin B2, 
and 10 μg mL−1 VEGF laden with hCPCs and 
hMSCs. Bioinks I and II were then used to make 
prevascularised stem-cell patches; initially, 2 lay-
ers of PCL was extruded as a support, next Bioink 
I and II were deposited alternatively, allowing for 
both muscular regeneration and vascular regen-
eration respectively. After printing, bioinks were 
exposed to UV for 30–60 s, allowing for vitamin 
B2 initiated crosslinking. Cell viability 10 min 
and 24 h post printing demonstrated high cell sur-
vival (~90–95%). The bioink design (both I and 
II) was found to recapitulate the cardiac tissue 
microenvironment, enhancing the structural mat-
uration of cells. Furthermore, MSCs supple-
mented with VEGF were shown to promote 
vascular formation after 5 days in culture. In vivo 
tests demonstrated an improvement of cardiac 
function and a decrease of negative LV modelling 
when compared control, bioink I alone, and 
Bioink III developed patches; highlighting the 
potential of this approach for cardiac regenera-
tion applications.

An alternative method for cardiac regenera-
tion was investigated by Zhang et al. (2016) in 
which vasculature was first printed before being 
seeded with cardiomyoctyes, resulting in a highly 
vascularised tissue. Briefly, vasculature was 
printed through a HUVEC seeded alginate/
GelMA bioink containing Irgacure 2959. A two- 
step crosslinking method was employed wherein 
ionic crosslinking of alginate was first induced 
through CaCl2 interaction, before photoinduced 
crosslinking of GelMA. The constructs were then 
washed in phosphate-buffered saline solution 
(PBS) to remove excess CaCl2. Next constructs 
were cultured for up to 33 days. After sufficient 
endothelium formation on the constructs (gener-
ally 15 days), Neonatal rat chondrocytes were 
seeded onto the scaffolds with spontaneous beat-
ing of cardiac tissues beginning after 48 h of cul-
ture. The method described was found to produce 
cardiac organoids with good cardiomyocyte mat-
uration, alignment, and contraction, and provides 
potential for use in both cardiac-tissue engineer-
ing applications and drug screening applications.

5.4.2.2  Cardiac-Valve Regeneration
Heart valve disease is a substantial problem 
which can often result in valve dysfunction lead-
ing to further, potentially fatal cardiac or sys-
temic complications (Zimmermann et al. 2004). 
These structures ensure unidirectional flow 
enabled through a unique arrangement of leaflets 
within a circular root; however, as these valves do 
not self-repair, there is a significant need to 
develop tissue engineering approaches which 
adequately regenerate healthy living tissues for 
surgical valve replacement (Duan et al. 2013; 
Zimmermann et al. 2004).

An alginate/gelatin bioink was developed by 
Duan et al. (2013) for use in cardiac-valve 
 regeneration applications. The ink was initially 
investigated using a grid-like structure to assess 
its printability - with results showing prints of 
high accuracy (84.3 ± 10.9%), high viability 
(VICs, 84.6 ± 3.1% after 7 days) and good fidel-
ity. The grid-like scaffolds were found to main-
tain geometry and mechanical integrity post 
printing, with an even distribution of cells evi-
dent in the structure. Mechanical properties of 
cell-free printed constructs were found to be 
comparable to that of non-calcified human aortic 
heart valve cusps (Elastic Modulus: 1.44 ± 0.30 
and 1.98 ± 0.15 MPa respectively); however stiff-
ness demonstrated a decrease with increasing 
culture time. Alternatively, aortic valve leaflet 
interstitial cell (VIC)-laden constructs initially 
demonstrated no significant difference in modu-
lus (~1.1 MPa at day 0) which stayed consistent 
over culture time becoming statistically equiva-
lent to cell-free samples after 7 day incubation. 
To print the aortic-valve constructs two bioinks 
were developed: the first contains smooth muscle 
cells (SMCs) and was used to print the root 
region; whilst the second contains VIC, and was 
used to fabricate the leaflet region of the valve. 
Cells were able to be printed at high density, and 
were shown to be heterogeneously distributed 
within the printed artificial tissue constructs; fur-
thermore, the printed scaffold exhibits geometry 
comparable to the scanned original valve, with 
key anatomical features visible in the print. Cell 
viability was found to be sufficiently high, with 
an 81.4 ± 3.4% cell viability evident within the 
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printed root (SMCs) component and a viability of 
83.2 ± 4.0% in the leaflets (VICs). Finally, the 
encapsulated VIC and SMCs were shown to 
demonstrate good spreading and phenotype 
expression in culture.

The group further extend this work using an 
alternate hydrogel formulation, laden with human 
aortic vascular interstitial cells (HAVICs) (Duan 
et al. 2014). A variety of hydrogels were investi-
gated, all based on formulations of ME-HA and 
–GelMA with differing concentrations (2%, 4%, 
or 6% and 6%, 10%, or 12% respectively). 
Irgacure 2959 (0.05% w/v) was also added to 
enable photo-crosslinking of GelMA. Mechanical 
testing of acellular hydrogels found the compres-
sive moduli decreased with increasing GelMA 
concentration; whilst an increased ME-HA con-
centration resulted in a stiffer hydrogel. The vis-
cosity of hydrogels was found to be too low for 
extrusion printing applications in 2% Me-HA 
and 6–10% GelMA hydrogels; whilst viscosity 
was too high in gels with 6% Me-HA and 10–12% 
GelMA, resulting in poor printability. For this 
reason, only gels containing 4% Me-HA and 6%, 
10% and 12% GelMA were used for subsequent 
cell encapsulation investigations. Cell viability 
testing demonstrated >90% viability for all tested 
hydrogels (4% ME-HA/6% GelMA, 4% 
ME-HA/10% GelMA, 4% ME-HA/12% GelMA) 
on day 3 and day 7. Cells encapsulated within the 
softer hydrogel (12% ME-Gel) demonstrated the 
greatest degree of cell spreading compared to the 
other two gels (which demonstrated a more 
spherical shape) at day 7. Furthermore, all cells 
demonstrated significant increase in cell meta-
bolic activity over the 7 day periods, correspond-
ing with an increase in cell proliferation; however 
no significant increase was seen between hydro-
gel formulations. GAG content within the scaf-
folds was also found to increase between days 3 
and 7 for all hydrogel formulations; once again 
there was no significant difference between each 
hydrogel formulation tested. Gene expression 
tests showed significant αSMA upregulation in 
4% ME-HA/6% GelMA hydrogels; whilst all 
hydrogels demonstrated a significant increase in 
periostin and collagen I expression between day 
3 and 7. Printability tests found the 

4%Me-HA/10%GelMA hydrogel to demonstrate 
the best accuracy at 111.3 ± 7.2% (the printed 
construct slightly increased in area), whilst main-
taining sufficiently high cell viability (>90%). 
For this reason, this ink was selected to print the 
aortic heart valves. A printed construct was suc-
cessfully fabricated showing high similarity to 
the original CAD design. The heart-valve was 
constitute of two inks, the first was an acellular 
ink used to print the root, whilst the leaflets were 
printed using a HAVIC-laden bioink; both inks 
were formulated from a 4%Me-HA/10%GelMA 
hydrogel base. The printed heart valve was shown 
to demonstrate good viability, GAG increase, 
collagen deposition, and expression of both 
αSMA and VIM after 7-day culture; indicating 
the potential for peptide-based bioinks in heart- 
valve regeneration applications.

5.4.2.3  Liver Regeneration
The liver is a complex organ which plays an 
important role in metabolic activities. Essentially, 
the liver is composed of two branched vascular 
networks wand numerous hepatic lobules (Li 
et al. 2009). Blood supply plays a key role in 
transporting nutrients into the liver whilst remov-
ing waste (Li et al. 2009); therefore, there is a 
critical need for liver constructs to present a high 
degree of vascularisation.

Bioprinting in liver regeneration was investi-
gated by Li et al. (2009) wherein an artificial liver 
construct was printed using two different inks. 
The first ink was designed for printing of vascu-
lar structures within the construct and therefore 
contains adipose-derived stromal cells (ADSCs) 
encapsulated within a gelatin/alginate/fibrinogen 
hydrogel (30%/5%/10% w/w); the second ink 
comprises the hepatic tissue and was formulated 
from hepatocytes encapsulated within a gelatin/
alginate/chitosan (30%/5%/2% w/w) hydrogel. 
After assembly, the scaffold was crosslinked in a 
thrombin/CaCl2/Na5P3O10 solution. Using these 
bioinks, a functional liver construct was printed. 
Scanning electron microscopy images of the 
printed hydrogels (acellular) show the developed 
hydrogels to have physical architectures unlike 
that of either alginate or gelatin. After 2 weeks of 
culturing hepatocytes demonstrate an elliptical or 
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round structure with ~23% containing double 
nuclei; suggesting hepatocytes were alive and 
proliferating. Immunofluorescence staining was 
positive for the both nuclei and the mature hepa-
tocyte biomarker ALB; confirming cell-life and 
secretion ability. ADSCs were stained positive 
for the mature endothelial cell biomarker CD31; 
indicating endothelial cell differentiation in vas-
cular printed constructs. However, few ADSCs 
demonstrated spindle morphologies - a key char-
acteristic of endothelial cells; this may be due to 
insufficient culture time. To investigate function-
ality of the construct, the rate of increase in ALB, 
UREA, and ALT secreta in media was analysed. 
ALB content was found to increase steadily over 
14 culture days, whilst ALT secretion was shown 
to increase during early stages before subse-
quently decreasing (after day 6). The steady 
increase in ALB confirms metabolic function. 
Alternatively, ALT secretion indicates acute liver 
damage; therefore it was suggested that the initial 
increase was due to hepatocyte isolation yielding 
an early inflammatory reaction, whilst the 
decrease may be a result the inflammatory reac-
tion subsiding upon hepatocyte adaption to the 
new environment. The UREA content was found 
to initially increase before a slight decrease at 
day 14. Using this method, a liver-like construct 
is developed which upon culturing demonstrates 
preliminary functional tissue. The approach has 
potential application in tissue regeneration, phys-
iological simulation, and drug screening 
systems.

A liver-on-a-chip platform containing bio-
printed hepatic spheroids was presented by Bhise 
et al. (2016) wherein a GelMA bioink containing 
HepG2/C3A spheroids was bioprinted within a 
bioreactor platform. To ensure functional sustain-
ability over long culture periods, the printed 
spheroids were cultured under continuous perfu-
sion (200 μL h−1) for 30 days, with findings dem-
onstrating sufficient biomarker (albumin, 
transferrin, A1AT, and ceruloplasmin) secretion 
over cultured days; indicating sufficient meta-
bolic activity and function. Drug toxicity tests 
were facilitated through spheroid exposure to 
acetaminophen within the bioreactor. Analysis of 
cellular activity shows that the acute hepatotoxic 

dose results in apoptosis of HEPG2 cells within 
spheroids, resulting in decreased biomarker 
secretion levels over time. The bioreactor plat-
form paired with the bioprinted spheroids there-
fore was shown to respond to acute toxic drug 
doses; and therefore demonstrates the potential 
for bioprinting in organ engineering and drug- 
screening applications.

5.4.2.4  Skin Regeneration
Skin is the largest organ in the human body and 
serves as a protective barrier between the internal 
structures and the surrounding environment. This 
unique organ has three layers, the epidermis, der-
mis, and hypodermis. The epidermis is a thin 
layer attached to the basal membrane and primar-
ily consists of keratinocytes and melanocytes 
(Böttcher-Haberzeth et al. 2010). The dermis is a 
vascularised layer which is rich in collagen and 
other ECM proteins excreted by fibroblasts; 
within this layer there are various other func-
tional structures, including hair shafts and sweat 
glands (Böttcher-Haberzeth et al. 2010; MacNeil 
2007). Alternatively, the hypodermis consists of 
mainly fat tissue which acts to insulate the body 
and provides an energy source (Böttcher- 
Haberzeth et al. 2010).

Bioprinting enabled skin regeneration was 
investigated by Cubo et al. (2016) wherein 
human bilayered skin constructs were printed 
using a fibrin-based bioink, containing fibro-
blasts and later seeded with keratinocytes. The 
bottom layer (dermal) of the construct was 
formed using a human fibroblast (hFB)-laden 
fibrin bioink, whilst the upper layer (epidermal) 
was formed through seeding of human keratino-
cyte cells (hKCs) on top of the initial dermal 
equivalent. In vitro tests showed well-spread 
hFBs within the dermal layer after 17 days; with 
immunofluorescence analysis confirming proper 
growth and spreading of hFBs through human 
VIM expression. Keratin K10 expression was 
detected in suprabasal cells; indicating normal 
skin synthesis. In vivo tests completed through 
grafting skin substrates on immuno deficient 
athymic mice resulting in development of grafted 
skin which was visually very similar to native 
human skin. Histological analysis found the 
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regenerated skin presented a structure very simi-
lar to that of normal human skin, with all strata 
characteristic of normal skin easily identified. 
Immunofluorescence analysis of skin markers 
showed basal proliferation through K5 staining; 
whilst staining against human collagen VII 
shows high fluorescence at the dermo-epidermal 
junction demonstrating the presence of anchor-
ing fibrils that bind together the epidermis and 
dermis. Analysis of K10 shows high expression 
which was characteristic of normal skin; whilst 
staining of filaggrin (a late differentiation 
marker) shows its presence in the granular layer. 

The presence of rete ridges suggests the devel-
oped skin was mature human skin rather than 
mouse skin, as mouse skin does not demonstrate 
the phenomenon. Immunostaining against 
human vimentin shows hFBs exclusively in the 
dermal region. Finally, analysis of hKC survival 
before and after printing shows acceptable via-
bility, suggesting cells was not significantly 
affected during the detrimental conditions found 
with the printing process. This study highlights 
the potential of peptide-based bioprinting 
approaches in multicomponent tissue engineer-
ing applications (Fig. 5.4).

Fig. 5.4 Bioprinted organ tissue constructs. (a) 
Endothelialised myocardium: [top] Schematic process 
showing formation of endothelialised vascular bed (left) 
and cardiomyoctye seeding resulting in endothelialised 
myocardium formation (right), [bottom] Confocal fluo-
rescence image showing cross-sectional area of three- 
layer scaffold at day 14 (left), high-resolution fluorescence 
imaging showing HUVEC distribution within a single 
microfiber at day 14 and 3D rendering of tubular structure 
at microfiber cross-section through dotted line (right); (b) 
Bioprinting of aortic valve conduit: [left] Aortic valve 
model reconstructed from micro-CT images (Green indi-
cates valve root and red indicates valve leaflets), [middle] 
Fluorescent image of initial two bioprinted layers show-

ing SMCs (labelled green) and VICs (labelled red), [right] 
printed aortic valve construct; (c) Bioprinting of heart 
valve conduit with encapsulation of HAVICs within leaf-
lets: [left] Solidworks® designed heart valve model, [right] 
printed valve construct; (d) [top] Schematic of hybrid 
liver construct showing a cutaway view of the full model 
with branched vascular network with one-way inlet and 
outlet (left), middle section of hybrid liver construct 
model (middle), and single layer of model showing con-
trolled architecture (right). [bottom] layer-by-layer fabri-
cation process of liver construct (Reproduced with 
permission from Zhang et al. (2016), Duan et al. (2013), 
Duan et al. (2014) and Li et al. (2009), respectively)
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5.5  Conclusion and Future 
Perspectives

The development of advanced artificial tissue- 
engineered constructs capable of effectively 
mimicking the intricacies of the spatially 
defined extracellular matrix within complex tis-
sues would be of significant advance to the fields 
of tissue engineering, drug delivery and regenera-
tive medicine. Currently, the requirement for vas-
cularised, heterogenous constructs capable of 
simultaneously presenting biological and physi-
cal signals to cells is yet to be fully attained. 
Significant challenges facing the 3D bioprinting 
field are involved in bringing together the mate-
rial, delivery and cellular aspects of the process. 
Recent developments in biofabrication made pos-
sible by additive manufacturing technology is a 
promising route to solve these issues due to their 
ability to spatially distribute cells, structures, and 
signals within an artificial biomimetic construct, 
enabling development of a variety of tissues 
types.

Despite the significant development of the 
equipment and 3D modelling software used in 
these systems, biomaterial selection remains a 
significant challenge; few bioinks adequately 
recapitulate the complexities of the native 
ECM. Novel application-specific materials are 
required to truly mimic the properties of the 
native ECM. The materials must provide suitable 
biodegradability, biocompatibility and mechani-
cal properties to the scaffold, whilst enabling cell 
encapsulation and protection during printing pro-
cesses. Furthermore, post-print crosslinking of 
these materials needs to be designed in such a 
way to minimise cell damage.

The spontaneous self-assembly and sol-gel 
transition of Peptide-based biomaterials have 
been extensively demonstrated to possess the 
easily incorporated chemical, physical and mor-
phological charateristics that impart desir-
able biological properties ensuring high 
biocompatibility and good biodegradability. 
Natural-peptide based biomaterials have been 
extensively researched for bioprinting applica-
tions owing to their high bioactivity and resem-
blance to the native ECM; yet synthetic peptides 

have seen very little use in bioprinting applica-
tions. This is surprising, as the clinically desir-
able properties of being truely synthetic, with 
high purity, high shelf-life and batch-to-batch 
consistency has resulted in significant interest 
for use in moire traditional tissue engineering 
applications. Importantly, the ability of these 
materials to form hydrogels capable of encapsu-
lating cells and biological factors whilst shield-
ing cells from stresses encountered during 
printing makes them highly suitable for in bioink 
development. Biosynthetic peptide-based materi-
als contain both natural and synthetic materials 
and are designed with the intent of combining 
both the favourable properties of natural materi-
als (bioactivity, biocompatibility) with the 
favourable properties of synthetic materials 
(Good mechanical properties, ease of 
modification).

The development of effective bioinks from 
functionalised self-assembling peptides would be 
a practical way to increase bioink bioactivity 
whilst maintaining favorable properties associ-
ated with synthetic materials. The propensity of 
these peptides to spontaneously self-assemble 
into nanoarchitectures which mimic that of the 
ECM would not only provide a gentle cell- 
encapsulation mechanism; but would also pro-
vide printed tissue constructs with favorable 
nanoarchitectures for tissue growth. To achieve 
these bioinks, research needs to be placed into 
increasing the mechanical stiffness of hydrogels 
whilst reducing gelation time post printing.

Furthermore, the development of vasculature 
promoting bioinks which demonstrate immediate 
perfusability post printing would significantly 
improve current printing models. The ability of 
such systems to be paired with microfluidic 
devices capable of delivering fresh culture media 
and growth factors throughout the scaffold would 
facilitate oxygen and nutrient delivery to the 
whole tissue construct, ultimately resulting in 
healthy tissue development over greater scaffold 
area. This would enable the printing of large arti-
ficial tissue constructs facilitating large scale tis-
sue regeneration which is currently unattainable. 
Finally, the improvement of current gradient 
transition approaches would enable improved 
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printing of hard-to-soft tissue constructs (ie. 
Tendon-bone interface) resulting in effective, 
clinically relevant treatments.

Improvements in material selection, bioink 
design, and printing technologies are essential to 
enable successful and effective organ tissue 
regeneration. The complex nature of organs 
necessitates greater control over the spatial distri-
bution of cells, structures and biological factors, 
and as such these need to be tightly controlled if 
functional tissue regeneration is to occur. 
Successful organ regeneration would greatly alle-
viate the current demand on donor organs and 
subsequently enable faster and more effective 
treatment methods. The development of peptide 
and protein bioinks along with current advance-
ments in printing technology will help to unlock 
the potential of 3D bioprinting to transform the 
field of regenerative medicine.
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Understanding the electronic properties of single peptides is not only of 
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6.1  Introduction

6.1.1  The Role of Peptides 
in Molecular Electronics

Electron transfer pathways in proteins have 
evolved over millions of years to optimize pro-
cesses related to energy conversion, so it follows 
that peptides are ideal candidates for the design 
and fabrication of molecular electronic compo-
nents such as switches, diodes, and molecular 
wires (Sek 2013). Molecular electronics was first 
proposed in 1974, when Aviram and Ratner came 
up with the idea of a molecular rectifier (Aviram 
and Ratner 1974), however significant advances 
in the field have only been realized in recent 
years. In accordance with Moore’s Law, the tradi-
tional “top-down” method of manufacture for 
semiconductor devices is facing many unavoid-
able challenges such as photolithography and 
etching, that can only be addressed by a “bottom 
up” approach (Maeda et al. 2013). Single mole-
cules have attracted much interest as molecular 
components, where they are chemically bound 
between two metal electrodes to form a molecu-
lar junction. A bias voltage is then applied 
between the electrodes to probe the electronic 
properties of the single molecule in question (Sek 
2013). The current/voltage properties of single- 
molecule junctions have been likened to those of 
conventional electronic devices (Benesch et al. 
2009). The single-molecule approach to forming 
molecular junctions started with the discovery of 
scanning probe microscopy (SPM) in the early 
1980s (McCreery and Bergren 2009), and has 
progressed rapidly with the onset of reliable 
methods such as conducting probe AFMs 
(CP-AFM) and STM-break-junctions (STM-BJ) 
(Marques-Gonzalez et al. 2013). Such nanoscale 
junctions have led to the use of molecules as pro-
totypes for various electronic components, such 
as switches (Avellini et al. 2012; Darwish et al. 
2012), rectifiers (Ding et al. 2014; Staykov et al. 
2012) and transistors (Chen et al. 2012; Xu et al. 
2013). Peptides have also recently been used in 
the successful design of single-molecule junc-
tions (Uji et al. 2013). Intramolecular electron 
transfer in redox active peptides immobilized on 

self-assembled monolayers (SAMs) is analogous 
to a bias voltage applied through a single peptide 
sandwiched between two electrodes (Sek 2013). 
Much recent work has shown that reproducible 
intermolecular charge transfer utilizing π-π stack-
ing is achievable in aromatic peptides bound 
between two metallic leads, providing careful 
design of the structure is realized (Smeu et al. 
2009; Yew et al. 2011). Hence, systems utilizing 
both inter- and intra-molecular electron transfer 
will likely be useful features in future molecular 
electronic devices. Peptides are ideal for such a 
purpose, as they can be specifically designed to 
conform to well-defined secondary structures 
such as helices and β-strands, and have the capac-
ity to self-assemble onto conductive surfaces. 
Peptides offer the opportunity to mimic nature 
for applications in molecular electronics. This 
“bottom up” approach for the fabrication of elec-
tronic components provides an opportunity to go 
beyond the inevitable physical limitations of con-
ventional silicon-based electronics that are based 
on “top-down” approaches such as photolithog-
raphy and etching, providing a major extension 
of the capabilities of conventional technology.

6.2  Electron Transfer 
in Peptides/Proteins

Electron transfer in proteins plays an important 
role in a wide range of processes at the cellular 
level, including photosynthesis (Bendall 1996; 
Smestad and Gratzel 1998). The associated 
movement of an electron from one species 
(donor) to another (acceptor) results in a change 
of oxidation states for both components. The 
precise mechanisms for this are at present in dis-
pute, however two main modes are widely 
accepted, namely superexchange (also known as 
tunneling) and hopping (see Fig. 6.1). 
Superexchange is explained in simple terms if 
one imagines an electron situated on a donor in a 
narrow potential well that is separated by a dis-
tance from an electron acceptor. The area 
between the donor and the acceptor is an electri-
cally insulating region and therefore acts as an 
obstacle for electron transfer. Classical physics 
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states that the electron cannot overcome this hur-
dle, but quantum mechanics indicates the possi-
bility that the wave function of the electron 
infiltrates the insulating region to reach the 
potential well of an electron acceptor (Bendall 
1996). The peptide bridge therefore takes on a 
virtual role, with a high probability that only an 
extremely small number of electrons occupy the 
bridge during the electron transport procedure 
(Petrov et al. 2003). With respect to the superex-
change mechanism, the electron transport rate 
decreases exponentially with increased distance 
between the redox active moieties situated along 
the peptide chain (Morita and Kimura 2003). 
This means that tunneling is not an efficient 
method of electron transfer over long distances, 
for instance, greater than approximately 20 Å 
(Kai et al. 2008).

Electron transfer can also occur via a hopping 
mechanism, whereby an electron “hops” between 
the redox active moieties, using sites on the pep-
tide chain that are coupled to each other electron-
ically (Watanabe et al. 2005). For this to occur, 
the difference in the energy levels of the donor 
and the bridge separating donor and acceptor, 
must be negligible (Schlag et al. 2007). Recent 
theoretical studies have found that low-frequency 
rotation between neighboring amino acids in a 
peptide brings adjacent carbonyl groups into 
alignment, and hence into close proximity to one 
another. When the backbone dihedral angles 
reach this critical point, the energy barrier 
becomes almost negligible, and efficient charge 
transfer from one amino acid to the next can 

occur via a hopping mechanism (Schlag et al. 
2000, 2007). A weak distance dependence is 
reported for the hopping mechanism, whereby 
the electron transfer rate decreases with a linear 
relationship when the distance between electron 
donor and acceptor is increased (Malak et al. 
2004). In general, this mechanism is reported to 
occur over longer distances, for instance, greater 
than approximately 20 Å (Kai et al. 2008). As the 
rate of electron transfer decreases non- 
exponentially with distance, this long-range 
mechanism is thought to occur when the distance 
between the electron donor and acceptor is sepa-
rated into shorter and therefore faster steps (Wang 
et al. 2009). It is widely believed that electron 
transfer utilizes both superexchange and hopping 
mechanisms, depending on factors such as the 
specific peptide architecture involved (Petrov 
et al. 2003).

Many proteins have evolved specifically for 
electron transfer from one redox active site to 
another (Long et al. 2005). In nature, a number of 
cofactors facilitate this electron transfer. However, 
some metal cofactors are separated by distances 
too great to promote efficient electron transfer via 
a superexchange mechanism (Seyedsayamdost 
et al. 2006). Situated between these electron 
donors and acceptors are well placed redox active 
amino acids, which are fundamental to charge 
separation and can act as “stepping stones” for 
electron transfer by exploiting a hopping mecha-
nism. These electron transfer pathways in natu-
rally occurring proteins require a sophisticated 
framework or architecture that is provided by 

Fig. 6.1 Electron transfer across a helical peptide showing the two widely recognized mechanisms, (a) hopping and (b) 
superexchange (tunneling)
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well-defined secondary structures, such as helices 
and β-sheets, in order to locate the electron 
donors/acceptors in a precise and systematic man-
ner (Morita et al. 2008). Just as these well-defined 
secondary structures are responsible for the bio-
logical activity in a protein, function and confor-
mation are inextricably linked when it comes to 
electron transfer in proteins. Nature has optimized 
the design of electron transfer pathways in pro-
teins, for instance enzymes such as cytochrome c 
oxidase, so that damage by free radicals and 
short-circuiting are prevented (Cordes and Giese 
2009). The mechanism of electron transfer in ami-
noisobutyric acid (Aib) homo-oligomers has been 
shown to be defined by the extent of secondary 
structure (Yu et al. 2012). Hence, to further our 
fundamental understanding of electron transfer in 
proteins, it is important to consider systems that 
incorporate a well-defined secondary structure. 
The conformation of even the simplest protein 
can be labyrinthine, and as such, model synthetic 
peptides containing redox active moieties present 
as an ideal platform to investigate electron trans-
fer in proteins.

6.2.1  Factors Affecting Electron 
Transfer in Peptides/Proteins

Many factors have been shown to influence elec-
tron transfer in peptides, including the distance 
separating the electron donor and acceptor 
(Malak et al. 2004; Mandal and Kraatz 2012), the 
dipole moment (Gatto et al. 2012; Lauz et al. 
2012), secondary structure (Yu et al. 2012) and 
the nature of the constituent amino acid side 
chains (Gao et al. 2011; Wang et al. 2009). It has 
been suggested that as the method of charge 
transfer in proteins is dependent on many factors, 
it can vary greatly between electron hopping, 
hole hopping and tunneling (Han et al. 2012). 
Many researchers believe that electron transfer 
within a peptide is dependent on the distance 
between the electron donor and acceptor. Some 
are advocates for a tunneling mechanism 
(Antonello et al. 2003; Polo et al. 2005), whilst 
many others believe tunneling to occur over short 
distances, transferring to a hopping mechanism 
as the distance increases beyond a critical point 

(Arikuma et al. 2011; Morita and Kimura 2003). 
Sisido and co-workers investigated how the dis-
tance between electron donor and acceptor 
affected electron transfer. Poly-glutamate pep-
tides were prepared with repeat units (n = 0–8), 
with a pyrenyl group incorporated as the electron 
donor in the centre of the α-helix. The electron 
transfer rates for each peptide exhibited an expo-
nential dependence to distance between electron 
donor and acceptor. The distances, 3.9 Å (n = 0) 
and 15.9 Å (n = 8), are within the range that the 
superexchange mechanism is widely believed to 
operate in. An attenuation factor, which provides 
information on the conductibility of a species, of 
0.66 A−1 was reported, which is in accordance 
with tunneling being the operative mechanism. A 
dependence between the electron transfer rate 
constant and the number of amino acid spacers in 
the peptide was found. It was also claimed that 
intramolecular hydrogen bonding is not only 
vital for the rigidity of the α-helical peptide, but 
enables electrons to take shortcuts between these 
bonds (Sisido et al. 2001). Another study using 
Aib homo-oligomer peptides found that the elec-
tron transfer rate increased, despite the distance 
between the electron donor and acceptor increas-
ing by 3 Å. It was postulated that the intramo-
lecular hydrogen bonds increase electronic 
coupling between donor and acceptor, and hence 
increase the rate of electron transfer (Antonello 
et al. 2003). Malak and co-workers investigated 
electron transfer using polyproline peptide 
bridges, ranging from n = 0–9. As proline does 
not contain an amide group, a polyproline pep-
tide does not form intramolecular hydrogen 
bonds, and is unable to form a well-ordered heli-
cal structure. For the peptides with repeat units 
n = 0 to n = 4, a clear exponential decay of the 
electron transfer rate was found as the distance 
between donor and acceptor increased, indicating 
that the superexchange mechanism was opera-
tional. The distance between donor and acceptor 
for the peptide n = 4 is 18 Å, a figure between the 
15–20 Å range that is believed to be transitional 
from a tunneling to a hopping mechanism. For 
the peptides n = 5 to n = 9, a weak distance 
dependence was reported, consistent with a hop-
ping mechanism. The distance between donor 
and acceptor for these peptides is 21 Å (n = 5) 
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and 32 Å (n = 9) (Malak et al. 2004). Another 
study was conducted to investigate electron trans-
fer in oligoglycine peptides. For the peptides 
containing two to five amino acid residues, tun-
neling was found to be the applicable mecha-
nism, whilst for the hexapeptide, hopping may be 
the operative mode. The rate of electron transfer 
for the hexapeptide was determined to be faster 
than expected, and it was postulated that this may 
be due to a change in secondary structure from a 
polyglycine I conformation to a polyglycine II 
conformation (Sek et al. 2004). An electrochemi-
cal study was reported by our group on a series of 
Aib oligomers (n = 0–5) (Yu et al. 2012). The 
peptides (n = 0–2) gave rise to a random confor-
mation, and the rate of electron transfer decreased 
exponentially. In comparison, the three structures 
(n = 3–5), possess well-defined intramolecular 
hydrogen bonding which defines their helical 
secondary structure. The rate of electron transfer 
for these structures (n = 3–5) was found to 
decrease non-exponentially with distance. This 

suggests that the transition from a superexchange 
to a hopping mechanism is the result of a change 
from a random structure to a well-defined helical 
conformation, and not merely a result of increased 
chain length (Yu et al. 2012) (see Fig. 6.2).

Arikuma and co-workers synthesized a helical 
peptide with 32 repeat units of (Ala-Aib), over 
110 Å in length. Subsequent electrochemical 
results indicated a non-exponential distance 
dependence between donor and acceptor. This 
supported the involvement of the hopping mech-
anism for charge transfer along this long peptide, 
potentially using the amide groups co-ordinated 
in the intramolecular hydrogen bonding to facili-
tate electron transport. This is reported to occur 
when oxidation or reduction of the backbone 
amide groups is energetically favourable 
(Arikuma et al. 2011). Hopping is a thermally 
activated mechanism with an energy gap of 
approximately 0.2 eV, which is similar to that 
reported for DNA (Petrov et al. 2001).

Fig. 6.2 Electrochemical data from a study reported on a 
series of oligomers of Aib (n = 0–5), showing (a) the tran-
sition between random structure (n = 0–2), the three data 
points on left of graph (5–9 Å), and helical structure 
(n = 3–5), the three data points on right of graph (11–15 

Å), with the associated transition in electron transfer 
mechanism from superexchange to hopping. (b) Plot of 
the inverse of the square root of the electron transfer rate 
constant vs the iron to terminal nitrogen distance for the 
helical peptides (n = 3–5)
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The influence of the dipole moment on elec-
tron transfer in peptides has also been consid-
ered. A helix has a dipole generated by an 
electrostatic field with a δ+ charge at the 
N-terminus and a δ− charge at the carboxyl end 
(about 3.5 D per amino acid residue) (Galoppini 
and Fox 1996). The rate and direction of electron 
transfer is affected by the electric field created by 
the dipole moment of a helical peptide (Yasutomi 
et al. 2005). Researchers have reported that elec-
tron transfer coupled with the dipole moment is 
faster than electron transfer against the dipole 
moment in helical peptides (Chaudhry et al. 
2010; Galoppini and Fox 1996; Morita et al. 
2000). The Kimura group synthesized two simi-
lar helical peptides containing (Leu-Aib) units, 
one with the redox active moiety (ferrocene) at 
the N-terminal and a disulfide group at the 
C-terminus, and the other at the opposite termi-
nals. Both peptides formed well-ordered SAMs 
on a gold substrate, with the dipole moments ori-
ented in opposite directions. The rate of electron 
transfer observed for the peptide containing the 
disulfide group attached to the gold substrate at 
the N-terminal, was consistently three times 
faster than that for the other peptide. It was pos-
tulated that this was due to the (δ+) charge at the 
N-terminal lowering the energy barrier between 
the gold and the nearest amide group. The redox 
potential was not affected by the dipole moment, 
suggesting the role of the linker played a large 
part in accelerating electron transfer (Morita and 
Kimura 2003). Another study used helical pep-
tides on gold surfaces with opposing dipoles, and 
found that the rates of electron transfer were not 
substantially affected. However, a six-fold 
increase in the rate was observed when the meth-
ylene chain linker was changed to a more con-
ductive, π-bonded phenylene chain. It was 
concluded that the rate is determined by electron 
transfer through the linker (Watanabe et al. 2005). 
Nakayama and co-workers synthesized a 
310- helical peptide with alternating (Ala-Aib) 
units with an attached oligo-phenylene ethynyl-
ene moiety, containing a terminal nitro group. 
Both integral parts are dipolar and hence both 
have different dipole magnitudes. It was pro-
posed that stabilization of the dipole-dipole inter-
action between them may be reached through an 

antiparallel alignment, forming a planar compo-
sition. This would be conducive to self-assembly, 
possibly via π-π stacking (Nakayama and Kimura 
2009). The nature of the constituent amino acid 
side chains also plays an important role in elec-
tron transfer in peptides. The peptide structure 
and specific amino acid spacers determine the 
electronic coupling that enables charge transfer 
to occur between electron donor and acceptor 
(Antonello et al. 2003). Redox active aromatic 
amino acids have also been proposed as through- 
space “stepping stones” for electron transfer 
(Cordes and Giese 2009; Giese et al. 2008). 
Studies on model peptides have shown that the 
rate of electron transfer increases significantly 
with the introduction of electron-rich side-chains 
(Cordes et al. 2008). Aromatic amino acids such 
as phenylalanine, tyrosine and tryptophan play 
vital roles in biology. Not only is tryptophan an 
essential amino acid used to manufacture sero-
tonin and maintain normal brain and body func-
tion, it is believed to play a crucial role in electron 
transfer (Paredes et al. 2009). Both tryptophan 
and tyrosine have low oxidation potentials (Giese 
et al. 2009). Tyrosine acts as an electron donor in 
many biological signal transduction processes 
and in photosynthesis, where it readily undergoes 
deprotonation of its aromatic hydroxyl group, 
making it the most common radical found in pro-
teins (Bollinger 2008; Cordes and Giese 2009). 
X-ray crystallography of a diverse range of pro-
teins has disclosed the presence of oxidizable 
aromatic amino acids located between metal 
cofactors, thus advocating their role in the elec-
tron transfer process (Stubbe et al. 2003). 
Multiple sequence alignment of genomes from 
the respiratory oxidoreductase enzyme NDH1, 
have revealed the conservation of specific aro-
matic amino acids from simple prokaryotes 
through to man, that may serve as candidates for 
transient charge localization between metal clus-
ters (Wittekindt et al. 2009). Positively charged 
amino acids are usually located in the neighbor-
ing environment, which may lower the energy 
levels of the aromatic amino acid’s vacant orbit-
als, thus assisting electron transfer to proceed 
(Wittekindt et al. 2009). A study involving the 
biological enzyme, class I Escherichia coli ribo-
nucleotide reductase, found that a relay shuttle 
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comprising three tyrosine and one tryptophan 
residue was responsible for the rapid charge 
transfer spanning 35 Å (see Fig. 6.3). The rate of 
charge transfer, utilizing these redox active sites, 
was faster than a corresponding single-step tun-
neling reaction by at least four orders of magni-
tude (Stubbe et al. 2003). Efficient charge transfer 
through proteins over distances greater than 
approximately 20 Å is not achievable via a direct 
superexchange mechanism, as electron transfer 
rates decrease exponentially with increasing dis-
tance (Kai et al. 2008). Hence it is plausible that 
charge transfer occurs via a multi-step hopping 
mechanism, utilizing amino acids with felicitous 
redox potentials, to overcome this restriction 
(Cordes and Giese 2009).

A tryptophan residue has also been used as a 
relay station to facilitate electron transfer in a 
multi-step process in an azurin metallo-protein 
isolated from Pseudomonas aeruginosa. The 
copper redox centre was oxidized rapidly, with 
a charge transfer rate in excess of two orders of 
magnitude greater than that for single-step 
electron tunneling over the same distance (Shih 
et al. 2008). Kimura and co-workers determined 
that linearly spaced electron-rich naphthyl 
groups within 310-helical peptides increase the 
photocurrent by efficient electron hopping 
between the moieties, compared to reference 
peptides containing one or no naphthyl groups. 
The naphthyl group nearest the gold electrode 

was photo- excited, and a radical cation was 
subsequently formed when an electron was 
transferred from the naphthyl group to the gold. 
It was postulated that this radical cation then 
“hops” from the gold to the electron donor at 
the peptide terminus, using the aromatic naph-
thyl groups as “stepping stones” (Yanagisawa 
et al. 2004). A study by Cordes and co-workers 
investigated how aromatic side chains affect 
electron transfer by synthesizing peptides with 
an electron acceptor situated at the C-terminus, 
and a tyrosine residue functioning as an elec-
tron donor at the N-terminus. The peptide 
bridge consists of two triproline sequences, 
separated in the centre by one of four possible 
side chains [2x aromatic (di- and tri-methoxy-
phenylalanine) and 2x aliphatic]. The rate of 
electron transfer was determined to be in the 
order of 20–30 times faster when the  central 
residue was aromatic, compared to the aliphatic 
amino acid side-chains, indicating intramolecu-
lar electron transfer over a distance of 20 Å by 
way of a two-step hopping mechanism, utiliz-
ing the aromatic side chains as “stepping 
stones” (Cordes et al. 2008). Recent work has 
shown that by incorporating tryptophan into 
lipid bilayers, the rate of electron transfer is 
increased by an order of magnitude, compared 
to that observed through a phospholipid mem-
brane with no tryptophan interaction (Sarangi 
and Patnaik 2012). Amdursky used AFM as a 

Fig. 6.3 The postulated electron relay chain in 
Escherichia coli ribonucleotide reductase enables long 
distance electron transfer over 35 Å from Cys439 in the α2 

subunit to Tyr122• in the β2 subunit, utilizing aromatic 
amino acids in a hopping mechanism
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probe to measure electrical conductivity in 
dipeptide networks, containing either two phe-
nylalanine residues or one phenylalanine linked 
to a tryptophan. The dipeptide containing an 
FW sequence exhibited a five-fold increase in 
conductivity over that with the FF array 
(Amdursky 2013). Electron hopping has been 
shown to occur along a pathway exploiting 
three tryptophan residues in the helical enzyme 
DNA photolyase on a picosecond timescale 
(Lukacs et al. 2008). Computational studies by 
Chen and co-workers indicate that electron 
transfer between tyrosine and tryptophan not 
only requires specific conformations within the 
peptide, but the neighboring environment is 
critical to successful electron transfer. When 
the side chains of tyrosine and tryptophan are in 
close proximity, a hydrogen bond is formed 
between them and direct electron transfer can 
take place, involving proton-coupled electron 
transfer (PCET). A base may be used as a pro-
ton acceptor when the distance between them is 
too great, which forms a hydrogen bond with 
the tyrosine hydroxyl group. In many biologi-
cal systems, basic groups such as histidine and 
lysine are located around these redox active 
sites and accessible for hydrogen bonding. It 
was postulated that charge transfer between the 
phenol group of the tyrosine residue and the 
indole of the tryptophan cation could occur via 
a hopping mechanism due to the presence of 
these basic groups (Chen et al. 2009). It is con-
ceivable that any section of a structure with suf-
ficient electron affinity could act as a 
through-space “stepping stone” for electron 
transfer (Horsley et al. 2014), and this will be 
discussed later in this chapter.

6.2.2  Electrochemical Methods

The investigation of electron transfer in peptides 
can be achieved by immobilization of peptides 
onto a metal electrode to form self-assembled 
monolayers (SAMs) (Arikuma et al. 2009; Morita 
and Kimura 2003; Yanagisawa et al. 2004), or in 
solution (Antonello et al. 2003; Polo et al. 2005). 
For electron transfer studies in solution it is nec-

essary for the peptide to contain both an electron 
donor and an electron acceptor, with charge 
transfer between them triggered electrochemi-
cally or by UV radiation. An advantage of using 
SAMs for electrochemical studies is that only 
one redox active moiety is required, commonly 
ferrocene (Takeda et al. 2008). Marcus theory 
postulates that the electron transfer rate is reliant 
on the Gibbs free energy (ΔG), reorganization 
energy (λ), temperature (T) and the electronic 
coupling (HAB) between an electron donor and 
acceptor (Eckermann et al. 2010). Hence SAMs 
have proven to be a great format for studying 
electron transfer, as each variable, ΔG, λ, T and 
HAB can be controlled experimentally (Eckermann 
et al. 2010). Alkane-thiols can form poorly 
defined SAMs, however SAMs of helical pep-
tides containing a terminal redox active moiety, 
covalently attached to a metal surface, have been 
shown to be highly ordered and an excellent 
model for investigating electron transfer 
(Yasutomi et al. 2004). Owing to the ramifica-
tions from the density of electronic states in 
Marcus Theory, accurate measurement of elec-
tron transfer rates through a peptide is subject to 
the correct choice of electrode material. Many 
metals and semi-conductors have been used as 
substrates for SAMs, such as silver, palladium, 
nickel and silicon. Gold has many advantages; it 
is inert and its strong affinity with sulphur enables 
the formation of stable thiol bonds between the 
modified peptide and substrate (Eckermann et al. 
2010). Single walled carbon nanotubes 
(SWCNTs) have been shown to vertically align 
with the surface of a gold electrode through self- 
assembly, acting as molecular wires to enable 
direct electrical contact between the redox active 
moiety in a peptide and an electrode (Horsley 
et al. 2015) (see Fig. 6.4a, b). Functionalized 
SWCNTs have the added advantage of providing 
a greater surface density for the attachment of the 
peptide, together with a marked improvement in 
sensitivity and reproducibility of the electro-
chemical measurement over bare Au electrodes 
(Gooding et al. 2003a). The length of the nano-
tubes also allows the redox active moieties (eg. 
gold electrode and ferrocene) to be in close prox-
imity, yet far enough apart to avoid direct colli-
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sion, making them ideal platforms for 
electrochemical research. This chemisorption 
method of forming SAMs also greatly reduces 
the risk of unspecific adsorption (Hermanson 
2008).

Cyclic voltammetry is a common technique 
used to investigate electron transfer in peptides, 
and works by scanning the potential of an elec-
trode and measuring the resulting current. A 
three-electrode cell, consisting of a working elec-

Fig. 6.4 (a) AFM image of a cross section of bundled, vertically aligned SWCNTs covalently bound to a gold elec-
trode. (b) Schematic diagram depicting redox active helical peptides attached to SWCNTs, linked to a gold electrode
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trode (Au), counter electrode (Pt) and a reference 
electrode (Ag/AgCl), is typically employed. The 
immobilized peptide/electrode assembly is 
immersed into a conductive electrolyte solution. 
A potential is applied between the working elec-
trode and the reference electrode, and the current 
measured between the working electrode and the 
counter electrode. The current (i) /potential (E) 
plot is referred to as a cyclic voltammogram, 
which is defined by two peak currents and two 
peak potentials, and provides information relat-
ing to electron transfer kinetics. The current 
increases as the peak reaches the oxidation/
reduction potential of the peptide being analyzed. 
Ferrocene is a commonly used redox active moi-
ety, with the oxidation of ferrocene to the ferroce-
nium ion (Fc/Fc+) being a one-electron transfer 
process. As this is a reversible reaction, a similar 
peak is formed when the potential is reversed. 
Significant information, including the electron 
transfer rate constants (kET) for peptides, can be 
measured electrochemically using cyclic voltam-
metry. Following background subtraction, the 
surface concentration Γ (mol cm−2) of the redox 
active peptides can be calculated from the area 
under the oxidation/reduction peaks of the cyclic 
voltammograms, as described by Laviron’s for-
malism (Laviron 1979). The peak current (ip) is 
related to the scan rate (v) as described by the 
equation:
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where Q is a charge (coulombs) derived from the 
peak area of the voltammogram, n is the number 
of electrons involved in the reaction, A is the sur-
face area of the gold electrode (cm2), R is the gas 
constant, and F is the Faraday constant (Yu et al. 
2012). An observed linear relationship between 
the peak current and the scan rate demonstrates 
that the electron transfer reaction occurs via a 
surface bound species, that is, the observed elec-
trochemical redox peaks arise exclusively from 
the peptides covalently anchored to the SWCNT/
Au electrode (Bard and Faulkner 2000). The rela-
tionship between Ep (peak potential) and ln(v) is 
described by the following equation:
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where α is the transfer coefficient and E0 is the 
formal potential. The electron transfer rate con-
stant (kET) can then be extrapolated from the 
above equation. For electron transfer between a 
donor and acceptor, separated by a bridge (pep-
tide chain), the system effectively has two elec-
tronic states. In the initial free energy state 
(reactant), for a one electron reaction, the elec-
tron is located on the donor, whereas the electron 
is situated on the acceptor in the final state (prod-
uct). Marcus theory can be used to calculate kET, 
and also provide other important parameters such 
as Gibbs free energy (ΔG), reorganization energy 
(λ), and the electronic coupling constant (HAB) 
between an electron donor and acceptor 
(Eckermann et al. 2010). The basic equation is as 
follows:
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where kb is the Boltzmann constant, h is Planck’s 
constant, and T is absolute temperature. 
Reorganization energy is defined as the energy 
required for molecular rearrangement from the 
reactant state to the product state (Eckermann 
et al. 2010). The electronic coupling constant 
defines the strength of the force between the two 
moieties. Marcus theory assumes that the free 
energy curves for these two surfaces are the same, 
with the same curvature, except they are shifted 
(see Fig. 6.5).

Electron transfer may occur by the superex-
change mechanism when the initial electronic 
state and final electronic state are degenerate, 
which occurs at the junction of these two energy 
surfaces (intersecting parabola) (Aubry 2007) (see 
Fig. 6.5). The probability of an electron to transfer 
from a donor to an acceptor decreases with increas-
ing distance between the donor and acceptor. If the 
experimentally determined rate constant is much 
faster than the calculated superexchange rate, 
another mechanism may be responsible for elec-
tron transfer, for example, hopping.
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6.3  Protein Secondary Structure

The primary structure of a protein is determined 
by its sequence of amino acids. This then folds 
into secondary, tertiary, and in some cases quater-
nary structure on the basis of a series of well- 
defined non-covalent interactions. The resulting 
three dimensional structures define the overall 
functionality of the protein (Bendall 1996). All 
proteins are polypeptides. There are two main 
secondary structures known as α-helices and 
β-pleated sheets, the structures of which are 
defined by a specific network of hydrogen bonds 
between the amide backbone carbonyl oxygen 
and amide hydrogens (Bendall 1996). The con-
formational freedom of a peptide is determined 

by the torsion angles of the backbone. Also 
known as the dihedral angles, these are defined 
by the atoms N-Cα-C(O) and N. Phi (Ø) describes 
the rotation around the N-Cα bond, psi (Ψ) 
describes the rotation around the Cα-C(O) bond, 
and omega (ω) describes the rotation around the 
C(O)-N bond (see Fig. 6.6). A Ramachandran 
plot is used to determine the allowed conforma-
tions in the Ø - Ψ plane for all secondary struc-
tures (Ramachandran and Sasisekharan 1968)

The alpha helix (α-helix) is the most preva-
lent secondary structure found in proteins. It is 
characterized by four amino acid residues per 
turn, with intramolecular hydrogen bonding 
occurring between the C=O of the residue in the 
(i) position and the amide hydrogen situated in 
the (i + 4) position. For an ideal right-handed 
α-helix, the dihedral angles should be approxi-
mately -60° (Ø) and -42° (Ψ). The 310-helix is a 
less common, but nonetheless important second-
ary structure in proteins (Toniolo and Benedetti 
1991). It is characterized by three amino acid 
residues per turn, with intramolecular hydrogen 
bonding occurring between the C=O of the resi-
due in the (i) position and the amide hydrogen 
situated in the (i + 3) position (Ousaka et al. 
2007). Peptides comprising Aib residues, a natu-
rally occurring hydrophobic amino acid found in 
antibiotics, display a large degree of 310-helical 

Fig. 6.5 Free energy 
curves for electron 
transfer, reactant (left) 
and product (right)

Fig. 6.6 Schematic diagram showing the position of 
dihedral angles in a peptide backbone. Phi (Ø) describes 
the rotation around the N-Cα bond, psi (Ψ) describes the 
rotation around the Cα-C(O) bond, and omega (ω) 
describes the rotation around the C(O)-N bond
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conformation. Previous studies have shown that 
stable 310-helical structures are formed when the 
peptide exceeds five residues in length (Maekawa 
et al. 2007; Morita et al. 2008). The backbone 
torsional angles of a 310-helix differ from those 
of an α-helix, with the 310-helix somewhat more 
elongated (Schievano et al. 2001). For an ideal 
right-handed 310-helix, the dihedral angles 
should be approximately -57° (Ø) and -30° (Ψ) 
(Jacobsen et al. 2011). The shorter, and hence 
stronger intramolecular hydrogen bonding in a 
310-helix (i to i + 3) makes this structure more 
conductive than an α-helix (i to i + 4 hydrogen 
bonding) (Mandal and Kraatz 2012). Short 
310-helices have been proposed as possible 
nucleation sites for the formation of helices dur-
ing protein folding (Schievano et al. 2001). 
Studies have discovered an abundance of 
310-conformations in trans-membrane helical 
proteins, including bacterial rhodopsins that are 
involved in signal transduction, ion channels and 
G-protein-coupled receptors (GPCRs) (Arrondo 
and Goñi 1999; Riek et al. 2001). The 310-helix 
is found in many enzymes responsible for elec-
tron transfer, including cytochrome c oxidase, 
the final molecule in the mitochondrial electron 
transfer chain (Beiszinger et al. 1998). While 
considerable research on electron transfer has 
been conducted on helical peptides, the possible 
role a β-strand plays in these processes has 
received limited attention (Horsley et al. 2015; 
Horsley et al. 2014; Langen et al. 1995; Sasaki 
et al. 2001; Shih et al. 2008; Yu et al. 2017). This 
structural motif has the carbonyl and amide 
groups positioned orthogonal to the backbone, 
thus minimizing steric hindrance between the 
side-chains (Abell et al. 2009a). An ideal, fully 
extended β-strand is defined by the bond angles 
−120° (Ø), 120° (Ψ) and 180° (ω) (Loughlin 
et al. 2004), however a broader scope extends to 
between −160° < Ø < −100° and 90° < Ψ < 160° 
(Abell et al. 2009a). Two or more β-strands 
linked together via intermolecular hydrogen 
bonding form a β-sheet (either parallel, antipar-
allel, or mixed), which represents over 30% of 
all protein structure (Loughlin et al. 2004).

6.3.1  Characterization of Secondary 
Structure

Characterizing the conformation of peptide sec-
ondary structure is an important step, with a num-
ber of methods available, including Nuclear 
Magnetic Resonance (NMR), Fourier Transform 
Infrared Spectroscopy (FTIR) and Circular 
Dichroism (CD). 1H NMR is a robust technique 
used to determine peptide secondary structure in 
solution. Each hydrogen atom in the peptide gen-
erates an individual signal which is distinctive of 
its chemical environment (Neuhaus 1993). The 
assignment of individual atoms in the peptide can 
then be realized. Used in conjunction with two- 
dimensional (2D) NMR (eg ROESY and COSY), 
the identity of the compound may be deduced, and 
most importantly, the geometric conformation 
revealed. Correlation Spectroscopy (COSY) is 
used to identify through-bond connectivities, that 
is, nuclei that are coupled to each other. Rotating-
frame Overhauser Effect Spectroscopy (ROESY) 
is used to determine through-space correlations (to 
approximately 5 Å). A combination of 1D, 2D, 
and carbon (13C NMR), enables a three-dimen-
sional ‘image’ to be collected, and hence eluci-
dates the particular structural geometry of the 
peptide. Specifically, a combination of consecu-
tive NH (i) to NH (i + 1) correlations, CαH (i) to 
NH (i + 1) and medium range CαH (i) to NH 
(i + 2) ROESY connectivities can be used to deter-
mine 310-helical geometry (Neuhaus 1993), while 
CαH (i) to NH (i + 4) correlations are evident in an 
α-helical structure. The distance between the 
peaks of a multiplet signal is known as the cou-
pling constant (J), which can also be used to dif-
ferentiate secondary structures. The distance 
between the peaks of a doublet,  representative of 
the correlation between an amide (i) and alpha (i) 
hydrogen (1H NMR JNHCαH coupling constant) in 
an α-helix is approximately 4.8 Hz, while that of a 
310-helix is approximately 5.6 Hz (Smith et al. 
1996). A combination of NH (i) to NH (i + 1), 
CαH (i) to NH (i + 1) and CβH (i) to NH (i + 1) 
ROESY correlations are indicative of a β-strand 
geometry, with 1H NMR JNHCαH coupling constants 
in the range of 8–10 Hz (Pehere and Abell 2012).
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Molecules absorb specific energetic frequen-
cies characteristic of their molecular structure, 
which can also be measured using FTIR spec-
troscopy. When a beam of infrared light is passed 
through an IR-active sample, that is, one with a 
change in the dipole moment, an infrared spec-
trum is produced. Absorbance occurs when the 
frequency of the IR radiation matches the transi-
tion energy of the vibrating bond or functional 
group. A transmittance spectrum is then gener-
ated, which pinpoints the position and intensity 
of peaks which are representative of specific 
chemical environments, thus disclosing details of 
the associated molecular structure. This is par-
ticularly relevant to peptides due to the sensitivity 
of amide bands to peptide structure (Haris and 
Chapman 1995). Hence Amide I and II bands are 
used extensively in determining peptide/protein 
secondary structure (Zhuang et al. 2009). The 
Amide I band for α- and 310-helices is in the order 
of 1650 cm−1 to 1655 cm−1 (Lakhani et al. 2011; 
Zhuang et al. 2009). For antiparallel β-sheets, the 
Amide I band ranges between 1612 cm−1 and 
1640 cm−1, with a small shoulder around 
1685 cm−1, while the Amide II band ranges 
between 1510 cm−1 and 1530 cm−1 (Zhuang et al. 
2009). Furthermore, they should display N-H 
bond stretching in the region around 3281 cm−1 
to 3302 cm−1 (Pehere et al. 2013b). CD spectros-
copy measures the difference in absorbance of 
left and right circularly polarized light in an opti-
cally active peptide (Peeters et al. 1997). The 
ideal spectral range for determining secondary 
structure lies between 180 nm and 260 nm, with 
the spectrum of an α-helix displaying two min-
ima at approximately 208 nm and 222 nm, with 
similar intensity. A 310-helix displays a strong 
negative minimum at approximately 205 nm 
(amide π to π* transition) and a far less intense 
minimum between 220 nm and 230 nm (amide n 
to π*) (Biron et al. 2002; Boal et al. 2007). 
Furthermore, a 310-helix should exhibit a slightly 
positive band at approximately 195 nm, of far 
less intensity than that of an α-helix (Toniolo 
et al. 1996). CD spectra can be ambiguous, and 
should only be used as a guide to structural con-
formation, in conjunction with other methods of 
characterization (Niggli et al. 2012).

6.3.2  Peptide Constraints

Significant research has been conducted on con-
straining linear peptides, via intramolecular 
cyclization, into macrocycles with well-defined 
secondary structure, for example helices and 
β-strands, predominantly for the enhancement of 
therapeutic agents (Boal et al. 2007; de Araujo 
et al. 2014; Jacobsen et al. 2011; Pedersen and 
Abell 2011). Peptides can be constrained via 
head to tail interactions, backbone to side-chain, 
or side-chain to side-chain. These structures 
show important biological properties, for exam-
ple as potent and selective protease inhibitors 
(Abell et al. 2009b). A macrocyclic constraint 
introduced into a linear inhibitor of farnesyltrans-
ferase, resulted in a compound with a 20-fold 
improved potency (Driggers et al. 2008). Chen 
et al. introduced a constraint into a linear peptide 
inhibitor of the cancer target STAT 3, with the 
cyclic structure found to be three times more 
potent than the linear analogue (Chen et al. 2007).

There are several different synthetic approaches 
to constrain a peptide into its preferred conforma-
tion via cyclization of a linear precursor. Common 
methods include click chemistry (Huisgen cyclo-
addition), ring-closing metathesis (RCM) and lac-
tamization. Irrespective of the method, cyclization 
is more readily achieved under conditions of high 
dilution, which serve to minimize side reactions 
such as dimer formation. The slow addition of 
reagents via a syringe pump can further enhance 
these reactions (Malesevic et al. 2004). In the 
early 1960s, the forerunner of the ‘click reaction’, 
the 1,3-dipolar Huisgen cycloaddition reaction 
was discovered, which couples organic azides 
with alkynes to form 1,2,3 triazoles (Huisgen 
1963). This reaction gives mixtures of the 1,4- 
and 1,5- disubstituted adducts, and was not given 
much attention until nearly four decades later. In 
2002, both the Sharpless and Meldal groups inde-
pendently discovered that by using catalytic Cu(I) 
it was possible to enhance the rate by several 
orders of magnitude, whilst also achieving regi-
oselectivity, resulting in essentially quantitative 
yields of 1,4-disubstituted 1,2,3-triazole product 
(Rostovtsev et al. 2002; Tornøe et al. 2002). Also 
referred to as “copper-catalyzed azide-alkyne 
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cycloaddition” (CuAAC), it has become an 
important click reaction and a common method to 
form intramolecular macrocycles (Lopez et al. 
2010). CuAAC can be performed either on solid 
phase (Ingale and Dawson 2011; Kapoerchan 
et al. 2008) or in solution (Chouhan and James 
2011; Looper et al. 2006), with the product being 
thermodynamically and metabolically stable; 
resistant to both hydrolysis and oxidation. The 
1,4-disubstituted 1,2,3-triazoles are similar to 
amide bonds insofar as both are planar, while also 
possessing a strong dipole moment (Holub and 
Kirshenbaum 2010). There is a notable difference 
in the distance between the R1 and R2 groups of 
both structures (Pedersen and Abell 2011), how-
ever the 1,4-disubstituted 1,2,3- triazole has previ-
ously been used as a surrogate for a trans-amide 
bond (Beierle et al. 2009). Linking residues (i to 
i + 4) in a linear α-helix, (i to i + 3) in a linear 310-
helix, or residues (i to i + 2) in a linear β-strand 
using click chemistry, enhances secondary struc-
ture. Recent studies have indicated that while the 
310-helix is a stable peptide structure, constraining 
the side- chains (i to i + 3) results in a more para-
digmatic structure than the linear analogue 
(Jacobsen et al. 2011). For example, the X-ray 
crystal structure of a peptide cyclized side-chain 
to side-chain using click chemistry, showed that 
the dihedral angles deviated from an ideal 310-
helix by no more than 2°, whereas the linear ana-
logue was found to possess less helical content 
(Jacobsen et al. 2011). The triazole-containing 
constraint rigidifies the macrocycle, in turn reduc-
ing entropic loss due to structural pre-organiza-
tion, as the reactive side- chains are held in close 
proximity. This also reduces the number of pos-
sible conformations available to the peptide 
(Holub et al. 2007). The reputed mechanism for 
the CuAAC reaction firstly involves the alkyne 
coordinating with the Cu(I) compound, with dis-
placement of a ligand. The azide then coordinates 
to the Cu atom, displacing another ligand in the 
process. This results in the formation of a 6-mem-
bered intermediate, which contracts to form a tri-
azole. Finally the Cu catalyst is cleaved, releasing 
the exclusive product, the 1,4-disubstituted 
1,2,3-triazole (Angell and Burgess 2007).

RCM is another common and versatile method 
for intramolecular macrocyclization, and results 
in the formation of carbon-carbon bonds in the 
form of cyclic alkenes. Enhancement and rigidifi-
cation of a 310-helical conformation in a peptide 
can be achieved through modification of the 
amino acid residues at the i and i + 3 positions, to 
carry terminal dienes. These can then be readily 
linked, as the alkenes are located in a proximal 
arrangement on the same side of the molecule 
(Boal et al. 2007). The Abell group have cyclized 
dienes located in the i and i + 2 positions to afford 
a peptide with a stable β-strand backbone (Abell 
et al. 2009a), a requirement for binding to many 
proteins. The conformation of this macrocycle, 
which has also been defined by its X-ray crystal 
structure, was shown to be a key intermediate of 
a potent inhibitor of the protease calpain 2, the 
over activation of which can lead to diseases such 
as Alzheimer’s, stroke, and cataract formation 
(Abell et al. 2009a; Pehere et al. 2013a). The 
advent of ruthenium-based catalysts by Grubbs 
and co-workers has greatly improved RCM, with 
these reactions now benefiting from better stere-
oselectivity. Strategies such as microwave irradi-
ation can also be used to promote ring closure 
and enhance yields (van Lierop et al. 2011). 
Metathesis was initially referred to as “stapling” 
due to the formation of the double bond in the 
macrocycle, however Hilinski and co-workers 
recently synthesized a structurally rigid helical 
peptide with multiple bridges which exhibited 
superior cell penetration, which they have termed 
as “stitched” (Hilinski et al. 2014).

Lactamization is another attractive method for 
cyclizing a linear precursor into a more stable 
lactam-bridged macrocycle (Lundquist and 
Pelletier 2002). The range of available amino 
acid residues with suitable side-chains, and the 
wide range of protecting groups available for 
amines and carboxylic acids, means that lactam-
ization can be readily achieved in solution or on 
solid phase (Taylor 2002). Schievano et al. dem-
onstrated, through the use of 2D NMR and 
molecular dynamics (MD) analysis, that by link-
ing amino acid side-chain residues (i to i + 3) to 
form a lactam bridge, enhancement of the 
310-helical conformation can be realized 
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(Schievano et al. 2001). Lactamization of an 
aspartic acid (i) and lysine (i + 4) residue in an 
extended linear peptide resulted in the stabiliza-
tion of the α-helical conformation, with the ensu-
ing compound showing improved potency and 
selectivity for the requisite k-opioid receptor 
(Lung et al. 1996). Kirby et al. used a lactam 
bridge to further constrain a peptide into its heli-
cal conformation, resulting in greatly improved 
specific binding affinity (Ki = 16 nM and 
EC50 = 12 nM) of neuropeptide receptors in 
human neuroblastoma cells (Kirby et al. 1997).

6.4  A Case Study: The Role 
of Peptides in Electronics

A more detailed understanding on exactly what 
controls the mechanisms and efficiency of charge 
transfer is required before the promise of peptides 
as molecular components can be fully realized. 
Despite the fact that secondary structure is known 
to play a key role in electron transfer, research 
relating to peptides containing an intramolecular 
macrocyclic constraint has been absent. Studies in 
this area are crucial to investigating the link 
between conformation and function, and we have 
recently presented electrochemical studies on a 
series of synthetic peptides to determine the effects 
that different macrocyclic side-bridge constraints, 
comprised of various ring sizes and chemical com-
position, have on electronic transport (Horsley 
et al. 2014, 2015; Yu et al. 2014, 2016, 2017).

Peptides 1–4 (see Fig. 6.7) contain Aib resi-
dues which are known to form predictable and 
stable 310-helical structures. Peptide 2 has a 
triazole- containing side-chain, while an alkene- 
containing side-chain is located at the same posi-
tion in peptide 4. The backbones of peptides 1 
and 3 were further constrained into a 310-helix via 
Huisgen cycloaddition (click) (Jacobsen et al. 
2011) and ring-closing metathesis (RCM) (Boal 
et al. 2007) respectively, resulting in additional 
conformational rigidity of their backbones.

Peptides 5–8, as shown in Fig. 6.8, share a 
common β-strand conformation. Peptide 6 has a 
triazole-containing side-chain, while an alkene- 

containing side-chain is located in the same posi-
tion in peptide 8. The backbones of peptides 5 
and 7 were further constrained into a β-strand 
conformation, via click and RCM respectively.

Peptides with either a β-strand or helical con-
formation were studied to cover a wide range of 
secondary structures, to fully investigate influ-
ences of backbone rigidity on electron transfer, 
with two different types of side-chain tethers 
investigated. Using a combination of NMR, IR 
and CD spectroscopy, the geometry of peptides 
1–4 was confirmed as 310-helical, while that of 
peptides 5–8 was confirmed as β-strand. To fur-
ther define their backbone geometries, the lowest 
energy conformers for the N-Boc protected ana-
logues of 1–8 were determined by molecular 
modeling. The N-Boc protected peptides were 
used for this purpose as free amines are known to 
generate unrealistic electrostatic interactions, 
resulting in unstable lowest energy conformers 
(Burton et al. 1998). The models for the helical 
analogues of 1–4 indicated that the overall back-
bone lengths differed by no more than 11 picom-
eters, while the mean intramolecular hydrogen 
bond lengths differed by no more than 6 picom-
eters. The average dihedral angles for residues 
1–6 in each of the analogues deviated from an 
ideal 310-helix by no more than 3.6° and 5.9° for 
Φ and ψ respectively. A similar result was found 
for the N-protected analogues of the β-strand 
peptides 5–8, with their overall lengths differing 
by no more than 59 picometers. The molecular 
modelling studies, together with the various 
spectroscopic characterizations show that 
 peptides 1–4 share remarkably similar 310-helical 
conformations, while peptides 5–8 exhibit a 
remarkably similar β-strand geometry.

The electrochemical properties of peptides 1–
8 were investigated using cyclic voltammetry, 
with each peptide separately attached to verti-
cally aligned single-walled carbon nanotube 
array/gold (SWCNTs/Au) electrodes. The cyclic 
voltammograms obtained for the helical peptides 
1–4 reveal a pair of redox peaks characteristic of 
a one-electron oxidation/reduction reaction (Fc+/
Fc) (see Fig. 6.9). The formal potentials (Eo), 
electron transfer rate constants (ket), and the sur-
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Fig. 6.7 Synthetic helical peptides 1–4

Fig. 6.8 Synthetic β-strand peptides 5–8
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face concentrations of the peptides are tabulated 
in Table 6.1.

The constrained peptides (1 and 3) and their 
linear analogues (2 and 4) exhibited considerably 
different formal potentials and electron transfer 
rate constants, despite sharing similar 310-helical 
geometry. The formal potentials (Eo) and electron 
transfer rate constants (ket) fall into two distinct 
groups. The linear analogues displayed low for-
mal potentials, with high electron transfer rate 
constants estimated to be 0.371 V and 117.3 s−1 
for 2, 0.380 V and 260.4 s−1 for 4 (see Table 6.1). 

The observed formal potentials for these linear 
peptides are similar to the formal potentials 
reported for other ferrocene-derivatized linear 
peptides attached to a gold surface, without car-
bon nanotubes (Arikuma et al. 2010; Mandal and 
Kraatz 2012). This further supports previous 
observations that carbon nanotubes have no sig-
nificant effect on the electron transfer rate- 
limiting step (Gooding et al. 2003b; Yu et al. 
2012). In contrast, the constrained peptides 
exhibited high formal potentials, with low elec-
tron transfer rate constants estimated to be 

Table 6.1 Electron transfer rate constants (ket), surface concentrations and formal potentials (Eo) for the helical pep-
tides 1–4

Peptide
Surface concentration (×10−10 
mole.cm−2) Eo (V vs AgCl/Ag) ket/ s−1

1 3.76 ± 0.35 0.853 28.1 ± 3.6

2 2.52 ± 0.18 0.371 117.3 ± 9.9

3 4.37 ± 0.43 0.844 17.5 ± 1.5

4 4.02 ± 0.41 0.380 260.4 ± 25.3

Fig. 6.9 (a) Cyclic voltammograms for helical peptides 1 
(pink), 2 (blue), 3 (red) and 4 (green) immobilized on 
SWCNTs/Au electrodes taken at 5 V s−1 in 0.1 mol L−1 
TBAPF6/CH3CN solutions. (b) Typical cyclic voltammo-
gram of SWCNTs/Au electrode taken at 5 V s−1 in 0.1 mol 

L−1 TBAPF6/CH3CN solutions. (c) Background subtracted 
cyclic voltammogram (black solid) from the original 
curve (blue solid) with the background current (dotted 
line)
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0.853 V and 28.1 s−1 for 1, 0.844 V and 17.5 s−1 
for 3. Peptide 1, with a triazole-containing side- 
bridge, shows a significant formal potential shift 
to the positive compared to the linear peptide 2, 
of approximately 480 mV. A similar result was 
found in the formal potential of the cyclic peptide 
3, constrained by an alkene-containing tether, 
compared with that of the linear 4 (464 mV). 
These large formal potential shifts are signifi-
cantly higher than other conformation-dependent 
structures, such as cis-trans cyclohexasilanes 
(110 mV) (Emanuelsson et al. 2014). These 
results show that oxidation/reduction of the 
redox-active ferrocene moieties in the con-
strained peptides is energetically much less 
favourable than those in the linear analogues. A 
significant decrease in the electron transfer rate 
constant was also noted upon the introduction of 
the constraints. The data from these compounds 
reveals an electron transfer rate constant for the 
constrained peptide 1 of 28.1 s−1, 4-fold lower 
than that of the linear counterpart 2. The observed 
electron transfer rate constant for the constrained 
peptide 3 was 17.5 s−1, a remarkable 15-fold 
lower than that of the linear counterpart 4. 
Previous studies have shown that electron trans-
fer rate constants in peptides can vary greatly 
(Arikuma et al. 2010; Galka and Kraatz 2002), 
but not to such an extent as reported here.

The observed formal potentials (Eo) and elec-
tron transfer rate constants (ket) for the β-strand 
peptides (5–8) also fall into two definitive groups. 
Once again the linear analogues displayed low 
formal potentials and high electron transfer rate 
constants, while the constrained peptides exhib-
ited high formal potentials and low electron 
transfer rate constants (see Fig. 6.10, Table 6.2). 
The observed electron transfer rate constant for 

the constrained peptide 5 was found to be 10-fold 
lower than that of the linear peptide 6, while that 
of the constrained peptide 7 is a remarkable 
36-fold lower than that of the linear peptide 8 
(see Table 6.2).

These results demonstrate an important link 
between backbone rigidity and the efficiency of 
electron transfer in peptides. They also further 
extend the generality of this effect, with similar 
results observed in both helical and β-strand pep-
tides. The side-bridge constraint provides an 
additional reorganization energy barrier that 
impedes electron transfer within the peptide, in 
turn decreasing the charge transfer rate (Yu et al. 
2014). This provides a unique approach to manip-
ulate energy barriers and conductance in pep-
tides. Despite the link between backbone rigidity 
and the efficiency of electron transfer in peptides, 
the electrochemical properties are also affected 
by the chemical composition and structural 
nature of the side-chains/bridges. A comparison 
of the data for the two linear hexapeptides (2 and 
4) provides a measure of the influence of the elec-
tron rich alkene side-chains on the rate of elec-
tron transfer. These two peptides share a common 
310-helical conformation and contain the same 
number of Aib residues. They are identical, only 
differing in the structure of the side- chain, as 
shown in Fig. 6.7. Peptide 2 has a triazole-con-
taining side-chain, while an alkene- containing 
side-chain is located at the same position in pep-
tide 4. While the formal potentials for both pep-
tides were similar, the observed electron transfer 
rate constant for 4 was more than double that of 
2. This observation is reinforced for the two 
β-strand linear peptides, with the electron trans-
fer rate constant for 8 approximately double that 
of 6. These results clearly demonstrate the ability 

Table 6.2 Electron transfer rate constants (ket), surface concentrations and formal potentials (Eo) for the β-strand pep-
tides 5–8

Peptide
Surface concentration (×10−10 
mole.cm−2) Eo (V vs AgCl/Ag) ket / s−1

5 5.86 ± 0.54 0.825 22.5 ± 2.1

6 2.73 ± 0.26 0.349 223.2 ± 23.2

7 9.21 ± 0.89 0.676 11.7 ± 1.2

8 5.56 ± 0.31 0.408 421.4 ± 41.5
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of the electron-rich alkene and phenol groups to 
facilitate electron transfer through the peptide by 
acting as ‘stepping stones’.

Each of the constrained peptides (1, 3, 5 and 
7) recorded significant formal potential shifts to 
the positive (482, 464, 476 and 268 mV, respec-
tively), and substantial decreases in the electron 
transfer rate constants (76%, 93%, 90% and 
97%) compared to their unconstrained, linear 
counterparts 2, 4, 6 and 8. The vast formal poten-
tial shifts and electron transfer rate constant 
drops in these peptides provide two distinct states 
(i.e. on/off). These states, brought about through 
side-bridge gating, afford a sizeable differential 
which is ideal for the design of molecular 
switches. Manipulating the chemical composi-
tion and backbone rigidity of peptides provides a 
new means to fine tune their electron transfer 
kinetics. This represents an important step for 
peptides in the design and fabrication of bio- 
inspired molecular-based electronic materials.
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Abstract

Cartilaginous tissue requires structural and metabolic support after trau-
matic or chronic injuries because of its limited capacity for regeneration. 
However, current techniques for cartilage regeneration are either invasive 
or ineffective for long-term repair. Developing alternative approaches to 
regenerate cartilage tissue is needed. Therefore, versatile scaffolds formed 
by biomaterials are promising tools for cartilage regeneration. Bioactive 
scaffolds further enhance the utility in a broad range of applications 
including the treatment of major cartilage defects. This chapter provides 
an overview of cartilage tissue, tissue defects, and the methods used for 
regeneration, with emphasis on peptide scaffold materials that can be used 
to supplement or replace current medical treatment options.
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7.1  Introduction

Cartilage is a connective tissue that  structurally 
supports the body and assists in movement by 
creating low-friction platforms between the 
articular spaces of bone. Cartilaginous tissue 
does not contain any  vascular and nervous ele-
ments, which severely limits its capacity for 
regeneration following injury (Ateshian 2007). 
Microfracture and autograft transplantation 
techniques are the current medical standards 
for the repair of cartilage damage. However, 
these methods are not fully capable of restor-
ing the structural and functional integrity of 
cartilage tissue, necessitating the development 
of alternative procedures. The extracellular 
matrix (ECM) is responsible for the lubrica-
tion and articulation functions of cartilage. 
Therefore, ECM-mimetic intelligent and tun-
able scaffolds can serve as a temporary 
replacement for cartilage tissue while supply-
ing the environmental conditions necessary 
for its regeneration. Modified polymers and 
peptides can also be utilized for the recruit-
ment of mesenchymal stem cells to the dam-
aged area, thereby promoting the formation of 
neo-cartilage tissue. However, these scaffolds 
must be biocompatible and biodegradable in 
order to minimize immunogenic responses, 
stimulate cell proliferation and integrate 
 effectively with the surrounding tissue. In 
addition, they should have a porous structure 
to facilitate cellular migration and communi-
cation, and exhibit mechanical properties 
resembling native cartilage tissue to support 
newly formed tissues and provide the  necessary 
signals for cellular recruitment and 
differentiation.

This chapter presents the features of carti-
lage tissue, its diseases, and the methods devel-
oped for promoting its regeneration. A broad 
overview of the advantages and disadvantages 
associated with both recent and established 
treatment options are discussed to provide fur-
ther focus on the use of peptide bearing poly-
mers and self- assembled peptide gels for 
cartilage engineering.

7.2  Cartilage Tissue

7.2.1  Structure of Cartilage Tissue

Cartilage tissue has a limited capacity for 
 regeneration due to its avascular, aneural and 
alymphatic nature, which prevents the influx of 
oxygen, nutrients and biochemical signals that 
are required for effective wound repair. In addi-
tion, cartilage regeneration occurs through the 
activity of native chondrocytes and mesenchymal 
stem cells (MSCs), which have sparse popula-
tions and cannot facilitate the complete repair of 
large defects. Consequently, cartilage has a ten-
dency to accumulate partially repaired defects 
with age, which progressively impairs tissue 
function and may result in degenerative joint 
 diseases such as osteoarthritis, severely lowering 
the quality-of-life in the elderly population in 
particular.

Cartilage tissue is composed of cartilage- 
specific cells (chondrocytes) that constitute 3–5% 
of the adult articular cartilage by mass and are 
embedded in a highly dense ECM (Han et al. 
2011). MSCs are also present in cartilage tissue, 
especially in the deep part of the perichondrium, 
where they encircle the cartilage and may differ-
entiate into chondroblasts (Slomianka 2009). 
However, cartilage is mostly composed of ECM 
elements, and load-bearing, the main function of 
cartilage tissue, is provided mainly by the 
 macromolecular components of dense ECM 
(Taipaleenmaki 2010). In addition to its 
 mechanical integrity, cartilage tissue also pro-
vides joint lubrication and articulation, and the 
ECM microenvironment likewise plays crucial 
roles in these functions (Han et al. 2011). The 
cartilage ECM is composed mainly of a fibrillar 
collagen network that is supported by various 
proteoglycans (Han et al. 2011). Among the 
 collagen fibrils, type II collagen is the primary 
structural component found in cartilage 
ECM. Other cartilage- associated collagens 
include types III, VI, IX, X, XI, XII and XIV, 
which all contribute to the mature extracellular 
microenvironment (Eyre 2002). Besides collagen 
fibrils, the cartilage ECM also contains 
 proteoglycans such as aggrecan, chondroitin sul-
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fate glycosaminoglycan, keratin sulfate 
 glycosaminoglycan, hyaluronan, and glycopro-
tein lubricin (PRG4) (Lin et al. 2005). These 
 cartilage-specific proteins are responsible for 
establishing the morphology and function of the 
tissue, and their malfunction contributes to the 
secondary expansion of cartilage defects. 
Consequently, the induction of proteoglycan 
 synthesis is a promising approach for promoting 
the recovery of cartilage injuries.

7.2.2  Cartilage Diseases

Osteoarthritis is an inflammatory disease that is 
associated with the deterioration and erosion of 
articular cartilage, and occurs in response to a 
combination of genetic, metabolic and biochemi-
cal factors (Felson et al. 1997). The osteoarthritis 
(OA) is a pathological condition involving the 
interactions of cartilage, bone and synovium. 
Aging (and the associated mechanical wear in 
joints) is the main cause for osteoarthritis and 
other degenerative cartilage disorders, although 
joint problems can also manifest following trau-
matic accidents and in obese persons (Grotle 
et al. 2008). One major problem in the treatment 
of OA and similar diseases is the progressive loss 
of tissue integrity resulting from day-to-day 
activity and the bodily weight, as cartilage exhib-
its a minimal capacity of self-renewal that can 
easily be overwhelmed by such factors. 
Consequently, the pathophysiological formation 
of OA is predominantly due to the destabilization 
of the anabolic and catabolic dynamics of carti-
lage, which results in the progressive destruction 
of the tissue (Moreland 2003) This process is 
regulated by cytokines, growth hormones and 
enzymes (aggrecanases, matrix metalloprotein-
ases, etc.) synthesized by chondrocytes and syno-
vial cells. During OA formation, collagen 
degradation increases, proteoglycan content 
decreases, types of macromolecules change, and 
water content increases (Fig. 7.1, Heinegård and 
Saxne 2011; Belcher et al. 1997; Brandt et al. 
2000; Moreland 2003). In addition, the amount 
and molecular size of hyaluronic acid in the 
synovial fluid are also reduced (Belcher et al. 

1997). Such progressive degeneration is a very 
invasive process, and early intervention is key for 
its management: radiological osteoarthritic find-
ings may develop in less than 10 years when the 
patients are not treated during the early period of 
injury (Prakash and Learmonth 2002). Even 
small (~10 mm) defects can result in the  reduction 
of 50% or more of cartilage tissue in the joint, 
while larger (>10 mm) defects are known to 
 provide an additional burden of 64% to the sur-
rounding cartilage, as observed in a 14-year 
 follow up study (Kock et al. 2008). Due to their 
severe and long-lasting effects, the treatment of 
cartilage diseases has been a subject of intensive 
study, although effective methods for promoting 
long-term tissue repair are yet to be discovered. 
Therefore, there is an urgent medical need for 
alternative treatment options and new multifunc-
tional biomaterials that are able to respond to 
 cartilage damage in a short period of time.

7.2.3  Clinical Treatment Strategies 
for Cartilage Regeneration

The microfracture technique is one of the most 
common treatment methods against cartilage 
damage. This method is based on the  introduction 
of mesenchymal stem cells from lower bone into 
cartilage defects following the induction of local 
bleeding with the help of small needles. However, 
in the absence of a supportive artificial matrix, 
stem cells recruited in this manner generate 
fibrous tissue formations that are structurally and 
biomechanically dissimilar to the natural 
 architecture of cartilage. In addition, successful 
treatment requires an accurate assessment of the 
extent of cartilage damage. In the clinic, 
arthroscopic debridement and lavage are per-
formed for patients with less than 2 cm2 of 
 cartilage damage, as this method involves the 
cleaning of the site of injury and minimizes local 
pain resulting from frictional forces acting on 
 damaged cartilage. This treatment method is 
 generally more suitable for elderly patients, who 
are less mobile and do not run the risk of causing 
further damage to the site of injury through active 
 movement (Gaissmaier et al. 2008). In contrast, 

7 Peptide-Based Materials for Cartilage Tissue Regeneration



158

the microfracture method is preferred for defect 
sizes in the range of 2–3 cm2. This method is 
especially suitable for stimulating the migration 
of MSCs from bone marrow to cartilage, allow-
ing new cartilage formation in full-thickness 
 cartilage injuries (Kreuz et al. 2006). However, 
effective cartilage repair in this method is contin-
gent upon the minimization of movement and 
mechanical loading at the affected site. In 
 addition, mid- and long-term follow-up studies 
have shown that hyaline cartilage formation is 
limited and the newly formed tissue is dominated 
by fibrous cartilage following microfracture 
 surgery: Although a hyaline-like cartilaginous 
matrix is initially formed at the site of injury, this 
material eventually acquires a fibrous character 
and deteriorates due to its inadequate mechanical 
and viscoelastic properties. Consequently, the 
joint gradually loses its functionality following 
surgery and must be replaced by prosthetics (Li 

et al. 2009). In this context, cell and tissue 
implantation studies are generally applied as a 
secondary treatment method in patients with car-
tilage damage greater than 2 cm2. This treatment 
method is performed by transplanting chondral 
and osteochondral autografts in patients who do 
not respond well to lavage and microfracture 
treatments. In larger injuries, damaged cartilage 
tissue from non-load bearing joint regions may 
also be implanted. An important advantage of 
this method is the use of healthy, functional 
 cartilage tissue, which can be obtained through 
arthroscopy. However, the implantation further 
damages the healthy tissue that surrounds the 
defect site, preventing the uniform integration of 
the autograft (Gillogly et al. 1998). Considering 
the disadvantages of these clinically applied 
treatment modalities, alternative treatment meth-
ods are needed for the effective recovery of 
 cartilage injuries. Tissue engineering is a new 

Fig. 7.1 (a) Representation of healthy joint of articular 
cartilage. Pericellular, territorial and interterritorial matri-
ces form articular cartilage and each of them place at par-
ticular distance from the chondrocytes. Inset image 
indicates the immunohistochemistry of cartilage oligo-
meric matrix protein (COMP). While the territorial and 
pericellular matrices (dashed arrow) did not stained, the 
interterritorial matrix stains for COMP (solid arrow). (b) 
Representation of osteoarthritic joint. Although disease is 

at early stages, degeneration of cartilage partially, altera-
tion in the underlying bone and cloning and reproduction 
of cells were observed in joints. No immunohistochemis-
try staining for COMP at interritorial matrix (solid arrow) 
and storage of newly synthesized COMP at pericellular 
matrix of the cartilage (dashed arrow) demonstrate the 
cloning of cells is not distinct yet (Reprinted from 
Heinegård and Saxne 2011)
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and promising approach to enhance cartilage 
 tissue regeneration, and a variety of biomaterials 
and cell culture methods have been developed to 
eliminate the deficiencies associated with 
 conventional methods of cartilage repair.

7.3  Biomaterials for Cartilage 
Regeneration

Since cartilage has a limited capacity for regen-
eration, cells require additional biochemical and 
mechanical signals to effectively facilitate defect 
closure. Biomaterial scaffolds are next- generation 
tools for tissue engineering studies, and provide a 
combination of these signals in a 3D microenvi-
ronment to promote cellular attachment and 
 proliferation. In addition, the highly porous 
structure of biomaterial scaffolds allows them to 
mediate the cell-cell interactions and signaling 
pathways that assists in cartilage repair (Ge et al. 
2012). Biocompatibility and biodegradability are 
indispensable characteristics of all biomaterials 
designed for tissue applications, while flexibility, 
elasticity and customizable mechanical strength 
are required to emulate the natural environment 
of cartilage in particular (Pearle et al. 2005).

7.3.1  Natural and Synthetic 
Scaffolds

A broad range of both natural and synthetic bio-
materials have been used to support cell adhe-
sion, viability, proliferation, and differentiation 
in cartilage tissue engineering studies. Natural 
scaffolds can be extracted from live organisms 
and include materials such as collagens, GAGs 
and decellularized cartilage of animal origin. 
Foremost among these materials is hyaluronic 
acid, which is a carbohydrate-based, non-sulfated 
glycosaminoglycan that is found abundantly in 
cartilage tissue and promotes chondrocyte prolif-
eration as well as chondrogenesis in MSCs. 
Many applications of this material exist in the 
literature: For example, a hyaluronic acid 
 derivative biopolymer (Hyaff®-11) was seeded 
with autologous chondrocytes and shown to 

enhance the quality of newly formed cartilage tis-
sue following its direct injection into full-thick-
ness cartilage defects (Grigolo et al. 2001). 
Collagens (mostly type II) are also common in 
the natural cartilage ECM, and see frequent use 
in tissue engineering applications due to their 
lack of toxicity, ability to integrate rapidly into 
surrounding tissues, and role as a flexible plat-
form for the attachment, proliferation and differ-
entiation of cells. In addition, chondrocytes were 
shown to maintain their morphology and exhibit 
enhanced GAG production when seeded on por-
cine cartilage- derived type II collagen (Nehrer 
et al. 1997). Alginate and agarose are polysac-
charide biomaterials that originate from seaweed 
and show good biocompatibility and cytocom-
patibility; however, their poor degradation kinet-
ics and limited potential for functional 
modification limits their clinical use (Murphy 
and Sambanis 2001). Fibrin is another natural 
scaffold that is derived from blood and has been 
shown to modulate cartilage formation in vivo by 
facilitating the adhesion of chondrocytes 
(Fussenegger et al. 2003). Nevertheless, fibrin is 
mechanically inadequate for cartilage tissue 
engineering, and its degradation rate is unstable. 
Thus, it cannot provide a suitable environment as 
a scaffold for cartilage repair.

Batch-to-batch variations and donor 
 requirements of natural scaffolds have led to the 
fabrication of synthetic scaffolds with controlla-
ble porosity, biodegradability and mechanical 
functions. Polymeric materials are typically pre-
ferred for the creation of synthetic materials due 
to their ease of fabrication and chemical modifi-
cation. Poly-glycolic acid (PGA) is a popular 
material for cartilage autograft studies, and chon-
drocytes were shown to actively replace the poly-
mer matrix with native ECM components when 
seeded onto PGA surfaces (Grande et al. 1997). 
In addition, PGA can form a copolymer with 
poly-lactic acid (PLA), and this material (poly- 
lactic- co-glycolic acid, PLGA) can be engineered 
to exhibit strong biocompatibility and precise 
control over degradation rates by adjusting the 
mixing ratios of PGA and PLA. PLGA offers a 
flexible environment for cartilage regeneration 
and was shown to mediate the differentiation of 
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adipose-derived adult stem cells into heterogenic 
cartilage cell populations, which can be utilized 
for further cartilage engineering applications 
(Mehlhorn et al. 2009).

7.3.2  Composite Scaffolds

Hybrid scaffolds offer novel options for cartilage 
regeneration by combining the features of indi-
vidual scaffold elements. For example, chondroi-
tin sulfate (CS) is one of the essential components 
of cartilage ECM, and the addition of CS to a 
porous network will enhance the proliferation 
and differentiation of chondrocytes and provide a 
degree of bioadhesiveness. Likewise, methyacry-
late and aldehyde groups can be integrated into 
scaffolds in order to establish additional bonds 
between biomaterials and tissue proteins. Poly 
(ɛ-caprolactone) (PCL) is a common material for 
such functionalization efforts, as it supports cell 
attachment, proliferation and ECM production, 
allowing it to mediate the repair of defect sites 
and formation of full-thickness cartilage, and the 
Food and Drug Administration (FDA) approves 
the clinical use of PCL (Garcia-Giralt et al. 
2008). Due to the hydrophobic character of PCL, 
the cellular recognition and degradation of this 
polyester is relatively difficult compared to other 
biomaterials. The integration of polyethylene 
glycol (as methoxyl poly (ethylene glycol) 
methyl ether) to PCL enhances the bioactivity of 
the hydrogel by modulating its hydrophobicity 
and biodegradability. Graphene oxide (GO) can 
also be added to these scaffolds to create a more 
advanced biomaterial with high mechanical 
strength, conductivity and overall contact area for 
biological interactions (Lee et al. 2011). The 
resulting material is a highly porous, elastic, 
swellable scaffold that has the capacity to convey 
electricity and is not degraded easily in biological 
environments, allowing it to establish a suitable 
long-term environment for cartilage regenera-
tion. (Liao et al. 2015)

Synthetic scaffolds can be further modified 
through the integration and controlled release of 
bioactive factors that play important roles in the 
regeneration process, such as growth factors and 

hormones. Platelet rich plasma (PRP) contains an 
elevated level of growth factors, yet its clinical 
use is limited due to its low mechanical strength 
and the burst release of its constituent growth fac-
tors (Fortier et al. 2011). However, PRP can be 
mixed with PCL and integrated into a gelatin 
membrane through the emulsion electrospinning 
method, producing a composite material that 
shows high bioactivity and can sustainably 
release growth factors to stimulate cellular attach-
ment in vitro and support intrinsic cartilage 
regeneration in vivo (Liu et al. 2015).

In addition to soluble factors, cellular recruit-
ment and integration are also crucial for the suc-
cess of biomaterial scaffolds. Due to the limited 
availability of chondrocytes in cartilage tissue, 
many studies have focused on the use of other 
cell types to mediate cartilage maintenance and 
repair following injury. Neonatal chondrocytes 
(NChons) are the preferred allogeneic cell type 
for the regeneration of cartilage, but the limited 
amount of donors prevents their widespread use 
in clinical settings. Nevertheless, successful cul-
turing environments of NChons were developed 
using biomaterial scaffolds, such as a 3D hydro-
gel composed of poly (ethylene glycol diacry-
late) and chondroitin sulfate methacrylate. 
Despite this, however, tissue engineering applica-
tions typically rely on MSCs, which are available 
in abundance, proliferate readily under culture 
conditions, and can differentiate into chondro-
cytes. The maintenance of these cells in bioactive 
scaffolds is an effective means of inducing their 
differentiation into specific cell lines, and both 
natural and synthetic scaffolds have been used to 
support the adhesion, viability, proliferation and 
differentiation of MSCs. These scaffolds should 
have a specific set of features to succeed in this 
role: They must be biocompatible, exhibit mini-
mal immunogenicity and toxicity, possess a 
microporous nature to ensure oxygen and nutri-
ent transport, allow cells to remodel the scaffold 
matrix through biodegradation, and alter the stem 
cell differentiation process to result in a single, 
specific cell type (Tombuloglu et al. Tombuloglu 
et al. 2012). Consequently, mimicking the natural 
ECM of cartilage tissue is a complex process that 
requires the incorporation of various biomaterial 
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components. In addition, MSCs can be derived 
from multiple sources and exhibit different phe-
notypes depending on their source. Bone-marrow 
stem cells (BMSCs) and adipose derived stem 
cells (ADSCs) are commonly used for cartilage 
repair, as they are abundant, easy to isolate and 
naturally inclined towards osteo-chondrogenic 
differentiation. Co-culture of multiple cell types 
is also possible, and large neocartilage nodules 
have been generated by increasing ADSC popu-
lations synergistically with NChons, suggesting 
that the spatial distribution of cells in 3D scaf-
folds and paracrine signaling between stem cells 
and chondrocytes are critical parameters for the 
management of cartilage tissue formation (Lai 
et al. 2013).

7.3.3  Peptide-Based Cartilage 
Engineering Scaffolds

7.3.3.1  Peptide-Edited Hydrogel 
Systems for Cartilage 
Regeneration

More effective scaffold materials can be devel-
oped through the incorporation of bioactive 
epitope- bearing peptide sequences into hydro-
gels, producing a multifunctional system that 
contains both the structural architecture and bio-
logical signals present in natural scaffolds. 
Collagen II, for example, is an abundantly found 
protein in the ECM of cartilage tissue, and the 
Streptococcal collagen-like II protein was modi-
fied with an HA-binding peptide 
(CGGGRYPISRPRKR) or CS binding peptide 
(CGGGYKTNFRRYYRF) (Chow et al. 2014) 
and an MMP7-sensitive crosslinker peptide 
(CGGGPLELRAGGGC) (Bahney et al. 2011) to 
create a versatile hydrogel providing a biode-
gradable and bioactive ECM-mimetic microenvi-
ronment. Chondrogenesis was significantly 
enhanced in human MSCs encapsulated in hydro-
gels containing the HA-binding peptide, while 
the CS-binding peptide-containing hydrogel 
increased MMP7 gene expression and ECM 
remodeling activity. As such, this multi- 
functional hydrogel was able to utilize the com-
bined effect of various peptide moieties to 

stimulate chondrogenic differentiation, and could 
be used as a minimally invasive method for the 
repair of cartilage defects (Parmar et al. 2015).

Integrated systems can compensate the defi-
ciencies of their individual components to form 
mechanically durable and bioactive epitope- 
bearing scaffolds. Demineralized bone matrix is 
flexible and strong, and presents a three- 
dimensional collagen scaffold. In addition, it is 
biocompatible, non-immunogenic and, due to its 
incorporation of various growth factors and cyto-
kines, able to stimulate osteochondrogenic differ-
entiation in vitro (Li et al. 2006) and in vivo (Gao 
et al. 2004). Together with chitosan, demineral-
ized bone forms a mechanically stronger biphasic 
hydrogel. In addition, chitosan facilitates cell 
retention and promotes the integration of newly 
formed cartilage tissue to the defect site due to its 
sol-gel transition property. This hybrid system 
can be further modified by an MSC-affine pep-
tide sequence (EPLQLKM), which increases the 
migration of MSCs to damaged cartilage tissue 
and allows the biphasic biomaterial to signifi-
cantly enhance the repair of cartilage defects 
(Fig. 7.2) (Huang et al. 2014; Meng et al. 2015).

Articular cartilage tissue is composed of super-
ficial, transitional and deep zones. Every zone 
contains different types of chondrocytes that 
secrete various amount of proteoglycans and type 
II collagen (Bhosale and Richardson 2008). 
Mimicking the layered native structure of articu-
lar cartilage may enhance the regeneration of this 
tissue, and both natural and synthetic biomaterial 
combinations can be used to form multi-layered 
functional scaffolds for this purpose. For exam-
ple, it has been shown that a polyethylene glycol 
(PEG) based hydrogel, when combined with 
chondroitin sulfate (CS), matrix metalloprotein-
ase sensitive peptide (MMP-pep) and hyaluronic 
acid scaffolds, can stimulate the formation of 
zone-specific chondrocytes from bone-marrow 
derived stem cells (BMSC) (Bhosale and 
Richardson 2008). The mechanical and biochemi-
cal stimuli provided by distinct scaffold regions 
led to the formation of specific zones exhibiting 
characteristic ECM compositions, and three zones 
of cartilage were created by the multi- layered 
hydrogel constructs. In particular, the 
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PEG:CS:MMP-pep combination differentiated 
stem cells into chondrocytes expressing elevated 
levels of collagen II and low levels of GAG, which 
is the feature of the superficial zone of cartilage, 
while the transitional zone was generated with the 
PEG:CS combination, and the PEG:HA scaffold 
promoted the formation of the deep zone. 

Collagen II expression decreased from the super-
ficial to the deep zone, while the expressions of 
collagen X and proteoglycans were enhanced in 
this direction, which is similar to the situation 
observed under in vivo conditions and can be 
applied in clinical settings for the repair of full-
thickness cartilage defects (Nguyen et al. 2011).

Fig. 7.2 (a) Representation of chitosan scaffold (CS), 
demineralized bone matrix (DBM) particles and chitosan 
hydrogel mixture (DBM/CS) scaffold, and combination 
of mesenchymal stem cells (MSCs) E7 affinity peptide 
and DBM particles within CS hydrogel scaffold. (b) 
Chemical structure of bone marrow-derived mesenchymal 
stem cells (BMMSCs) affinity peptide that is connected to 
DBM via sulfosuccinimidyl-4-(N-maleimidomethyl) 

cyclohexane-1-carboxylate (SMCC) cross-linker. (c) 
Visualization of (a) DBM and (b) DBM-E7 particles via 
SEM imaging and (c) rhodamine labeled DBM-E7 parti-
cles via confocal imaging. (d) Quantification of E7 pep-
tide conjugation on DBM particle scaffold (PA physical 
adsorption; *p < 0.05 vs. PA) (Copyright © 2015, Rights 
Managed by Nature Publishing Group (Meng et al. 2015))
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7.3.3.2  Self-Assembled Peptide Gels 
for Cartilage Regeneration

Tissue regeneration requires a complex set of 
biological signals that regulate the recruitment, 
adhesion, proliferation and differentiation of a 
broad range of cells. These signals are principally 
relayed through a fibrous extracellular matrix 
environment, and supramolecular materials are 
often designed to mimic this structure through 
noncovalent self-assembly mechanisms. 
Noncovalent interactions are preferred for scaf-
fold formation due to their ability to be reversed 
under relatively mild conditions, which allows 
both external stimuli and cellular activity to 
remodel the material during growth and differen-
tiation. In addition, noncovalent interactions are 
useful for the attachment of bioactive groups that 
replicate the functions of proteins, growth fac-
tors, cytokines and other biomolecules that play 
important roles during the tissue regeneration 
process. Peptide-based systems readily self- 
assemble under physiological conditions into 
biocompatible, biodegradable and bioactive 
epitope- bearing networks that mimic the ECM 
and support the proliferation, adhesion and 
migration of cells (Boekhoven and Stupp 2014). 
It was also shown in the study of Yaylaci et al. 
hyaluronic acid mimetic self-assembled peptide 

nanofiber gels enhance the chondrogenesis of 
MSCs and cartilage regeneration (Fig. 7.3) 
(Ustun Yaylaci et al. 2016). As such, self- 
assembled peptide gels have recently emerged as 
a class of next-generation biomaterials for tissue 
engineering applications.

Cell-seeded scaffolds for cartilage repair need 
to provide an appropriate environment for rapid 
cell division and cartilage-specific ECM deposi-
tion. Previously, chondrocytes encapsulated in 
alginate (Lemare et al. 1998) and agarose (Benya 
and Shaffer 1982) hydrogels were found to dedif-
ferentiate or fail to preserve their morphologies 
across extended culturing and passaging periods. 
However, when encapsulated into self-assembled 
gels formed by KLD-12 
(Ac-KLDLKLDLKLDL-Am) peptide molecules, 
chondrocytes were able to proliferate extensively 
while maintaining their phenotype and producing 
biomechanically functional ECM. The authors 
suggested that the utility of the system can be fur-
ther enhanced by encapsulating growth factors 
within the gel matrix and investigating whether the 
newly formed cartilage is able to integrate into sur-
rounding tissues (Kisiday et al. 2002). Cell fate can 
also be directed by controlling the release of solu-
ble factors. Consequently, cellular behaviors can be 
regulated through the encapsulation of growth fac-

Fig. 7.3 Self- assembled glycopeptide scaffold mimick-
ing hyaluronic acid. Commitment of mesenchymal stem 
cells to chondrogenesis was visualized by immunolocal-
ization of cartilage specific proteins such as aggrecan, col-
lagen II and Sox 9. Application of glycopeptide scaffold 

to osteochondral defected cartilage enhanced the regen-
eration of the tissue (Reprinted with permission from 
Ustun Yaylaci et al. 2016. Copyright 2016 American 
Chemical Society)
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tors or cytokines into tunable biomaterial networks. 
Transforming growth factor β1 (TGF-β1) is a criti-
cal molecule for the differentiation of  mesenchymal 
stem cells into chondrocytes (Barry et al. 2001), 
and the Ac-KLDLKLDLKLDL-Am peptide gel 
system was shown to stimulate the chondrogenic 
differentiation of bone marrow-derived stromal 
cells by facilitating the sustained release of this 
growth factor. Due to their flexible structures, these 
hydrogels could also be injected easily into non- 
uniform defect sites, making them promising can-
didates for the local delivery of cells and growth 
factors (Kopesky et al. 2014).

The sustained release of TGF-β1 was further 
regulated through the growth factor binding 
sequence HSNGLPL, which was discovered by 
phage display method and integrated into the 
structure of self-assembling TGFBPA hydrogels. 
These scaffolds were shown to exhibit a gradual 
release profile for TGF-β1, while rapid release 
was observed from control hydrogels. Human 
mesenchymal stem cells cultured on TGF-β1- 
encapsulated TGFBPA were viable and commit-
ted to the chondrogenic lineage. Further 
evaluation of the hydrogel was performed on an 
in vivo microfracture-treated chondral defect 
model, and TGF-β1 binding epitope density was 
found to strongly affect both the growth factor 
release profile and the chondrogenic regeneration 
capacity. In addition, TGFBPA was able to trig-
ger cell differentiation and type II collagen 
expression even in the absence of encapsulated 
TGF-β1, possibly by retaining endogenously 
produced TGF-β1 (Shah et al. 2010).

Bioactivity of scaffold materials can also be 
enhanced by the combination of relatively large 
polymers with small self-assembled peptides. 
For example, the mixing of hydroxyapatite with 
the palmitoyl-V3A3K3-Am peptide sequence was 
shown to result in the creation of a solid 
 membrane at the interface between the two com-
ponents, where the negatively-charged HA mol-
ecules were encapsulated by the positively- charged 
PA networks to form HA-filled sac structures. 
Viability analyses revealed that gel-filled sacs 
supported the survival of hMSCs and enhanced 
collagen type II expression in culture experi-
ments with chondrogenic media supplemented 

with TGF-β1, suggesting that the sacs supply an 
environment conducive to the chondrogenic 
 differentiation of mesenchymal stem cells 
(Capito et al. 2008).

Self-assembled peptide nanonetworks are 
generally more effective inducers of differentia-
tion than other scaffold materials due to their 
ability to incorporate bioactive sequences in their 
structure. Chondrogenesis of bone marrow stem 
cells, for example, was found to be more exten-
sive in self-assembling PA hydrogels compared 
to bulk hydrogels such as agarose. 3D encapsula-
tion of BMSCs into RAD16-I (AcN- (KLDL)3– 
CNH2 and RAD16-I ((RADA)4) promoted early 
chondrogenesis as a result of enhanced TGF-β1 
signaling compared to agarose controls. Since the 
mechanical characteristics of both systems were 
similar, morphological differences during chon-
drogenesis can be attributed to sequence-specific 
signals. While cell-to-cell contact was present in 
the RAD16-I systems, multicellular clusters were 
observed only in the KLD12 hydrogel, and the 
integration of biochemical and biomechanical 
signals into the peptide scaffolds was found to 
allow precise control over the differentiation of 
MSCs (Kopesky et al. 2010).

7.4  Conclusion

Due to the low regenerative capacity of cartilage, 
even minor tissue defects can cause severe health 
problems without early intervention. While carti-
lage repair can be induced through the external 
administration of stem cells and growth factors, 
the lack of native blood vessels in cartilage 
requires the local delivery of the requisite cells 
and biomolecules, and scaffolds are ideal 
 materials for this purpose. Invasive techniques 
such as autologous chondrocyte transplantation 
or microfractures can be used to stimulate 
 cartilage repair, but are associated with severe 
disadvantages such as fibrosis and collateral tis-
sue damage. Thus, recent advances in cartilage 
tissue engineering are encouraging from a  clinical 
point of view. The facile synthesis and structural 
modification of injectable scaffolds is promising 
for the effective regeneration of large structural 
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defects in cartilage. ECM-mimetic, porous and 
bioactive scaffolds are ideal materials for modu-
lating the signaling networks responsible for car-
tilage formation and biointegration without 
eliciting undesirable immune complications. 
Further achievements in cartilage regeneration 
are expected to improve the quality of life of the 
elderly in particular, but it must nevertheless be 
noted that clinical studies involving  peptide- based 
scaffolds are currently uncommon and that much 
work needs to be performed to suitably 
 demonstrate the safety and efficiency of this new 
class of biomaterials for cartilage regeneration.
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Abstract

Peptides have been used as drugs to treat various health conditions, and 
they are also being developed as diagnostic agents. Due to their receptor 
selectivity, peptides have recently been utilized for drug delivery to target 
drug molecules to specific types of cells (i.e. cancer cells, immune cells) 
to lower the side effects of the drugs. In this case, the drug is conjugated to 
the carrier peptide for directing the drug to the target cells (e.g. cancer 
cells) with higher expression of a specific receptor that recognizes the car-
rier peptide. As a result, the drug is directed to the target diseased cells 
without affecting the normal cells. Peptides are also being developed for 
improving drug delivery through the intestinal mucosa barrier (IMB) and 
the blood-brain barrier (BBB). These peptides were derived from intercel-
lular junction proteins such as occludins, claudins, and cadherins and 
improve drug delivery through the IMB and BBB via the paracellular 
pathways. It is hypothesized that the peptides modulate protein-protein 
interactions in the intercellular junctions of the IMB and BBB to increase 
the porosity of paracellular pathways of the barriers. These modulator 
peptides have been shown to enhance brain delivery of small molecules 
and medium-sized peptides as well as a large protein such as 65 kDa albu-
min. In the future, this method has the potential to improve oral and brain 
delivery of therapeutic and diagnostic peptides and proteins.
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Abbreviations

AJ adherens junction
ANG angiopep
APaseP aminopeptidase P
APP amyloid precursor protein
BBB blood brain barrier
BBMEC bovine brain microvessel endo-

thelial cells
CAD cis–asconitic anhydride–DOX
C–CPE clostridium perfringens 

enterotoxin
CNS central nervous systems
CPP cell penetrating peptide
CPT camptothecin
DOX doxorubicin
DSDS drug self-delivery system
DSPE-PEG 1,2-distearoyl-sn- glycero-3-

p h o s p h o e t h a n o l a m i n e - N - 
methoxy-(polyethylene glycol)

EC-1 extracellular domain-1
ECM extracellular matrix
EGF epidermal growth factor
EGRF epidermal growth factor receptor
EGTA ethyleneglycol-bis-(β- aminoethyl 

ether)-N, N′-tetraacetic acid
ERK extracellular signal-regulated 

kinases
FACS fluorescence-activated cell 

sorting
FDA Food and Drug Administration
FITC fluorescein isothiocyanate
GABA γ-aminobutyric acid
Gd-DTPA gadopentetic acid
GIP glucose-dependent insulinotropic 

peptide
GLP-1 glucagon-like peptide-1
GMB glioblastoma multiforme
GnRH  g o n a d o t r o p h i n - r e l e a s i n g 

hormone
HEK human embryonic kidney cells
HIV-1 human immunodeficiency virus 1
HPMA (2-hydroxypropyl) methacrylamide
ICAM-1 intercellular adhesion molecule-1
IMB intestinal mucosa barrier
JAM junction adhesion molecules

LFA-1 lymphocyte function- associated 
antigen-1

LHRH luteinizing hormone-releasing 
hormones

LRP-1 lipoprotein-related protein 1
MDCK Madin-Darby Canine Kidney 

Epithelial Cells
MDR1 multi drug resistance-1
MEK mitogen-activated protein kinase
MMAF monomethyl auristatin F
MMPs matrix metalloproteinases
MRI magnetic resonance imaging
NB nanobubbles
NLS nuclear localization signal
NMR nuclear magnetic resonance
NRP-1 neuropilin-1
OCT octreotide
ODN  octadecanol
OVCAR-3 ovarian cancer cell-3
PAMAM-PAsp-PEG poly(amidoamine)-b-

poly(aspartic acid)-b- 
poly(ethylene glycol)

pAntp antennapedia homeodomain 
protein of Drosophila

PEG polyethylene glycol
PET positron emission tomography
pHLIP pH low insertion peptide
PI3K phosphoinositide 3-kinase
PTX paclitaxel
RES  reticuloendothelial system
RGD Arg-Gly-Asp
SA stearylamine
SCCHN squamous cell carcinoma of 

head and neck
SI  secretase inhibitor
siRNA small interfering RNA
STTR somatostatin receptors
TAMRA tetramethylrhodamine
TAT trans-activating transcriptional 

activator
TEER trans-epithelial electrical resistance
TfR transferrin receptor
TJ tight junction
TPP  triphenylphosphonium
ZO zonula occludin
Zot  zonula occludens toxin
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8.1  Introduction

Peptides have been successfully developed as 
therapeutic and diagnostic agents because of 
their selectivity to bind the respective target 
receptors (Kaspar and Reichert 2013; Uhlig et al. 
2014; Fosgerau and Hoffmann 2015). Currently, 
there are more than 60 peptide drugs approved by 
the US Food and Drug Administration (FDA). 
Thus, development of peptide drugs has increased 
significantly in the past decades and, as of today, 
approximately 140 peptides are in clinical trials 
as potential drugs. In addition, more than 500 
therapeutic peptides are in preclinical develop-
ment (Fosgerau and Hoffmann 2015). Available 
peptide drugs which include oxytocin, calcitonin, 
octreotide, and exenatide are being used to treat 
various conditions. Some bioactive peptides have 
been derived from endogenous substances; how-
ever, some peptides were derived from truncation 
of the active region(s) of the parent proteins. For 
example, opioid peptides such as enkephalins, 
endorphins, and dynorphins that are found in the 
brain have been used as drugs. Oxytocin, an 
endogenous hormone released by the posterior 
pituitary, is a cyclic peptide synthesized in the 
paraventricular nucleus of the hypothalamus 
(Bell et al. 2014). Oxytocin and its analogs work 
as neurotransmitters in the brain to facilitate 
breastfeeding, induce labor, and treat postpartum 
hemorrhage. Calcitonin peptide is a hormone 
produced by the thyroid gland to control calcium 
and potassium levels in the blood. A synthetic 
salmon-calcitonin peptide has been used to treat 
osteoporosis; this peptide was first developed as a 
nasal spray (Tella and Gallagher 2014). Tumors 
can be treated by octreotide, which inhibits the 
release of growth hormones (Broder et al. 2015). 
Type-2 diabetes is treated successfully with 
exenatide (Table 8.1), which is a derivative of a 
glucagon-like peptide-1 agonist (GLP-1; 
Table 8.1) (Knop et al. 2017). Exenatide was 
developed to increase the in vivo half-life because 
GLP-1 was ineffective in clinical trials for diabe-
tes treatment due to its short half-life. Exenatide 
binds to GLP-1 receptor and regulates glucose 
metabolism and insulin secretion. Both GLP-1 
and glucose-dependent insulinotropic peptide 

(GIP) hormones are produced upon ingestion of 
food to stimulate insulin secretion; however, only 
GLP-1 causes insulin secretion in a diabetic state.

Bioactive peptides can also be derived from 
the active region(s) of large functional proteins. 
One example is “Arg-Gly-Asp” (RGD), which is 
derived from the sequence of extracellular matrix 
(ECM) proteins such as fibronectin, fibrinogen, 
vitronectin, von Willebrand factor, laminin, and 
collagen (Ruoslahti and Pierschbacher 1987). 
RGD sequence on the ECM is recognized by 
various integrin receptors on the cell surface for 
cell adhesion to ECM. The ECM-integrin bind-
ing is essential in various disease processes such 
as thrombosis, angiogenesis and tumor metasta-
sis (Ruoslahti 1994). In thrombosis, the process 
of vascular blood clotting prevents the normal 
blood flow from the heart, which involves platelet 
aggregation. Platelet aggregation results from 
interactions of fibrinogen and platelets, which are 
mediated by recognition of RGD sequences on 
the α- and γ-subunits of fibrinogen by gpIIb/IIIa 
integrin receptors on platelet surfaces (Dunehoo 
et al. 2006). Therefore, RGD peptides (e.g. integ-
rilin or eptifibatide) and peptidomimetics (e.g. 
aggrastat or tirofiban) have been used as anti-
thrombic agents in the clinic. Integrilin and 
aggrastat are selective and potent ligands for 
gpIIb/IIIa receptors, blocking platelet aggrega-
tion during thrombosis. Angiogenesis in solid 
tumors can be inhibited by RGD peptides 
(Table 8.1), which are designed to bind to cell- 
surface αVβ3 and αVβ5 integrins that are overex-
pressed during tumor angiogenesis (Mas-Moruno 
et al. 2010). Other cell adhesion peptides, such as 
those derived from intercellular adhesion mole-
cule- 1 (ICAM-1) and lymphocyte function- 
associated antigen-1 (LFA-1) receptors, have 
been shown to inhibit T-cell adhesion by adher-
ing to epithelial and endothelial cells during 
inflammation (Yusuf-Makagiansar et al. 2002).

In addition to their use as drugs, bioactive 
peptides have been used as targeting moieties for 
the delivery of drug payloads (e.g. anticancer and 
anti-inflammatory) to specific types of cells in 
tissues, and ultimately, to reduce their adverse 
side effects. Some of these peptides are internal-
ized by their respective receptors into cells via a 
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Table 8.1 Peptide names and sequences

Peptide Sequence

Exenatide HGEGTFTSDLSKQMEEEAVRLFIEWLKNGGPSSGAPPPS-NH2

GLP-1 HDEFERHAEGTFTSDVSSYLEGQAAKEFIAWLVKGR - NH2

ALOS4 Cyclo1,9(CSSAGSLFC)

RGD-1 Cyclo(RGDyK)

Transportan GWTLNSAGYLLGKINLKALAALAKKIL

Penetratin RQIKIWFQNRRMKWKK

PAF-26 RKKWFW

Octreotide Cyclo2,7(fCFwKTCT)

GnRH-1 EHWSYkLRPG-NH2

GnRH-2 EHWSHkWYPG-NH2

GnRH-3 EHWSHDWKPG-NH2

pHLIP AAEQNPIYWARYADWLFTTPLLLLDLALLVDADEGTCG

MMP- 
hexapeptide

PVGLIG

ANG TFFYGGSRGKRNNFKTEEY

ANG-SI TFFYGGSRGKRNNFK–EVN-sta-VAEF

ANG-PEG-S TFFYGGSRGKRNNFK–PEG–EVN-sta-VAEF

ANG-TAT TFFYGGSRGKRNNFK–TEEYGRKKRRQRRRPPQQ

Biotin-ANG TFFYGGSRGKRNNF([Biotin)TEEY

Biotin-ANG- 
TAT

TFFYGGSRGKRNNFK(Biotin)TEEYGRKKRRQRRRPPQQ

T10 HAIYPRH

ERK MPKKKPTPIQLNP

T10-ERK HAIYPRH–GGCG–MPKKKPTPIQLNP

PEGA Cyclo1,10(CPGEPEGAGC)

A54 AGKGTPSLETTP

G3-C12 ANTPCGPYTHDCPVKR

KLA D(KLAKLAK)2

RGD-2 Cyclo(RGDfC)

Pep-1 Cyclo1,9(CGEMGWVRC)

EGRF YHWYGYTPQNVI

CPP CKRRMKWKK

YSA YSAYPDSVPMMS

RGD-3 CRGDK

OCC2 GVNPQAQMSSGYYYSPLLAMC(Acm)SQAYGSTYLNQYIYHYC(Acm)TVDPQE; 
Acm = Acetamido methyl

OP90–135 DRGYGTSLLGGSVGYPYGGSGFGSYGSGYGYGYGYGYGYGGYTDPR-NH2

OP90–103 DRGYGTSLLGGSVG

Lip-OP90–103 Lipid-C12-DRGYGTSLLGGSVG

C1C2 SSVSQSTGQIQSKVFDSLLNLNSTLQATR-NH2

HAV6 Ac-SHAVSS-NH2

ADTC5 Cyclo1,7Ac-(CDTPPVC)NH2

cIBR7 Cyclo1,8(CPRGGSVC)

cLABL Cyclo1,12(PenITDGEATDSGC)

C-CPE SSYSGNYPYSILFQKF

AT-1002 FCIGRL

PN-78 FDFWITP

PN-159 KLALKLALKALKLAALKLA-NH2
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receptor-mediated endocytosis process. Others 
have been conjugated to drug-loaded nanoparti-
cles for specific delivery to corresponding cell 
targets of the peptide. Receptor selective peptides 
were also investigated as diagnostic agents by 
conjugating them to dyes, radioisotopes, or mag-
netic resonance imaging (MRI) contrast agents.

The ultimate goal of targeted drug delivery is 
to direct a drug to diseased cells or organs (e.g. 
cancer cells), while avoiding normal cells. This 
results in a drug construct with lower side effects 
than the free form of its parent drug. This chapter 
describes the roles of peptides in drug delivery, 
including the use of peptides as: (a) peptide-drug 
and peptide-particle conjugates for targeting mol-
ecules to a specific type of cells and (b) modula-
tors of biological barriers for improving the oral 
and brain delivery of drugs and diagnostic agents.

8.2  Peptide-Drug Conjugates 
for Targeted Drug Delivery

Drug targeting methods are normally explored to 
reduce side effects by directing toxic drugs to 
cells involved in disease states, leaving normal 
cells minimally affected. Conjugation of the drug 
to its peptide carrier (targeting agent) can be done 
directly or through a chemical linker. Thus, as a 
peptide carrier selectively binds to a specific 
receptor on the surface of targeted cells (i.e. can-
cer cells), it carries along the drug or diagnostic 
molecule with it. As an example, cancer cells 
have a certain upregulated receptor(s) (e.g. HER- 
2, EGFR) compared to normal cells. These 
upregulated receptors become distinguishing and 
exploitable features to selectively direct popula-
tions of conjugated drug molecules to accumu-
late in cancer cells over normal cells. Binding of 
the conjugate to the target receptor is followed by 
cellular uptake of the ligand-receptor complex 
into the early endosomes via receptor-mediated 
endocytosis (Majumdar and Siahaan 2012). From 
the endosomes, the conjugate reaches the lyso-
somes where the drug is released as a result of 
lowered pH and/or enzyme degradation in the 
lysosomes. The rate of release of the drug can be 
controlled by designing the appropriate linker 
between the drug and the peptide (Hamann et al. 

2002; Majumdar and Siahaan 2012; Buyuktimkin 
et al. 2016). This method has been successfully 
applied in antibody-drug conjugates such as 
Adcetris® and Kadcycla® to treat cancer patients 
(Leal et al. 2014; Buyuktimkin et al. 2016). 
Peptides are smaller than proteins, and can 
be rapidly synthesized using solid-phase meth-
ods. Unlike proteins, most peptides have only 
primary and secondary structures. Thus, most 
peptides do not suffer as much from physical 
instability as do proteins, which often leads to the 
formation of aggregates that generate immunoge-
nicity. Due to their small size, peptide-drug con-
jugates are potentially less immunogenic than 
protein-drug conjugates. Although their formula-
tion remains challenging, peptide conjugate for-
mulation is usually less complicated than that of 
protein-drug conjugates.

In designing a peptide-drug conjugate, a func-
tional group (i.e. amine, carboxylic acid, alcohol, 
or thiol) within the structure of the drug can be 
used to link the drug directly to a targeting pep-
tide’s N- or C-termini, or a side-chain functional 
group of the Lys, Asp, Glu, Ser, Thr, or Cys 
residue(s) on the peptide. This direct drug- 
peptide linkage may be in the form of an amide, 
ester, or thioether bond. In many cases, the drug 
may be conjugated to the peptide using a molecu-
lar linker (e.g. PEG, maleimido, etc.). Other than 
bridging drug and targeting components of the 
construct, the vital role of the linker is to provide 
a distance between the peptide and the drug, 
which is often crucial to the overall activity and 
potency of the construct. In one respect, ample 
distance between the drug and targeting-peptide 
components prevents interference (or steric hin-
drance) in binding to their respective receptors. 
This is because both drug and peptide have a 
molecular surface recognized by their respective 
receptors for biological activity. Normally, the 
conjugation is done at the functional group away 
from the bioactive region of the peptide or the 
drug. In addition, the linker can be designed to 
control the release of the drug from the conjugate 
upon reaching the cell targets within the tissue. 
Premature release of the drug in the systemic or 
lymphatic circulation before reaching the respec-
tive target cells can be harmful, and ultimately, 
defeats the purpose of drug-targeting.
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8.2.1  Peptide-Drug Conjugates 
for Cancer Therapy 
and Diagnostics

Chemotherapy remains the treatment of choice 
for cancer patients (Song et al. 2015). Most che-
motherapeutic agents are cytotoxic and kill not 
only cancer cells but also normal cells in the 
body. Some drugs have poor solubility, are 
highly toxic, or cannot cross the cancer cell 
membranes into the intracellular space. Most 
cancer cells eventually generate resistance to 
anticancer drugs after multiple treatments. One 
of the drug- resistance mechanisms is due to the 
overexpression of efflux pumps (i.e. Pgp, MRP, 
MDR1) that expel the anticancer drug from the 
cancer cell membranes. Therefore, there is a 
need to develop an alternative method to deliver 
drugs into cancer cells and overcome drug resis-
tance by avoiding the efflux pumps. One way to 
increase drug penetration across cell membranes 
is by utilizing receptor-mediated endocytosis 
mechanisms. Thus, drugs have been conjugated 
to peptides, proteins, nanocarriers, carbon nano-
tubes, and dendrimers. As an example, paclitaxel 
(PTX), which is widely used to treat breast, 
ovarian, testicular, and cervical cancers, is 
known to have poor water solubility (Majumdar 
et al. 2016). Thus, conjugation to a targeting 
peptide via a polyethylene glycol (PEG) linker 
increases solubility and improves selectivity to 
target cancer cells.

8.2.1.1  Cell Adhesion Peptides
Cell adhesion peptides have been used to target 
drugs and radioisotopes for cancer treatments 
and diagnostics. RGD peptides are cell adhesion 
molecules that have been extensively explored as 
carriers in peptide-drug conjugates. Certain 
cyclic RGD peptides bind selectively to αVβ3 and 
αVβ5 integrin receptors, which are upregulated 
during angiogenesis in tumors. Thus, these selec-
tive cyclic RGD peptides have been used to 
deliver radioisotopes such as 18F, 99mTc, 125I, or 
64Cu as cancer diagnostic agents. For example, 
18F-containing galactose was incorporated to 
RGD-1 peptide (Table 8.1) via an amide bond to 
the D-Lys side chain (Haubner et al. 2005). The 

18F-labeled conjugate binds selectively to upregu-
lated αVβ3 integrin receptors on tumor vascula-
ture as observed by positron emission tomography 
(PET). Thus, the conjugate can be used as an 
imaging tool to detect angiogenesis and tumor 
metastasis in vivo (Haubner et al. 2005). The lev-
els of αVβ3 receptors on human tumor cells have 
been detected with 18F-labeled conjugates and 
observed using PET. It was found that the 
detected levels of αVβ3 receptors were similar to 
those detected using immunohistochemistry 
(Beer et al. 2006). Accumulation of 18F-labeled 
RGD-1 peptide in human tumors showed intra- 
and inter-variability of conjugate accumulation 
due to different levels of αVβ3 across different 
individuals (Haubner et al. 2005). The various 
levels of αVβ3 found in humans can be used to 
predict populations of cancer patients most likely 
to respond to treatments with RGD-anticancer 
drug conjugates. RGD peptides have been used to 
selectively deliver the anticancer drugs doxorubi-
cin (DOX) (Arap et al. 1998) and PTX (Chen 
et al. 2005) to cancer cells in vitro and in vivo. 
RGD-1-DOX conjugate suppressed the growth of 
breast cancer xenographs in mice better than 
DOX alone, suggesting that cyclic RGD peptide 
improves the targeting of DOX to breast cancer 
cells in vivo (Arap et al. 1998).

ALOS4 peptide (Table 8.1) is a non-RGD 
peptide that also binds to αVβ3 integrin. The pep-
tide was linked to camptothecin (CPT) and fluo-
rescein isothiocyanate (FITC) via a GABA linker 
to give ALOS4-CPT and ALOS4-FITC, respec-
tively (Redko et al. 2016). FACS analysis showed 
a strong binding of ALSO4-FITC to WM-266-4, 
a malignant melanoma cell line. In vivo studies 
confirmed that tumor-bearing WM-266-4 cells in 
mice intravenously administered with ALOS4- 
FITC showed accumulation of ALOS4-FITC 
specifically in tumors rather than organs as 
observed after 24 hours. Next, ALOS4-CPT 
enhanced drug cytotoxicity to tumor cells better 
than CPT and other anticancer drugs. CPT activ-
ity has been known to be deactivated by the 
hydrolytic opening of a vital lactone ring in its 
structure. In contrast to its free form, the stability 
of this lactone ring is increased in the ALOS4- 
CPT conjugate (Redko et al. 2016). At 10 μM, 
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CPT alone kills high percentages of both malig-
nant WM-266-4 and non-malignant HEK-293 
tumor cells (human embryonic kidney cells) 
while ALOS4-CPT kills 70% of malignant 
WM-266-4 cells compared to 30% of the non- 
malignant HEK-293 cells. The activity of the 
conjugate is dose-dependent (Redko et al. 2016). 
These results affirm that ALOS4 selectively tar-
gets and delivers conjugates to malignant tumor 
cells.

8.2.1.2  Cell-Penetrating Peptides
Generally, most peptides cannot readily cross the 
cell membranes due to their physicochemical 
properties; however, cell-penetrating peptides 
(CPPs with 6–30 amino acids) are capable of 
crossing membranes and entering the cyto-
plasm of the cells. A detailed mechanism of the 
cellular uptake of CPPs is not well understood, 
but it may take place either by direct transloca-
tion or by endocytosis. The early CPPs identified 
were trans-activating transcriptional activator 
(TAT) peptides, derived from human immunode-
ficiency virus 1 (HIV-1), and antennapedia home-
odomain protein of drosophila (pAntp). These 
long sequences have been reduced to 6–7 amino 
acid peptides, which maintain similar cell pene-
trating behavior. CPPs have been used for cellu-
lar delivery of small drug molecules (i.e. 
doxorubicin, methotrexate and taxol), proteins, 
nucleic acids, and contrasting agents. Apart from 
the natural CPPs, synthetic and semi-synthetic 
CPPs, including the chimeric 27-amino acid 
transportan, penetratin, and PAF-26, were 
designed to facilitate drug delivery (Table 8.1).

8.2.1.3  Peptide Hormone for Drug 
Delivery

Peptide hormones such as octreotide (OCT), 
gonadotrophin-releasing hormone (GnRH), and 
epidermal growth factor (EGF) peptides 
(Table 8.1) have been investigated for delivering 
drugs to cancer cells. GnRH receptors are over-
expressed in malignant tumor of ovarian, breast, 
prostate cancers as part of the paracrine/autocrine 
regulatory system of malignant tumors (Bajusz 
et al. 1989; Limonta et al. 2003; Muranyi et al. 
2016). OCT and other somatostatin peptides bind 

to somatostatin receptors (STTRs) especially 
STTR2, which are upregulated in breast, cervi-
cal, colon, lung, ovarian cancers cells (Hejna 
et al. 2002). OCT peptide has a long half-life in 
systemic circulation with good tissue penetration 
due to its uptake by the STTR2 receptor. OCT 
has also been used for targeting radiotherapies 
(Muranyi et al. 2016). PTX-OCT conjugate was 
designed to improve the biological properties of 
PTX and overcome the issue of cancer resistance. 
Ovarian cancer is treated with PTX, but normally 
through multiple sessions/doses, often causing 
the emergence of drug resistance (Chen et al. 
2016). Localization of OCT peptide after deliv-
ery has been monitored using FITC-labeled OCT 
peptide (FITC-OCT), injected into nude mice 
bearing a xenografted tumor. Localization of 
FITC-OCT on the xenografted tumor confirmed 
abnormally high levels of STTR2 receptor 
expression in tumors. PTX-OCT also suppressed 
tumor growth in mice xenografts better than in 
those treated with free PTX, OCT, and mixtures 
of PTX + OCT (Chen et al. 2016). This result 
demonstrates the selectivity of PTX-OCT to 
tumor cells on the basis of high expression of 
STTR2. In addition, the conjugate downregulates 
the expression of multi drug resistance-1 (MDR1) 
protein.

GnRH or LHRH peptides effectively deliver 
anticancer drugs such as DOX and CPT to cancer 
cells (Nagy et al. 1996; Dharap 2003). FITC- 
labeled GnRH analogues have been used to com-
pare targeting efficiencies of GnRH-1, GnRH-2, 
and GnRH-3 peptides (Table 8.1) in human 
breast, colon, pancreas, and prostate cancer cells 
to that in the non-tumor cell line such as Madin- 
Darby canine kidney epithelial (MDCK) cells. 
This study also revealed that human pharynx 
tumor cells similarly overexpress GnRH recep-
tors on cell surfaces such as human breast, colon 
and prostate cancer cell lines. In contrast, pancre-
atic tumor cells (BxPC-3) do not present GnRH-1 
receptors on their membranes (Muranyi et al. 
2016). As expected, GnRH peptides are internal-
ized by tumor cells via active transport mecha-
nisms. Although different cancer cell lines vary 
in their uptake properties for the three different 
GnRH peptides, uptake by all tumor cells was 
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significantly higher than in the control MDCK 
cell-line, thus indicating the role of GnRH recep-
tor upregulation in tumor cells.

8.2.1.4  pH Low Insertion Peptide 
(pHLIP)

A pH low insertion peptide (pHLIP; Table 8.1) 
was developed as a pH-dependent cell-penetrat-
ing peptide for drug delivery (Burns et al. 2017). 
pHLIP is a water-soluble membrane peptide that 
interacts weakly with cell membranes at neutral 
pH; however, when the cell surface is slightly 
acidic, the pHLIP peptide is inserted into the cell 
membranes as a stable transmembrane α-helix. 
Its primary sequence is characterized by acidic 
residues (i.e. Asp or Glu) that can be protonated 
at the low extracellular pH observed in tumors. In 
testing the concept, six pHLIP derivatives were 
conjugated to monomethyl auristatin F (MMAF) 
to make pHLIP-MMAF conjugates and the 
MMAF is attached to the pHLIP C-terminus via 
a S-S bond that can be cleaved in the cytoplasm 
(Burns et al. 2017). The efficacy of six pHLIP-
MMAF conjugates was evaluated in vitro against 
cultured cancer cells to find the lead conjugate. 
In vivo, the lead conjugate showed significant 
therapeutic efficacy in mouse models without 
overt toxicities. pHLIP-MMAF was localized in 
cancer cells and inhibited the proliferation of 
cancer cells in a pH-selective and concentration-
dependent manner.

8.2.1.5  MMP Peptides
Tumor cells have a high expression of MMPs 
(MMP-2 and MMP-9) that are important in tumor 
proliferation and metastasis (Paez Pereda et al. 
2000). One MMP-hexapeptide, PVGLIG, has a 
high binding affinity to matrix metalloprotease-2 
(MMP-2) enzyme. Conjugated to PTX at the 
C-terminus of the MMP peptide via an ester 
bond, PTX-MMP was found to deliver PTX in a 
tumor-specific manner (Huang et al. 2016). 
Incubation of PTX-MMP with MMP2, as well as 
with cancer cells (i.e. HT-1080 and U87MG), 
releases PTX from the conjugate. PTX release 
was higher in HT-1080 and U87MG cells com-
pared to negative control cells (i.e. Hep-2 and 
Hep G2), suggesting the involvement of MMPs 

in both cancer cells (Huang et al. 2016). PTX-
MMP shows significantly higher cytotoxicity in 
HT-1080 and U87MG cells compared to PTX 
alone, with no difference in toxicity between 
PTX-MMP and PTX on Hep-2 and Hep G2 cells, 
which have low expression of MMPs. Mice 
implanted with HT-1080 or U87MG cells have a 
higher survival rate when treated with PTX-
MMP compared to those treated with PBS, PTX, 
and the MMP hexapeptide (Huang et al. 2016). 
These results support a role for the peptide and 
MMP-2 in the activity of the PTX-MMP conju-
gate against tumor cells.

8.2.1.6  A Combination of Peptides
A combination of two peptides has been used to 
target drugs to certain cells. Angiopep (ANG) 
peptide has been used alone or in combination 
with other peptides (e.g., TAT peptide) to deliver 
drugs to neuronal cells. ANG peptide (Table 8.1) 
was derived from the ligand of a low-density lipo-
protein-related protein 1 (LRP1) receptor that is 
involved in the uptake and processing of amyloid 
precursor protein (APP) in the intracellular com-
partment inside endosomal vesicles (Kim et al. 
2016). LRP-1 has been shown to mediate trans-
port of various ligands across the BBB (Li et al. 
2016). To prove the concept, ANG peptide alone 
was conjugated to β-secretase inhibitor (SI) (i.e. 
ANG-SI and ANG-PEG-SI; Table 8.1) for endo-
somal delivery of neuronal cells to inhibit the for-
mation of amyloid-beta (Aβ) (Barve et al. 2016; 
Kim et al. 2016). Neuroblastoma cells internal-
ize the ANG-SI conjugate better than SI peptide 
alone, suggesting that the uptake is through recep-
tor-mediated endocytosis. Conjugation of ANG 
to an SI peptide alters the recognition of the ANG 
peptide by LRP1 receptors because the uptake 
of the ANG-SI conjugate is unaffected in the 
decrease of LRP1 receptors. This suggests the 
involvement of another receptor in the uptake of 
the conjugate (Kim et al. 2016).

A combination of ANG and TAT peptides was 
used to deliver PTX as a conjugate (ANG-TAT-
PTX; Table 8.1) across the BBB, and this conju-
gate was developed to treat glioblastoma brain 
tumor (Li et al. 2016). ANG-TAT-PTX is 
expected to bind and be internalized by the LRP-1 
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receptor across the BBB. In previous studies, a 
conjugate of PTX with angiopep-2 and -3 
(ANG1005) has been shown to cross the BBB 
and was investigated in clinical trials (Regina 
et al. 2008; Thomas et al. 2009). The cellular 
uptake of ANG-TAT by U87 glioblastoma cells 
was higher than that of ANG alone (Li et al. 
2016). It is interesting to find that, although 
ANG-TAT and TAT-ANG were both internalized 
by U87 glioblastoma cells, only ANG-TAT 
crossed the BBB (Li et al. 2016). The brain 
delivery studies were done using Biotin-ANG-
TAT (Table 8.1), which was detected in brain 
tumor tissue. Biotin-ANG-TAT has significantly 
higher deposition (1.8 times) than Biotin-ANG; 
in this case, the TAT peptide improved brain 
tumor uptake. ANG-TAT-PTX-treated mice with 
implanted U87 glioblastoma cells in the brain 
have better survival rate than diseased mice 
treated with ANG-PTX or PTX alone (Li et al. 
2016). Therefore, TAT peptide is important in 
improving the conjugate brain delivery.

A combination of T10 and extracellular 
signal- regulated kinases (ERK) peptides 
(Table 8.1) was also used to deliver DOX mole-
cule to breast cancer cells to overcome drug 
resistance (Sheng et al. 2016). T10 peptide binds 
to and can be internalized by transferrin receptor 
(Tfr), which is overexpressed in tumor cells. 
ERK peptide can prevent activation of ERK by 
inhibiting phosphorylation and its binding to 
mitogen-activated protein kinase (MEK). T10 
peptide was conjugated to ERK peptide via a 
spacer (GGCG), and the thiol group on the Cys 
residue was linked to DOX to give T10-ERK-
DOX conjugate. The DOX cellular uptake in 
MCF7/ADR cancer cells was increased when 
attached to the conjugate. The conjugate reversed 
the drug resistance by downregulating Pgp 
expression and inhibiting ERK phosphorylation. 
Although T10-DOX delivered DOX to MCF7/
ADR cancer cells and suppressed MCF7/ADR 
xenograft in nude mice, T10-ERK-DOX had bet-
ter efficacy than T10-DOX in suppressing growth 
of MCF7/ADR tumor xenografts in nude mice 
(Sheng et al. 2015). This indicates that a combi-
nation of two peptides with different mechanisms 

improves the outcome of tumor suppression 
activity.

The concept of dual peptide targeting was also 
applied to PEGA peptide (Table 8.1) that binds a 
membrane-bound proline-specific aminopepti-
dase P (APaseP). APaseP is expressed approxi-
mately 100-fold higher in vasculature and 
malignant lesions in breast cancer than in normal 
tissues (Cordova et al. 2016). Thus, PEGA-TAT-
TAMRA conjugate was used to evaluate cellular 
delivery and localization of the peptide in breast 
cancer cells (Cordova et al. 2016). The conjugate 
was internalized by cancer cells in vitro and in 
vivo in tumor xenografts. Although conjugation 
of PEGA to TAT resulted in reduced selectivity 
for PEGA to APaseP, the overall results of uptake 
and localization of the dual peptide conjugate 
showed selective delivery to breast cancer tissue 
(Cordova et al. 2016). Thus, this dual peptide has 
the potential to delivery cytotoxic drugs to tumor 
cells in vivo.

8.3  Peptide-Particle Conjugates 
for Drug Delivery

Nanoparticles are another emerging technology 
to improve drug delivery to a specific type of 
cells. One potential advantage of nanoparticles is 
that they can be used to store the drug and deliver 
it in a controlled-release fashion. The drug release 
can be coupled to the different redox conditions 
between the extra- and intra-cellular environ-
ments of the cell because of elevated concentra-
tions of reductive substances in tumor cells, 
which differentiate them from normal cells 
(McEligot et al. 2005; Jones 2010). Certain types 
of nanoparticles are generated due to self-assem-
bly and micelle formation of the components in 
water because of their low critical micelle con-
centration. The micelles normally have high drug 
encapsulation efficiency. One example is 
PEGylated chitosan-based glycolipid, which can 
form a redox-responsive nanocarrier system 
called A54-PEG-CSO-ss-SA. The nanoparticles 
were studded with A54 peptide (Table 8.1) con-
jugated to a PEG moiety. The nanoparticles were 
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loaded with DOX and directed to human hepa-
toma cells by A54 peptide (Liu et al. 2016). The 
PEG moiety also serves to increase the in vivo 
half-life of nanoparticles by avoiding uptake by 
the reticuloendothelial (RES) system. In vitro 
and in vivo studies of nanoparticles show that 
DOX can be released via reduction of the disul-
fide bond depending on the amount of reductive 
substances in the tumor cells (Liu et al. 2016).

Recently, some efforts have been shifted from 
targeting drugs to specific types of cells to target-
ing them to subcellular organelles (e.g. the 
nucleus or mitochondria). In this case, the drug 
delivery systems are decorated with ligands that 
are specific for subcellular compartments, includ-
ing the nuclear localization signal (NLS) and the 
lipophilic triphenylphosphonium (TPP) cation. 
Both NLS and TPP can penetrate the nucleus 
because of their high affinity for nuclear pore 
complexes and can anchor to mitochondria via 
electrostatic interactions (Smith et al. 2003; Kang 
et al. 2010). Previously, drugs conjugated with 
NLS or TPP failed to reach the nucleus or mito-
chondria because the design of these conjugates 
was not favorable for entering cancer cells from 
the extracellular space (Jensen et al. 2003; 
Callahan and Kopecek 2006). To overcome this 
problem, a (N-(2-hydroxypropyl) methacryl-
amide (HPMA) polymeric delivery system was 
conjugated to G3-C12 peptide (Table 8.1), a 
galectin-3-targeting ligand. The ligand was used 
for cellular uptake by cancer cells as well as sub-
cellular mitochondria inside the cells (Sun et al. 
2017). An antibiotic KLA peptide (Table 8.1) 
was also conjugated to HMPA to give a G3-C12-
HPMA-KLA delivery system. The in vitro stud-
ies showed increased receptor-mediated 
internalization into PC-3 cells with overexpress-
ing galectin-3. Moreover, the specific binding 
between galectin-3 and the G3-C12 peptide 
directed HPMA-KLA conjugates to the mito-
chondria with enhanced cytotoxicity. An in vivo 
study revealed that the G3-C12 peptide signifi-
cantly enhanced the tumor accumulation of the 
polymer conjugate, exhibiting the best therapeu-
tic efficacy and an improved survival rate in ani-
mals (Sun et al. 2017).

Carboplatin has been used to treat ovarian 
cancer; however, the uptake of carboplatin by 
ovarian cancer cells becomes poor because of 
drug resistance upon multiple treatments of can-
cer cells. Thus, the poly(amidoamine)-b- 
poly(aspartic acid)-b-poly(ethylene glycol) 
(PAMAM-PAsp-PEG) system was designed to 
improve carboplatin delivery to ovarian cancer 
cells (OVCAR-3). The nanoparticles utilize 
RGD-2 peptide (Table 8.1) to direct them to 
OVCAR-3 cells that have overexpression of cell 
surface αVβ3 and αVβ5 integrin receptors. 
Carboplatin molecules were attached to the poly-
mer via a coordination complex with two carbox-
ylic acid on the poly-aspartic acid chains tethered 
to the polymer. The release of carboplatin was 
pH-dependent, and 88% of carboplatin was 
released from the polymer over 50 h at pH 5.5, 
while only 18% of carboplatin was released over 
50 h at pH 7.4. To track the cellular uptake and 
localization of the polymer in OVCAR-3 cells, 
Cy5-dye was also connected to the particles via 
PEG linker (Wang et al. 2016). The results 
showed that the particles containing RGD-2 pep-
tide were efficiently internalized by the cells 
compared to particles without RGD-2 peptide. 
The targeted particles have significantly higher 
toxicity to the cells than carboplatin alone. It was 
proposed that carboplatin was occurring in the 
lysosome due to pH change and protonation of 
the carboxylic acid of the Asp residues (Wang 
et al. 2016).

A new drug self-delivery system (DSDS) was 
designed as nanocarrier for delivering PTX; in 
this case, PTX was conjugated to octadecanol via 
a disulfide bond to produce PTX-ODN. The 
PTX-ODN can self-assemble to form nanoparti-
cles. Then, Pep-1 (Table 8.1) recognized by over-
expressed interleukin-13 receptor α2 (IL-13Rα2) 
was used to direct the particles to glioblastoma 
multiforme (GBM) and for crossing the BBB and 
blood-brain-tumor barrier (Jiang et al. 2017). In 
this case, the Pep-1-PEG-DSPE conjugate is used 
to incorporate Pep-1 on the DSDS. The PTX-
loaded nanoparticles were engulfed by IL-13Rα2 
receptor-mediated endocytosis into glioblastoma 
cells and disintegrated in the endosomes to 
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release the PTX-ODN component (Jiang et al. 
2017). The disulfide bond of PTX-ODN was 
reduced in the endosomes by glutathione to 
release PTX (Jiang et al. 2017). To follow the 
uptake and movement of the nanoparticles inside 
U87MG cells, the particles were labeled with 
coumarin-6 fluorophore. It was confirmed that 
the nanoparticles were internalized by U87MG 
cells in a receptor-mediated manner. In vivo, the 
nanoparticles can be detected in the U87MG gli-
oma brain tumor grafted in nude mice (Jiang 
et al. 2017). Brain tumor mice treated with Pep-
1- PTX-nanoparticles showed a higher survival 
population than those treated with vehicle, taxol, 
and PTX-octadecanol conjugate (Jiang et al. 
2017).

Nanosize particles (PEG-EGFR-PTX) were 
constructed using branched PEG conjugated to 
PTX and an epidermal growth factor receptor 
(EGRF) peptide (Table 8.1). The nanoparticles 
were designed to improve PTX delivery to cancer 
cells overexpressing EGFR (Majumdar et al. 
2016). The roles of PEG were to increase drug-
water solubility and half-life of the particles. The 
abilities of PEG-EGFR-PTX, PTX-PEG, and 
PTX to inhibit cell growth were evaluated in 
squamous cell carcinoma of the head and neck 
(SCCHN) cell line. The results showed that the 
IC50s of PEG-EGFR-PTX, PTX-PEG, and PTX 
were 21.74, 8.05, and 1.47 nM, respectively 
(Majumdar et al. 2016). The lower activity of 
PEG-EGFR-PTX compared to PTX alone may 
be due to the less efficient uptake of the PEG-
EGFR- PTX particles rather than to passive diffu-
sion of PTX. Unfortunately, the toxicities of 
PEG-EGFR-PTX particles and PTX were not 
compared between EGFR overexpressing cancer 
cells and normal cells to prove particle targeting 
by EGFR peptide. Therefore, it is difficult to 
evaluate the usefulness of the particles in treating 
tumors in vivo.

A conjugate of peptide in nanobubbles (NBs) 
was designed to deliver small interfering RNA 
(siRNA) molecules, which have high specificity 
for the oncogenic mRNA in cancer cells. siRNA 
molecules are known to have unfavorable physi-
cochemical properties (e.g., size and anionic 
charges) for partitioning and crossing the cellular 

membranes to enter the intracellular space and 
exert their activity. To overcome this problem, 
Myc siRNA was conjugated to CPP (Table 8.1) to 
give CPP-Myc siRNA, which is encapsulated in 
ultrasound sensitive NBs. Ephrin peptide (YSA 
peptide, Table 8.1) was attached to the surface of 
NBs using 1,2-distearoyl-sn-glycero-3-phospho-
ethanolamine-N-methoxy-(polyethylene glycol) 
(DSPE-PEG) to give CPP-siRNA/YSA-NB (Xie 
et al. 2015). YSA peptide selectively binds to 
overexpressed EphA 2 protein on the cell surface 
(Xie et al. 2015). After cellular uptake, the CPP-
Myc siRNA was released from NBs upon expo-
sure to ultrasound that induced apoptosis of 
MCF-7 breast cancer cells in vitro. CPP-Myc 
siRNA/YSA-NB administered in conjunction 
with ultrasound significantly suppressed tumor 
growth of MCF-7 xenografts in mice compared 
to without ultrasound (Xie et al. 2015). The CPP-
Myc siRNA/YSA-NB + ultrasound was signifi-
cantly more effective than controls 
CPP-NC- siRNA/YSA-NB + ultrasound or CPP-
siRNA alone, suggesting that YSA and ultra-
sound improved the efficacy of the CPP-Myc 
siRNA.

To reduce premature drug release, prodrug 
nanomedicine was developed to increase stability 
and solubility and to reduce injection of inactive 
carriers (Song et al. 2015). Clinical trials of pro-
drug carriers such as albumin-PTX have shown 
promise. When formulating prodrug nanomedi-
cine, PEGylation of the drug is often used as car-
rier because PEGylation is neither toxic nor 
immunogenic, and can improve the half-life of 
the drug in circulation (Song et al. 2015). A 
cleavable linker between the drug and the carrier 
is also an essential component. The cis-asconitic 
anhydride-DOX (CAD) was conjugated to a PEG 
group via an amide bond to make a PEG-CAD 
prodrug. Then, the PEG-CAD prodrug was con-
jugated to RGD-3 peptide (Table 8.1), which 
selectively binds to neuropilin-1 (NRP-1) recep-
tors. NRP-1 receptors have been shown to be 
overexpressed in tumor vessels as well as in 
many human cancer cell lines. The conjugation 
utilized a thiol-ene reaction to give an acid-labile 
prodrug called PEG-CAD-RGD-3. Due to the 
amphiphilic nature of PEG-CAD-RGD-3, it 
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assembled into nanoparticles in water. During in 
vitro and in vivo administration, the release of 
DOX was triggered in acidic pH, but was 
restricted in neutral pH environment. Compared 
to DOX alone, the presence of RGD-3 peptide 
improved nanomedicine endocytosis and cyto-
toxicity into tumor cells. In Balb/c mice, PEG-
CAD- RGD-3 nanomedicine has shown prolonged 
accumulation of DOX in tumors (Song et al. 
2015).

8.4  Peptide Modulation 
of Biological Barriers 
to Improve Drug Delivery

Biological barriers such as the intestinal mucosa 
barrier (IMB) and blood-brain barrier (BBB) are 
present to protect the body from infections enter-
ing into the systemic circulation and the central 
nervous systems (CNS), respectively (Deli 2009). 
IMB is composed of a single layer of epithelial 
cells at the luminal side of the gastrointestinal 
tract followed by the lamina propria and the mus-
cularis mucosae. The BBB is comprised of the 
luminal and abluminal membranes of the brain 
capillary endothelium as the major route for mol-
ecules (drugs and diagnostic agents) to enter the 
brain (Pardridge 2012). The IMB and BBB func-
tion as selective filters to allow needed substances 
and nutrients to enter the systemic circulation or 
brain, respectively, while preventing unwanted 
substances such as toxins from crossing the barri-
ers. The gastrointestinal tract, skin, kidney, and 
lung barriers are made up of epithelial cells while 
the BBB microvessels are composed of endothe-
lial cells. The delivery of molecules through the 
IMB and BBB is normally via the transcellular 
and paracellular pathways. Passive diffusion of 
drugs through the transcellular pathway depends 
on physicochemical properties of the drugs, and 
the passive diffusion of these drugs is normally 
regulated by Lipinski’s rules of five. In general, 
peptide and protein drugs cannot cross the trans-
cellular pathways due to their size,  hydrophilicity, 
and hydrogen bonding potential. However, some 
hydrophilic small and large molecules (e.g. 

peptides and proteins) can cross the biological 
barriers via the transcellular pathway using 
receptor-mediated transporters.

Alternatively, drug molecules could cross the 
IMB and BBB via the paracellular pathway, 
where molecules pass through the intercellular 
space between the cells (O’Donnell and Maddrell 
1983; Laksitorini et al. 2014). The paracellular 
space or intercellular junctions are connected by 
cell-cell adhesion proteins, forming a contiguous 
membrane connection (Anderson and Van Itallie 
2009; Van Itallie and Anderson 2014). Therefore, 
there is a size limit for molecules to cross the 
paracellular pathway; normally, only ions and 
molecules with hydrodynamic radius <11 Å can 
cross this pathway (Lutz and Siahaan, 1997b). 
This limitation is imposed by the tight junctions 
that are mediated by cell-cell adhesion proteins 
such as occudins, claudins, and junction adhesion 
molecules (JAMs), which act as a fence to pre-
vent free diffusion of molecules. Below the tight 
junctions there are adherens junctions (AJ), 
which are mediated by nectin and calcium- 
binding cadherins (Zheng et al. 2006). Beneath 
the adherens junctions lie the desmosomes, 
which are composed of desmoglein and desmo-
collin proteins; these proteins are also part of the 
cadherin family of cell-cell adhesion molecules 
with calcium-dependent binding properties 
(Garrod and Chidgey 2008).

Modulation of the intercellular junctions of 
the IMB and BBB have shown promise in enhanc-
ing paracellular permeation of molecules. A 
hypertonic mannitol solution is used clinically to 
deliver anticancancer drugs to treat terminally ill 
brain tumor patients (Neuwelt et al. 1979, 1984, 
1987). This method is called osmotic delivery 
because the hypertonic solution shrinks the BBB 
vascular endothelial cells and modulates the 
intercellular junctions to increase their porosity. 
Various chemicals as specific and nonspecific 
junction modulators (i.e. sodium caprate, sodium 
decanoate, oleic acid, ethyleneglycol-bis-(β- 
aminoethyl ether)-N, N′-tetraacetic acid (EGTA)) 
have successfully improved penetration of mole-
cules through in vitro models of biological bar-
rier (Lutz and Siahaan 1997a, b). Due to 
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uncontrolled paracellular opening, many toxic 
and unwanted side effects were observed with 
some of these methods. Thus, much research is 
focused on designing synthetic peptides that 
selectively modulate the protein-protein interac-
tions in the intercellular junctions to improve 
paracellular permeation of delivered molecules.

8.4.1  Peptide Modulation of Tight 
Junction Proteins

One way to improve delivery of drug molecules 
via paracellular pathways of IMB and BBB is by 
modulating the interactions of cell-cell adhesion 
proteins in the intercellular junctions to increase 
the porosity of the paracellular pathways 
(Laksitorini et al. 2014; Bocsik et al. 2016). 
Several peptides derived from occludins have 
been synthesized and evaluated for this purpose. 
Occludins are 60 kDa membrane proteins that are 
involved in maintaining tight junction integrity. 
They are composed of four transmembrane 
domains, three cytoplasmic domains, and two 
extracellular loops of approximately similar size. 
One of these extracellular loops contains more 
Tyr and Gly residues (Gonzalez-Mariscal et al. 
2003). The OCC2 peptide (Table 8.1) derived 
from extracellular loop 2 has been shown to mod-
ulate the tight junctions of A6 cell monolayers; 
the peptide lowers the transepithelial electrical 
resistance (TEER) values of the monolayers 
(Wong and Gumbiner 1997). OCC2 also enhances 
the penetration of paracellular markers such as 
inulin, dextran 3000, and dextran 40,000 across 
the A6 cell monolayers, indicating that the pep-
tide increases paracellular porosity. OP90–135 pep-
tide (Table 8.1) derived from the first loop of 
occludin can lower the TEER values of Caco-2 
cell monolayers, a model for IMB (Tavelin et al. 
2003). The peptide also enhanced the transport of 
a paracellular marker, 14C-mannitol, across the 
Caco-2 cell. A smaller OP90–103 peptide (Table 8.1) 
has better modulatory activity than the parent 
OP90–135 in Caco-2 cell monolayers. In addition, 
Lip-OP90–103 peptide (Table 8.1) that is an 
N-terminus lipid-alkylated peptide has about 11 

times higher modulatory activity than the parent 
OP90–103.

Besides the occludins, claudins (Cldn-1, -2, 
-3, and -4) are also responsible for forming tight 
junctions; claudins have a transmembrane struc-
ture similar to that of occludins (Gonzalez-
Mariscal et al. 2003; Anderson and Van Itallie 
2009; Van Itallie and Anderson 2014). They have 
a short cytoplasmic N-terminus, two extracellular 
loops, and a C-terminal cytoplasmic domain. 
Both occludins and claudins interact via their 
C-terminus to zonula occludin-1 (ZO-1), ZO-2, 
and ZO-3 to stabilize the cytoskeleton mem-
branes of the tight junctions (Schneeberger and 
Lynch 2004). Knocking down the expression of 
Cldn-1, Cldn-4, occludin, and ZO-1 increases the 
paracellular permeation of molecules and ions 
across the cell monolayers (Van Itallie and 
Anderson 2014). This result confirms their 
importance in maintaining the tight junctions. A 
29-amino acid C1C2 peptide derived from the 
extracellular loop-1 of claudin-1 can enhance the 
permeation of small and large paracellular mark-
ers (i.e. Lucifer Yellow and FITC-Dextran 10 
KDa) across the cell monolayers (Zwanziger 
et al. 2012). In vivo, the peptide increases the 
brain delivery of tetrodoxin and enkephalin pep-
tides, suggesting that the peptide modulates the 
tight junctions of the BBB. The proposed mecha-
nism of action of C1C2 peptide is via binding to 
claudins followed by induction of claudin endo-
cytosis into the cytoplasmic domain (Staat et al. 
2015). Therefore, this internalization lowers the 
population of claudin in the tight junction to 
make the tight junctions looser.

8.4.2  Peptide Modulators 
of Adherens Junction Proteins

Peptides derived from the extracellular domain-1 
(EC1) domain of E-cadherin (i.e. HAV and ADT 
peptides) have been shown to modulate the inter-
cellular junctions of MDCK and Caco-2 cell 
monolayers (Makagiansar et al. 2001; Sinaga 
et al. 2002). HAV and ADT peptides have been 
shown to inhibit E-cadherin-mediated cell-cell 
adhesion of single cells of bovine brain microves-
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sel endothelial cells (BBMEC) as well as the 
intercellular junctions of BBMEC monolayers 
(Lutz and Siahaan 1997a, b; Pal et al. 1997). 
HAV6 and/or ADTC5 peptides (Table 8.1) 
increase the in vivo brain delivery of molecules in 
mice and/or rats; the delivered molecules include 
paracellular markers (i.e. 14C-mannitol, 25 kDa 
IRdye800cw-Polyethylene glycols or PEG), anti-
cancer drugs (i.e. 3H daunomycin, Glu-CPT), 
efflux pump substrates (i.e. rhodamine 800 
(R800), 3H daunomycin), magnetic resonance 
imaging (MRI) enhancing agents (i.e. gadopen-
tetic acid or Gd-DTPA), peptides (i.e. 
IRdye800cw-cLABL and cIBR7; Table 8.1) and 
proteins (i.e. 65 kDa galbumin) (Kiptoo et al. 
2011; On et al. 2014; Laksitorini et al. 2015; 
Alaofi et al. 2016; Ulapane et al. 2017). The brain 
depositions of radioactive molecules such as 
14C-mannitol and 3H-daunomycin were detected 
and quantified in the brain homogenates using a 
radioactive counter, while the quantity of brain 
deposition of R800, IRdye800cw-PEG, and 
IRdye800cw-cLABL was determined in the 
intact isolated brain using near IR fluorescence 
imaging. MRI was used in living animals to 
detect the brain distribution of Gd-DTPA and gal-
bumin. Finally, the amounts of brain-delivered 
non-labeled Glu-CPT and cIBR7 peptide in rats 
were detected using LC-MS/MS. The duration of 
modulation of the in vivo BBB for small mole-
cules was less than 1 h for HAV6 peptide and 
between 2 and 5 h for ADTC5 peptide (On et al. 
2014; Laksitorini et al. 2015). However, the dura-
tion of BBB modulation by HAV6 and ADTC5 
was too short for delivering a large molecule such 
as 65 kDa galbumin, less than 10 min for HAV6 
and from 10–40 min for ADTC5 peptide (Ulapane 
et al. 2017). The results suggest that the peptides 
create small pores in the intercellular junctions 
with a long-time duration compared to a short 
duration for large pores in the BBB intercellular 
junctions. The results also indicate that the BBB 
modulation is reversible.

The mechanism of action of HAV and ADT 
peptides is potentially due to their binding to 
E-cadherin to inhibit cadherin-cadherin interac-
tions in the intercellular junctions of the BBB. 
Using nuclear magnetic resonance spectroscopy 

(NMR) and molecular docking studies, HAV and 
ADT peptides were shown to bind at different 
sites on the EC1 domain of E-cadherin (Alaofi 
et al. 2017). It is proposed that the HAV6 peptide 
binds to the EC1 domain and inhibits the binding 
of the EC1 domain from one E-cadherin to the 
EC2 domain of another cadherin on the same 
membranes, which is the cis-cadherin interac-
tion. In contrast, ADTC5 peptide binds to the 
EC1 domain to prevent the trans-EC1 domain 
from swapping between two E-cadherins from 
opposite cell membranes or trans-cadherin 
interactions.

8.4.3  Other Peptide Modulators 
Tight Junctions

Bocsik et al. have shown that C-CPE, AT-1002, 
PN-78, and PN-159 peptides (Table 8.1) could 
modulate the intercellular junctions of the IMB 
and BBB in cell culture models (Bocsik et al. 
2016). These peptides were not derived from the 
sequence of proteins from the intercellular junc-
tions of the IMB and/or the BBB. C-CPE and 
AT-1002 peptides were respectively derived from 
clostridium perfringens enterotoxin (C-CPE) and 
zonula occludens toxin (Zot). Both peptides mod-
ulate the penetration of molecules through the 
paracellular pathways of IMB and BBB in vitro 
and/or in vitro (Sonoda et al. 1999; Bocsik et al. 
2016). PN-78 and PN-159 peptides were discov-
ered using phage display and they increased the 
paracellular permeation of molecules through the 
lung epithelial cell monolayer (Herman et al. 
2007). C-CPE, AT-1002, PN-78, and PN-159 
modulate the intercellular junctions of Caco-2 
cell and brain endothelial monolayers as models 
of IMB and BBB, respectively. This junction 
modulation was reflected in the lowering of 
trans-epithelial/endothelial electrical resistance 
(TEER) upon peptide treatment. The paracellular 
transport of fluorescein across the Caco-2 cell 
monolayers was enhanced by C-CPE, 
AT-1002, and PN-159 but not PN-78 peptides. 
However, all four peptides enhanced the penetra-
tion of albumin across the Caco-2 cell monolay-
ers. The paracellular permeation of both 
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fluorescein and albumin across the BBB cell 
monolayers was increased by AT-1002, PN-78, 
and PN-159 but not C-CPE. Thus, these peptides 
can be used to deliver drug molecules across the 
IMB and the BBB in in vivo studies.

8.5  Conclusion

Peptides have been successfully developed as 
drugs. Now, peptides have been extensively 
investigated to deliver drugs to specific cells to 
lower their unwanted side effects. Similarly, con-
jugation of peptides to labeled molecules or 
atoms was shown to be useful for potential diag-
nostic agents to locate diseased cells within the 
body using various detection methods such as 
MRI and PET. Finally, delivery across the intesti-
nal mucosa and the blood-brain barrier can also 
be enhanced by modulation of the protein-protein 
interactions in the intercellular junctions of these 
barriers using peptides. Modulation of the BBB 
using cadherin peptides can enhance the brain 
delivery of small-to-large molecules to the brains 
of living animals. Thus, modulation of the inter-
cellular junctions can be exploited to clinically 
deliver drug and diagnostic molecules through 
the IMB and BBB in the future.
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Abstract

Peptide and protein aberrant lipidation patterns are often involved in many 
diseases including cancer and neurological disorders. Peptide lipidation is 
also a promising strategy to improve pharmacokinetic and pharmacody-
namic profiles of peptide-based drugs. Self-adjuvanting peptide-based 
vaccines commonly utilise the powerful TLR2 agonist PamnCys lipid to 
stimulate adjuvant activity. The chemical synthesis of lipidated peptides 
can be challenging hence efficient, flexible and straightforward synthetic 
routes to access homogeneous lipid-tagged peptides are in high demand. A 
new technique coined Cysteine Lipidation on a Peptide or Amino acid 
(CLipPA) uses a ‘thiol-ene’ reaction between a cysteine and a vinyl ester 
and offers great promise due to its simplicity, functional group compatibility 
and selectivity. Herein a brief review of various synthetic strategies to 
access lipidated peptides, focusing on synthetic methods to incorporate a 
PamnCys motif into peptides, is provided.
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9.1  Introduction

The market for peptide based therapeutics has 
been constantly growing since the late 1990s 
with 140 peptide drugs currently estimated to be 
undergoing clinical trials and 500 therapeutic 
peptides in pre-clinical development (Fosgerau 
and Hoffmann 2015; Kaspar and Reichert 2013; 
Otvos and Wade 2014). Biologically active pep-
tides are excellent drug candidates due to high 
receptor selectivity, binding affinity, potency and 
relatively low toxicity (Fosgerau and Hoffmann 
2015; Trabocchi and Guarna 2014). However, the 
therapeutic potential of peptides can be limited 
due to their poor chemical and physical stability, 
short plasma half-life, and low oral bioavailabil-
ity (Fosgerau and Hoffmann 2015; Trabocchi and 
Guarna 2014). Peptide drug delivery to the site of 
action is often challenging and improved tech-
nologies to overcome this obstacle are highly 
desirable (Lewis and Richard 2015). Structural 
and functional modifications of native peptides 
using chemical techniques have been used to 
generate compounds with higher affinity, 
improved enzymatic stability and/or efficacy 
compared to the parent peptide (Trabocchi and 
Guarna 2014). Peptide backbone modifications, 
cyclization, unnatural amino acid insertion, 
PEGylation, glycosylation, phosphorylation and 
lipidation are common techniques to improve the 
physicochemical and pharmacological profiles of 
bioactive peptides. (Zhang and Bulaj 2012)

Peptide lipidation is an effective strategy to 
modify the pharmacokinetic and pharmacody-
namic properties of lead peptide therapeutics and 
has proven to be successful with several mar-
keted peptides including liraglutide (Victoza®) 
(Jackson et al. 2010; Knudsen et al. 2000) and 
insulin detemir (Levemir®) (Zhang and Bulaj 
2012; Home and Kurtzhals 2006; Le Floch 2010). 
Incorporation of lipid units onto a peptide back-
bone can dramatically increase enzymatic stabil-
ity (Simerska et al. 2011), receptor selectivity 
and potency (Ward et al. 2013), bioavailability 
(Hamman et al. 2005; Park et al. 2011; Renukuntla 
et al. 2013; Karsdal et al. 2015) and drug delivery 
potential (membrane permeability) (Zhang and 
Bulaj 2012; Simerska et al. 2011).

This review describes the impact of lipidation 
on peptide-based drug development and sum-
marises the most recent strategies to incorporate 
a lipid moiety onto a peptide using chemical 
techniques. A brief discussion on naturally occur-
ing lipidated proteins and peptides and the poten-
tial for lipidation to create bioactive therapeutics 
is covered. The highlight of this perspective 
relates to synthetic approaches to incorporate 
PamnCys-based Toll-like receptor 2 (TLR2) lipi-
dated ligands into peptides with the potential to 
generate self-adjuvanting vaccine constructs.

9.1.1  Protein Lipidation in Nature

Protein lipidation is one of the most important 
post- and co-translational modifications control-
ling protein affinity to cellular membranes and 
influencing protein regulatory and signalling 
functions (Mejuch and Waldmann 2016; Resh 
2013). Altered lipidation patterns are associated 
with various diseases including cancer, neuro-
logical diseases, diabetes, infections (bacterial, 
fungal and viral) (Resh 2012).

Protein acylation phenomena encompasses a 
broad range of saturated and unsaturated fatty 
acids of different length creating proteins with a 
unique set of functions. Protein-bound lipid types 
and lipid-protein linkages vary in nature. 
Covalent attachment of unique fatty acid chains 
is controlled by the action of specific transferases 
affording a broad range of lipidated proteins 
including N-myristoylated, S- or N-palmitoylated, 
and cholesterol- and isoprenol-enriched moieties 
(Fig. 9.1). Glycosylphosphatidylinositol (GPI), 
and phosphatidylethanolamine (PE) conjugation 
to proteins has also been described (Resh 2013).

Lipid addition occurs at N- and C- terminal 
sites of proteins or within the protein sequence 
directed by specific amino acids such as cysteine, 
serine, threonine, and lysine (Hannoush 2015). 
Lipidation can be irreversible when formed via 
an amide bond using an N-terminal glycine or 
cysteine moiety (N-myristoylation and 
N-palmitoylation, respectively) or reversible 
when a thioester bond is formed between the 
fatty acid the thiol of the cysteine residue 
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(S-palmitoylation), Fig. 9.1 (Resh 2013; 
Chamberlain and Shipston 2015).

Proteins can exist in a mono-lipidated state or 
with multiple-lipid group addition. Membrane 
proteins such as MARCKS, GPCRs, and 
K-Ras4B are monolipidated proteins enriched 
with myristoyl, palmitoyl and farnesyl motifs, 
respectively. The Hedgehog (Hh) family of pro-
teins which are associated with developmental 
processes (Lee et al. 2016) are modified with pal-
mitate and cholesterol; similarly, the Src family 
kinases are myristoylated and palmitoylated and 
plasma membrane H-Ras and N-Ras proteins are 
farnesylated and palmitoylated (Resh 2013).

Irreversible protein modification with myristic 
acid, a 14-carbon fatty acid, is the most prevalent 
in nature and accounts for 0.5–0.8% of all lipi-
dated eukaryotic proteins. It can occur both co- 
and post-translationally at the N-terminal glycine 
and is catalysed by N-myristoyltransferase 
(NMT), Fig. 9.1a (Resh 2013; Wright et al. 2010; 
Resh 2016). N-Myristoylation at the Nε of lysine 
was also observed for interleukin 1α (Stevenson 
et al. 1993) and tumour necrosis factor alpha 
(TNF) (Stevenson et al. 1992); However, enzymes 
involved in these acylation processes are yet to be 

identified (Resh 2016). N-Myristoylated proteins 
such as c-Src, BID, PAK2, or gelsolin play 
important roles in various biological processes 
including cellular transformation and effecting 
protein localization (Hannoush 2015; Wright 
et al. 2010). N-Myristoylation is involved in 
pathogen survival and altered myristoylation pat-
terns are linked to carcinogenesis (Wright et al. 
2010).

S-Palmitoylation is the most common form of 
protein S-acylation affording reversibly-tagged 
proteins with a 16-carbon palmitic acid unit 
(Chamberlain and Shipston 2015; Resh 2016). 
S-Palmitoylation can occur at the cysteine moiety 
located in the proximity of either the N -or 
C-terminus of proteins, Fig. 9.1b. Attachment of 
stearic acid (C18:0) and monounsaturated 
omega-9 oleic acid (C18:1) via the thiol group of 
a cysteine residue has also been described 
(Chamberlain and Shipston 2015).

Due to labile nature of the thioester bond used 
to link a fatty acid with a protein backbone, a 
dynamic equilibrium between protein S-acylation 
and deacylation with distinct turnover rates 
occurs that influences intracellular localization, 
membrane association, and the regulatory 

(b) S-palmitoylation (C16:0) at Cys

(a) N-terminal myristoylation (C14:0) at Gly

(c) N-terminal palmitoylation (C16:0) at Cys and C-terminal cholesterol addition

(d) cis-9-palmitoleate attachment (C16:1) at Ser(e) Octanoylation at Ser
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 functions of a diverse family of proteins. 
S-Acylation of cellular proteins is mediated via 
S-acyl transferases from the zDHHC protein fam-
ily. However, only scant information is available 
on the S-acyl thioesterases involved in protein 
deacetylation and the dynamic S-acylation pro-
cess (Chamberlain and Shipston 2015). It is pro-
posed that enzymes from the serine hydrolase 
family including acyl protein thioesterases 
(APTs) (Davda and Martin 2014), and protein 
palmitoyl thioesterases (PPTs) (Lin and Conibear 
2015) may be involved (Chamberlain and 
Shipston 2015).

S-Acylation facilitates stable membrane bind-
ing of peripheral proteins and mediates protein 
targeting to specific endoplasmic reticulum (ER) 
subdomains. Protein S-acylation controls traf-
ficking and localization of cellular proteins, and 
improves protein stability in addition to regulat-
ing cellular signalling receptors (Chamberlain 
and Shipston 2015).

The Hedgehog protein family are critical pro-
teins with roles in embryonic development and 
tumorigenesis (Resh 2016; Pepinsky et al. 1998). 
These mature signalling proteins are dually lipi-
dated comprising a palmitate unit which is incor-
porated through an amide bond at N-terminal 
cysteine (N-palmitoylation) via the action of 
hedgehog acyltransferase (Hhat), a member of a 
membrane-bound O-acyltransferases (MBOAT) 
protein superfamily (Konitsiotis et al. 2015; 
Matevossian and Resh 2015), and a cholesterol 
moiety covalently attached to the C-terminal gly-
cine via its 3β-hydroxyl group, Fig. 9.1c (Resh 
2013, 2016). N-Palmitoylation is essential for 
signalling activity of Hh proteins during develop-
ment while the cholesterol unit aids the signal-
ling functions (Resh 2013, 2016). Aberrant Hh 
signalling pathways result in birth defects in 
humans including microencephaly, cyclopia, 
absent nose or cleft palate. The development of 
breast, prostate and lung cancer has also been 
associated with Hh signaling anomalies (Gupta 
et al. 2010).

Another member of MBOAT superfamily is 
porcupine (Porcn) transferase which mediates 
attachment of a monounsaturated cis-Δ9- 
palmitoleate unit via a side chain of serine resi-

due to a secreted Wnt glycoprotein family (Resh 
2016; Hofmann 2000; Nile and Hannoush 2016; 
Shindou et al. 2009). This post-translational lipid 
attachment plays a crucial role in regulating sig-
nalling during embryonic development and tissue 
homeostasis, Fig. 9.1d (Resh 2016; Nile and 
Hannoush 2016). It has been recently reported 
that Wnts palmitoylation is reversible; notum 
hydrolase, which participates in deacylation, 
affords an inactive form of Wnts with inhibited 
signalling ability (Resh 2016; Nile and Hannoush 
2016; Zhang et al. 2015; Kakugawa et al. 2015). 
Targeting Wnt signalling pathways using syn-
thetic modulators including small molecules and 
peptides is therefore a promising tool to inhibit 
Wnt-driven diseases such as cancer (Nile and 
Hannoush 2016; Anastas and Moon 2013).

Ghrelin O-acyltransferase (GOAT), another 
MBOAT enzyme, mediates the covalent attach-
ment of octanoic acid onto Ser-3 of the 28-amino 
acid peptide hormone ghrelin (Fig. 9.1e) (Resh 
2016; Yang et al. 2008; Gutierrez et al. 2008; 
Kojima et al. 1999; Müller et al. 2015). Ghrelin 
octanoylation is essential for the secretion of 
insulin and growth hormone, and hormone activ-
ity including appetite stimulation, adiposity and 
cardiovascular functions (Resh 2016; Gutierrez 
et al. 2008; Müller et al. 2015; Sato et al. 2015). 
Therefore, ghrelin is an attractive target in novel 
therapies to treat obesity and diabetes (Müller 
et al. 2015; Sato et al. 2015).

Protein prenylation refers to a post- 
translational attachment of isoprenoid lipids. 
Incorporation of farnesyl (C15) and geranylgera-
nyl (C20) groups is effected by formation of a 
thioether bond using a cysteine moiety in the 
C-terminal proximity of the protein via protein 
farnesyltransferase (FT) and geranylgeranyl-
transferase 1 (GGT 1), Fig. 9.1f, g, respectively 
(Wang and Casey 2016). The fully processed lipi-
dated protein contains a prenylated cysteine resi-
due with a methylated carboxylic acid moiety, at 
the protein C-terminus. Members from HRAS, 
KRAS, NRAS, prelamin A, lamin B, and RAS- 
related GTPases are examples of protein families 
incorporating isoprenoid lipids within their struc-
tures (Wang and Casey 2016). Prenylation con-
trols the oncogenic activity of many proteins 
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including farnesylated RAS proteins that are 
involved in 30% of human cancers (Wang and 
Casey 2016).

Another common eukaryotic post- translational 
lipid modification is the attachment of a complex 
glycosylphosphatidylinositol anchor to the 
C-terminus of proteins (Paulick and Bertozzi 
2008; Ferguson et al. 2009). GPI comprises a 
phosphoethanolamine linker, a highly conserved 
glycan core (mannose(α1-2)mannose(α1-6)
mannose(α1-4)glucosamine(α1-6)myo-inositol) 
and phospholipid tail which links the GPI anchor 
to the cell membrane (Paulick and Bertozzi 2008; 
Ferguson et al. 2009). The sugar-rich domain can 
be further modified with the addition of various 
groups including other glycans, sialic acid and 
phosphoethanolamine moieties affording func-
tionally diverse glycoforms of GPI anchors 
(Paulick and Bertozzi 2008; Ferguson et al. 
2009). The lipid portion of the GPI moiety differs 
depending on the protein which it is attached to 
and the organism it originates from. The GPI 
anchor of human erythrocyte acetylcholinester-
ase for example, comprises three fatty acids in 
various states of saturation and lengths ranging 
from 16 to 22 carbons (Fig. 9.2) (Paulick and 
Bertozzi 2008; Ferguson et al. 2009; Deeg et al. 
1992; Roberts et al. 1988b, a). The exact 
structure- activity relationship of GPI-anchored 

proteins is poorly understood due to the complex 
nature of the GPI anchor structure. GPI-anchored 
proteins are multifunctional; these proteins have 
been identified in receptors, hydrolytic enzymes, 
adhesion and regulatory molecules etc (Paulick 
and Bertozzi 2008; Ferguson et al. 2009).

Atg8 and LC3 proteins found in yeast and 
mammals respectively, contain a phospholipid 
moiety, namely phosphatidylethanolamine (PE) 
that is post-translationally anchored to a 
C-terminal glycine residue via numerous steps of 
ubiquitination-like reactions catalysed by 
autophagy- related (Atg) proteins (Resh 2013). It 
has been reported that increased levels of PE 
enhance autophagy, a cytoprotective mechanism 
responsible for degradation of toxic proteins and 
potentially harmful and damaged organelles 
(Feng et al. 2014; Rockenfeller et al. 2015). 
Modulating autophagy can be used for the treat-
ment of human disorders including cancer, diabe-
tes, and Alzheimer’s and Parkinsons’ disease 
therefore new autophagy controllers are strongly 
desirable (Feng et al. 2014; Rockenfeller et al. 
2015).

In summary, regulating the action of lipidated 
proteins may lead to potential therapies to treat 
infectious disease and human pathologies. 
Targeting NMT, Hedgehog acyltransferase, FT 
and GGT 1 inhibitors may play a role in  anticancer 
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therapies (Wang and Casey 2016; Berndt et al. 
2011). Effective techniques to modulate prenyl-
ation patterns can be used in hepatitis D and C 
viruses (HDV and HCV) treatment (Koh et al. 
2015; Cory et al. 2015; Ye et al. 2003), premature 
ageing disorders such as Hutchinson- Gilford pro-
geria syndrome (HGPS) (Gordon et al. 2014; 
Young et al. 2013) in addition to neurodegenera-
tive pathologies like multiple sclerosis and 
Alzheimer’s disease (Wang and Casey 2016; Gao 
et al. 2016).

9.1.2  Nature-Derived Lipopeptides 
with Therapeutic Potential

Lipopeptides isolated from microorganisms such 
as fungi and bacteria show great therapeutic 
promise in the development of novel antimicro-
bial (Cochrane and Vederas 2016), antifungal, 
antitumor, and anti-inflammatory agents. In case 
of the plipastatins they can also act as potential 
therapies for neurological diseases (Dey et al. 
2015).

Bacillus and Paenibacillus spp. produce lipo-
peptides of various structures including cyclic 
cationic and non-cationic lipopeptides where ring 
formation mostly occurs via the ester or amide 
bond and engages the C-terminal carboxylic acid 
residue (Cochrane and Vederas 2016). The pres-
ence of both, d- and l-amino acids together with 
non-natural amino acids in these lipopeptide 
sequences is common and improves peptide sta-
bility against enzymatic degradation. Branched 
saturated or unsaturated fatty acids with diverse 
structures with the main chain varying mostly 
between C11 to 14 carbons are mostly incorpo-
rated into the Nα-terminal side of the peptides 
and often feature a β-hydroxyl moiety in their 
structure (Cochrane and Vederas 2016; Jacques 
2011).

Polymyxins, octapeptins, pelgipeptins, and 
paenibacterins exhibit non-proteinogenic 
2,4-diaminobutyric acid (Dab) residues that 
amplify the cationic character of these peptides 
(Cochrane and Vederas 2016). Examples of non- 
cationic cyclic lipopeptides include the iturin-, 
surfactin-, fengycin-, fusaricidin-, marihysin-, 

and kurstakin-families (Fig. 9.3) (Cochrane and 
Vederas 2016).

Linear cationic lipopeptides derived from 
Bacillus and Paenibacillus spp. such as cerexins 
and tridecaptins display promising antibacterial 
activity against Gram-positive and Gram- 
negative microbes (Fig. 9.3). A more detailed 
description of exact structures and biological 
activities for Bacillus and Pseudomonas spp. 
derived lipopeptides has recently been published 
(Cochrane and Vederas 2016; Jacques 2011; 
Mnif and Ghribi 2015).

Lipopeptides isolated from Pseudomonas 
spp., which mainly include the viscosins, amphi-
sins and tolaasins in addition to syringomycins, 
are mostly known for their antiviral and antimi-
crobial properties (Mnif and Ghribi 2015; 
Raaijmakers et al. 2006). These structurally 
diverse cyclic peptides differ in the chain length 
and comprise 9-25 residues in the form of natural 
and non-natural amino acids including allo- 
threonine (allo-Thr), allo-isoleucine (allo-Ile), 
3-hydroxyaspartic acid, Dab and homoserine 
(Hse). 4-Chlorothreonine is the amino acid 
responsible for the antifungal activity of syringo-
mycin (Fig. 9.4) (Grgurina et al. 1994). The fatty 
acid moiety attached to the N-terminus of the 
peptide chain varies in length and composition 
and, similar to Bacillus-derived peptides, often 
features the β-hydroxyl unit. The lactone ring is 
generally formed between the carboxylic acid of 
the C-terminal amino acid and the hydroxyl 
group of either Ser, Thr or allo-Thr present within 
the peptide chain (Mnif and Ghribi 2015; 
Raaijmakers et al. 2006).

Other microbial sources of biologically active 
lipidated peptides with promising therapeutic 
potential found in nature include strains of 
Acremonium, Streptomyces, and Actinoplanes 
(Mnif and Ghribi 2015).

Lipopeptides exhibit a broad spectrum of 
activities against many pathogens and some 
naturally- derived compounds, as in the case of 
daptomycin, polymyxin B or colistin, have 
already received the Food and Drug 
Administration (FDA) approval. Daptomycin 
(Cubicin) isolated from Streptomyces roseospo-
rus is a 13-amino acid, cyclic lipopeptide, 
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 containing decanoic acid at the Nα-amino group 
of the N-terminal l-tryptophan. Daptomycin 
exhibits potent activity against Gram-positive 
pathogens (Fig. 9.5) (Debono et al. 1987; Vilhena 
and Bettencourt 2012).

Polymyxins are mixed peptide antibiotics pro-
duced by Bacillus polymyxa and are considered 
to be the last-line of defence agents against 
Gram-negative organisms; their use is limited 

due to concerns with nephrotoxicity (Stansly and 
Schlosser 1947; Benedict and Langlykke 1947). 
The general structure of polymyxins comprises a 
cyclic heptapeptide core attached to a tripeptide 
unit containing a lipid portion at the Nα-terminal 
site of the linear fragment (Velkov et al. 2016). 
Polymyxins are mixtures of structurally similar 
peptides. Members of the polymyxin B family 
mostly differ in the fatty acid component of the 
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antibiotics. Examples include (S)-6- 
methylheptanoic acid for polymyxin B1 and B2 
respectively (Velkov et al. 2016; Orwa et al. 
2001). Colistin A and colistin B are highlighted 
examples of the polymyxin E family; these anti-
biotics differ in the substitution of d- phenylalanine 

to d-leucine at position six of polymyxin B 
(Fig. 9.6) (Velkov et al. 2016; Brink et al. 2014).

The concept of protein lipidation is clearly not 
uncommon in nature hence application of this 
strategy to the therapeutic arena offers enormous 
potential for the generation of effective peptide- 
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based drug candidates. Therefore, development 
and synthetic optimisation of naturally derived 
lipopeptides may afford fine-tuned therapeutics, 
which are less toxic, more potent and capable of 
treating multidrug-resistant infections. 
Interestingly, it has been reported that the attach-
ment of aliphatic chains of various length (C12- 
C16) can modulate antimicrobial and antifungal 
activity of otherwise inert short peptides 
(Makovitzki et al. 2006). Therefore, peptide lipi-
dation can be used as an effective strategy to gen-
erate peptide drug leads with clinical potential.

9.1.3  Peptide Lipidation 
to Generate Peptide-Based 
Therapeutics

Peptide lipidation can modulate the physico-
chemical and pharmacological properties of bio-
active peptides generating therapeutically useful 
targets. Increased lipophilicity of peptides due to 
the presence of fatty acids affects the secondary 
structure and receptor and membrane binding 
characteristics of peptides; accordingly lipidation 
alters absorption, distribution, metabolism, and 
excretion (ADME) properties and therefore is an 
attractive tool to convert peptides into drug can-
didates (Zhang and Bulaj 2012). The most nota-
ble examples of clinically relevant lipidated 
peptides include long-acting insulin detemir 
(Levemir®) (Home and Kurtzhals 2006; Le Floch 
2010) and liraglutide (Victoza®) (Jackson et al. 
2010; Knudsen et al. 2000), a glucagon-like pep-
tide- 1 (GLP-1) receptor agonist, which are both 
used to treat diabetes (Fig. 9.7).

The prolonged activity of insulin detemir is 
due to the presence of C14 myristic acid incorpo-
rated into lysine-29 of the B chain of a modified 
insulin peptide sequence where the threonine-30 
residue was removed (Fig. 9.7) (Le Floch 2010; 
Kurtzhals 2007).

Liraglutide is a long-acting analogue of GLP- 
1(7-37) where Lys-34 was replaced with Arg and 
Lys-26 was acylated with a C16 fatty acid 
attached to γ-glutamic acid as a spacer. The pal-
mitic acid moiety plays a crucial role in delaying 
liraglutide absorption and extending the half-life 

of the drug which has been estimated to be 13 
hours after subcutaneous injection compared to 
approximately 2 minutes for the native GLP-1 
(Rigato and Fadini 2014; Elbrond et al. 2002). In 
addition, renal clearance of the drug is reduced 
due to the shielding effect of the fatty acid moi-
ety; liraglutide binds to plasma albumin via the 
fatty acid group preventing drug degradation by 
dipeptidyl peptidase-4 (DPP-4) (Malm-Erjefalt 
et al. 2010; Watson et al. 2010). Lipidation of 
potent, but unstable GLP-1(7-37), much 
improved the pharmacokinetic profile of the pep-
tide making it suitable for once-daily administra-
tion (Elbrond et al. 2002; Ryan and Hardy 2011). 
Liraglutide (Saxenda®) has been recently 
approved by the FDA and the European 
Medicines Agency (EMA) for adjunctive treat-
ment of obesity (December 2014 and March 
2015, respectively) (Iepsen et al. 2015; Bray 
2015; Tomlinson et al. 2016).

It has been reported that the type and compo-
sition of the fatty acid attached to a bioactive pep-
tide as well as the nature of the spacer between 
the peptide chain and the fatty acid moiety influ-
ences its activity and plasma half-life (Knudsen 
et al. 2000; Madsen et al. 2007; Lau et al. 2015).

Structure-activity studies of liraglutide ana-
logues revealed the importance of the length, 
composition, polarity and bulkiness of the fatty 
acid moiety as well as the type of spacer between 
the active molecule and the lipid tail on half-life 
calculations (in vivo in pigs) and potency using 
the cloned human GLP-1 model (Knudsen et al. 
2000; Madsen et al. 2007). Linear fatty acids 
ranging from C10 to C18 (1) incorporated into 
the liraglutide sequence using various linkers 
including α-, d-γ-glutamic acid, 4-aminobutanoic 
acid (GABA), β-alanine and triethyleneglycol 
were evaluated (Fig. 9.8a) (Madsen et al. 2007). 
Interestingly, prolonged activity increased with 
the fatty acid chain length starting from 0.8 hours 
for C10, increasing to 5.1 h (C11), 7.6 (C12), 9 h 
(C14), 16 h (C16) and 21 h (C18); receptor 
potency was only affected when the acid chain 
length was longer than 16 carbons (Madsen et al. 
2007). The study underlined the importance of 
the spacer between the active peptide and the 
fatty acid and revealed the complete loss of 
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receptor potency when palmitic acid was directly 
bound to Lys-26 (Madsen et al. 2007). Liraglutide 
analogues containing α- or d-γ-glutamic acid (2 
and 3), GABA (4) or β-Ala (5), as linkers in place 
of the native γ-Glu demonstrated similar activi-
ties and half-life values to those of liraglutide; 
unlike the triethylene glycol linker (6) which 
caused a 25-fold decrease in activity (Fig. 9.8b) 
(Knudsen et al. 2000; Madsen et al. 2007). 
Increasing the polarity of the fatty acid compo-
nent by introducing one or more ether groups (7- 
9) or inserting hydroxyl group at the omega 
terminus (10) decreased the protraction of the 
analogues possibly due to reduced interactions 
with the fatty acid sites present on albumin, 
Fig. 9.8c (Madsen et al. 2007). Modification of 
the C16 palmitic acid in the liraglutide sequence 
with 2-hexyldecanoyl acid (11) which is equiva-
lent to 16 carbon atoms led to slightly improved 
protraction (18 hours versus 16 h) and a signifi-
cant decrease in potency of the analogue. 
Incorporation of more bulky phenyl- and cyclo-
hexyl rings (12 and 13, respectively) in place of 
palmitate, or palmitate replacement with a pen-
tylbenzenesulfonyl group (14) was not beneficial 
in regards to improved potency and half-life val-
ues compared to the original molecule (Fig. 9.8d) 
(Madsen et al. 2007).

Further derivatization of the liraglutide struc-
ture resulted in the development of semaglutide 
(Lau et al. 2015; Nauck et al. 2016). Semaglutide 
is the once-weekly GLP-1(7-37) analogue cur-
rently in phase 3 clinical development for the 
treatment of type 2 diabetes (Lau et al. 2015; 
Nauck et al. 2016). Extending the half-life of 
semaglutide to 165 hours was realised through 
systematic study of the fatty acid chain type and 
the spacer attached to liraglutide (Lau et al. 
2015). The superior effect of a C18 octadecane-
dioic acid moiety attached to Lys-26 and a long 
spacer unit composed of γ-Glu attached to two 
8-amino-3,6-dioxaoctanoic acid moieties pro-
vided the optimal lead candidate (Fig. 9.9). Non- 
natural modification of Ala-8 with 
2-aminoisobutyric acid (Aib) allowed for addi-
tional shielding of the molecule from degradative 
DPP-4 action (Lau et al. 2015).

The therapeutic potential of peptides as drugs 
is often hampered by undesirable ADME profiles; 
peptides are subjected to rapid proteolytic cleav-
age in the digestive system and are unable to cross 
the epithelial layer (Karsdal et al. 2015; Di 2015). 
Oral administration of peptide-based therapeutics 
is therefore limited. Many strategies to enhance 
oral delivery of peptides have been described in 
the literature. Generally, they include attachment 
of permeation enhancers (such as glycosides, lip-
ids and PEG) and/or targeting proteolytic enzyme 
inhibitors. Exploration of multifunctional poly-
mers as a polymeric matrix to provide controlled 
drug release and drug encapsulation in polymeric 
nanoparticulate systems has also been reported. 
Using ligand- specific binding and uptake tech-
niques which employ vitamin B12, biotin, folate, 
and lectins to name a few, as drug carriers was 
also demonstrated. A more detailed discussion on 
these topics is covered elsewhere (Park et al. 
2011; Karsdal et al. 2011, 2015). A brief discus-
sion of lipidation phenomena affecting oral bio-
availability with selected examples of biologically 
active peptides is described herein.

Chemical modification of the 32-amino acid 
salmon calcitonin (sCT) with an N-palmitoylated 
cysteine moiety attached to Cys-1 and Cys-7 of 
sCT via disulphide bonds greatly improved the 
bioavailability of the orally administrated native 
peptide (Wang et al. 2003). Significant levels of 
sCT could still be detected in rat plasma up to 12 
hours after oral administration of lipidated-sCT 
compared to undetectable levels after 1 hour 
when the same dose of native sCT was used 
(Wang et al. 2003). In this report, a method 
termed ‘reversible aqueous lipidization’ (REAL) 
was used that allows for selective conjugation of 
a protein to a fatty acid via reversible disulphide 
linkage in aqueous solution using the water solu-
ble N-palmitoyl cysteinyl 2-pyridyl disulphide 
reagent 15 (Scheme 9.1a) and the protein thiol 
(Ekrami et al. 1995). The REAL technique was 
applied to the lipidation of other therapeutic pep-
tide drugs including Bowman-Birk protease 
inhibitor (BBI) (Ekrami et al. 1995), desmopres-
sin (Wang et al. 1999; Wang et al. 2002) and 
octeotride (Yuan et al. 2005).

9 Peptide Lipidation – A Synthetic Strategy to Afford Peptide Based Therapeutics



196

Peptide lipidation to improve oral bioavailabil-
ity was also applied to the endogenous opioid pep-
tide leu-enkephalin (ENK) using a modified 
REAL technique wherein 3,4-bis(decylthiomethyl)-
2,5-furandione 16 was used to introduce a lipo-
philic moiety onto the Nα-amino group of the 
N-terminus (Scheme 9.1b) (Wang et al. 2006).

It has been reported that incorporation of lauric 
acid to the N-terminal pyroglutamyl group of thyro-
tropin-releasing hormone (TRH) significantly 
improved peptide penetration across the upper small 
intestine (Muranishi et al. 1991; Tanaka et al. 1996).

There is ongoing interest in developing an 
insulin formulation that could bypass the require-

ment for daily subcutaneous insulin injection for 
the management of diabetes (Wong et al. 2016; 
Ramesan and Sharma 2014). Promising reports 
on improved stability of mono- and di- 
palmitoylated insulin analogues in mucosal tissue 
homogenates compared to native insulin 
(Hashimoto et al. 1989; Hashizume et al. 1992) 
prompted further research into the effects of lipi-
dation on the pharmacokinetic profile of insulin 
(Asada et al. 1994, 1995). The effect of acylation 
on the stability and absorption of insulin from the 
small and large intestines was examined using 
mono- and di-acylated bovine insulin analogues 
(Asada et al. 1994, 1995). Mono-acylated ana-
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logues were constructed via incorporation of 
caproic (C6), lauric (C12) and palmitic acid (C16) 
at the Nα-amino group of Phe-1 of the insulin B 
chain; di-acylated analogues were  prepared by 
modification of both the Nα-amino group of Phe-1 
and the Nε-amino group of Lys- 29 of insulin B 
chain, with two copies of C6, C12, or C16 fatty 
acids (Fig. 9.10a). Mono- acylated analogues were 
found to be more stable in small intestinal fluid at 
37 °C (Asada et al. 1994) and increased absorp-
tion of caproic acid- modified analogues from the 
large intestine was observed compared to the 
native compound (Asada et al. 1995).

Acylation of insulin and insulin analogues 
incorporating arginine residues at various sites 
within the insulin sequence, with various satu-
rated and unsaturated fatty acids attached to the B 
chain showed improved solubility at moderately 
acidic pH inducing long-acting basal control of 
glucose levels (Flora 2002).

Hexyl-insulin monoconjugate 2 (HIM2) is an 
insulin analogue that can be administrated as an 
oral semisolid formulation in hard gelatin cap-
sules (Clement et al. 2002; Still 2002; Kipnes 
et al. 2003; Clement et al. 2004). HIM2 was cre-
ated by chemical modification of recombinant 

insulin by covalent attachment of an amphiphilic 
oligomer consisting of a lipophilic alkyl unit (C6) 
and a hydrophilic PEG moiety covalently bound 
to the Nε amino group of the Lys-29 (B chain) 
(Fig. 9.10b) (Clement et al. 2002, 2004; Still 
2002; Kipnes et al. 2003).

Despite various scientific efforts, formulation 
of orally available insulin and other peptide- based 
drugs remains a challenging task (Lewis and 
Richard 2015; Hamman et al. 2005; Renukuntla 
et al. 2013; Karsdal et al. 2011, 2015).

Peptide lipidation has also been used to mimic 
the post-translational processes of sterol or lipid 
attachment facilitating protein association with 
cell membranes and subsequent initiation of pro-
tein activation or deactivation processes (Mejuch 
and Waldmann 2016; Resh 2013; Avadisian and 
Gunning 2013). This nature-derived strategy is 
often designed to generate lipid-anchored drugs 
including lipidated peptide inhibitors with 
improved in vivo half-life and cell-penetrating 
potential. The lipid moiety attached to a peptide 
allows drug anchoring within the cell membrane 
and enabling action on soluble cytosolic proteins 
and membrane-bound/associated proteins 
(Avadisian and Gunning 2013; Rajendran et al. 
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2012). Cholesterol and fatty acids of various chain 
lengths such as C8-caprylic, C12-lauric, and C16-
palmitic are often utilized as lipid motifs that are 
covalently attached to a peptide inhibitor via ester, 
ether, amide or carbamate bonds (Avadisian and 
Gunning 2013; Zhao et al. 2012; Wexler-Cohen 
and Shai 2009; Remsberg et al. 2007; Rajendran 
et al. 2008a, b; Porotto et al. 2010; Johannessen 
et al. 2011; Avadisian et al. 2011).

This ‘lipid anchoring technique’ allowing for 
subcellular drug delivery by drug conjugation to 
a lipid via a linker, was recently used to effec-
tively inhibit the action of endosomal β-secretase 
(Rajendran et al. 2008a, b). β-Secretase inhibitors 
may be useful for the treatment of Alzheimer’s 
disease by blocking the enzyme involved in amy-
loid formation. The lipid-anchored inhibitors 
consist of three main parts which include the 
pharmacophore (‘message’), the lipid anchor 
(‘address’), and the linker which conjugates both 
parts together and allows for optimal flexibility 
of the pharmacophore within the lipid bilayer to 
bind with the target (Rajendran et al. 2012). 
Simons et al. (Rajendran et al. 2008a, b) showed 
that that conjugation of a sterol to the β-secretase 
inhibitor (Glu-Val-Asn-statine-Val-Ala-Glu-Phe) 
via a polyglycol linker resulted in greater effi-
cacy; β-secretase cleavage of β-amyloid precur-
sor protein (APP) was decreased resulting in 
reduced β-amyloid peptide formation (Fig. 9.11). 
Importantly, the cholesterol-enriched drug was 
readily internalized into endosomes and 
cholesterol- sphingolipid domains (rafts) within 

cellular membranes where β-secretase activity is 
observed (Rajendran et al. 2008a, b; Hicks et al. 
2012; Cordy et al. 2006). Comparison of stearyl-, 
palmityl-, myristyl-, and oleyl-linked inhibitors 
revealed cholesterol- and palmitoyl-linked ana-
logues to be superior in terms of raft partitioning 
ability (Rajendran et al. 2008a).

The lipidation site within the peptide chain is 
critical as it can determine the pharmacokinetic 
and pharmacodynamic properties of drug candi-
dates by affecting the solubility and the self- 
aggregating potential of lipopeptides. Ward et al. 
(Ward et al. 2013) investigated lipidated glucagon- 
based peptides to identify acylated co- agonists for 
the glucagon and glucagon-like peptide 1 recep-
tors (GCGR and GLP-1R, respectively). A num-
ber of palmitoylated and C-amidated glucagon 
analogues were prepared where Ser-2 was substi-
tuted with an Aib moiety to prevent enzymatic 
degradation by dipeptidyl peptidase-4. The Nε-
amino group of Lys-12 or an introduced lysine 
residue that was used to replace the mid-region 
moieties of glucagon, namely Tyr-10 or Tyr-13, 
Leu-14 or Ser-16, Arg-17 or Gln-20, was explored 
to attach a palmitic acid via a γGlu-γGlu dipep-
tide spacer (Ward et al. 2013). The solubility and 
aggregate-forming potential of glucagon ana-
logues in phosphate-buffered saline (PBS) (pH 
7.4) was variable. Decreased solubility and 
increased aggregation was observed for the acyl-
ated analogue at position 14 which correlated 
with its reduced in vivo activity compared to the 
other analogues (Ward et al. 2013). Interestingly, 
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the study also revealed an increased proportion of 
helical content for all C16 fatty acid-tagged ana-
logues in addition to improved potency at gluca-
gon and GLP-1 receptors for most of the 
palmitoylated analogues. This is the first indica-
tion of enhancing in vitro receptor potency 
through helix stabilization by lipidation (Ward 
et al. 2013). This finding further reinforced the 
importance of lipidation in the development of 
therapeutic peptides (Ward et al. 2013). It was 
observed that saturated fatty acids with longer 
chains (>C8) have greater conformation- 
stabilising potential compared with unsaturated or 
hydroxyl counterparts due to enhanced hydropho-
bic interactions with the peptide chains (Zhang 
and Bulaj 2012). Lipidation was also shown to be 
an effective tool to induce peptide oligomeriza-
tion and self-assembly resulting in the formation 
of micelles, tubules, vesicles, mono- and bilayer 
structures that can be used in both the drug deliv-
ery and tissue engineering fields (Zhang and Bulaj 
2012; Hutchinson et al. 2017; Hamley 2015).

Peptide lipidation is an effective strategy to 
increase the drugable potential of bioactive pep-
tides and has been applied to many other biomol-
ecules not mentioned in this report including 
angiotensin II (Maletínskâ et al. 1996; Maletinska 
et al. 1997), BBI (Honeycutt et al. 1996), desmo-
pressin (Wang et al. 1999; Wang et al. 2002), 
galanin, (Saar et al. 2013; Robertson et al. 2010; 
Zhang et al. 2009), ghrelin (Bednarek et al. 2000), 
neuropeptide Y (NPY) (Green et al. 2011; Green 
et al. 2010), octreotide (Yuan et al. 2005), lutein-
izing hormone releasing hormone (LHRH) (Toth 
et al. 1994), tetragastrin (Fujita et al. 1998; Setoh 
et al. 1995; Yodoya et al. 1994), and more. Further 
details relating to the above mentioned lipidated 
analogues can be found in the recent review by 
Zhang and Bulaj (Zhang and Bulaj 2012).

9.1.4  PamnCys Ligand as Adjuvant 
for Peptide-Based Vaccines

There has been significant interest directed 
towards the development and synthesis of 
peptide vaccines as alternatives to conventional 
vaccines, where potentially toxic, whole live 

attenuated or killed microorganisms are used to 
elicit immune responses (Simerska et al. 2011; 
Moyle and Toth 2008; Li et al. 2014; Brown and 
Jackson 2005). One of the limitations of peptide- 
based vaccines is the lack of immunogenicity 
thus requiring the inclusion of an effective and 
safe adjuvant (Simerska et al. 2011; Moyle and 
Toth 2008; Khong and Overwijk 2016).

A less explored class of immune adjuvants are 
compounds stimulating innate-like T cells, semi- 
activated T cells with an invariant T cell receptor 
(TCR) represented by the invariant natural killer 
T cells (NKT) that recognize glycolipid antigens 
binding to the lipid antigen-presenting molecule 
CD1d (Fujii et al. 2003; Hermans et al. 2003). 
The most well-known CD1d ligand is 
α-galactosylceramide (α-GalCer, KRN 7000) 
(Godfrey and Kronenberg 2004) and studies on 
the use of α-GalCer conjugated to peptide anti-
gens generating potent self-adjuvanting vaccine 
constructs have been reported (Anderson et al. 
2014, 2015 Cavallari et al. 2014).

Toll-like receptors (TLRs) are transmembrane 
glycoproteins which play an important role in 
initiating an innate immunity response and devel-
oping the adaptive immune response (Gay and 
Gangloff 2007; Basto and Leitao 2014). Ten 
members of the human TLR family namely 
TLR1-TLR10 have been identified. TLR agonists 
vary and include viral genetic material, microbial 
nucleic acids and microbial membrane compo-
nents (Mifsud et al. 2014). Stimulation of TLRs 
may therefore lead to potent therapies against 
infectious diseases and many TLR ligands have 
been evaluated as potential treatments of viral 
and bacterial infections (Basto and Leitao 2014; 
Mifsud et al. 2014; Zaman and Toth 2013; Khong 
and Overwijk 2016).

Lipopeptides derived from bacterial cell wall 
components including lipoproteins, peptidogly-
cans, lipoteichoic acid and lipopolysaccharides can 
activate Toll-like receptor 2 (TLR2) (Basto and 
Leitao 2014; Zaman and Toth 2013). Conjugation 
of lipids and liposaccharides to peptide antigens is 
therefore used to elicit an immune response and 
plays an important role in self- adjuvanting vaccine 
development (Simerska et al. 2011; Moyle and 
Toth 2008; Zaman and Toth 2013).
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Common lipidated moieties employed in vac-
cine design to induce immunogenicity include 
synthetic analogues of lipoprotein components of 
Escherichia coli (Braun 1975) and Mycoplasma 
(Muhlradt et al. 1998; Muhlradt et al. 1997), 
namely S-[2,3-bis(palmitoyloxy)propyl]-N- 
palmitoyl- l-cysteine (Pam3Cys) (17) and S-[2,3- 
bis(palmitoyloxy)propyl]-l-cysteine (Pam2Cys) 
(18) (Zeng et al. 2002), respectively (Fig. 9.12) 
(Khong and Overwijk 2016).

Pam3Cys and Pam2Cys have been used as 
adjuvants in several peptide-based vaccine stud-
ies directed towards treating various infectious 
diseases including, HIV, HBV, hepatitis C (Chua 
et al. 2008; Chua et al. 2012; Eriksson and 
Jackson 2007), Lyme disease and influenza 
(Moyle and Toth 2008; Khong and Overwijk 
2016; Zaman and Toth 2013; Chua et al. 2015; 
Tan et al. 2012) in addition to melanoma (Zom 
et al. 2014). Better water solubility and similar or 
improved immunogenicity shown by Pam2Cys 
compared to Pam3Cys (Zaman and Toth 2013; 
Jackson et al. 2004), makes this motif an even 
more interesting synthetic target for incorpora-
tion into peptide-based vaccines. Structure- 
activity studies carried out for Pam2Cys 
demonstrated enhanced activity by the natural 
(R) configuration at the asymmetric glyceryl car-
bon, in comparison to the (S) isomer, namely 
S-[2(R),3-bis(palmitoyloxy)propyl]-l-cysteine 
[(R)-Pam2Cys], and S-[2(S),3-bis(palmitoyloxy)
propyl]-l-cysteine [(S)-Pam2Cys], respectively 
(Moyle and Toth 2008; Zaman and Toth 2013; 
Wu et al. 2010; Takeuchi et al. 2000). Conversely, 
incorporation of the (R/S) diastereoisomer of 
Pam3Cys within the MUC1 antitumor vaccine 
construct elicited immune responses similar to 
that of the same MUC1 glycopeptide comprising 
only the (R)-enantiomer (Shi et al. 2016).

It has been reported that the Pam2Cys fatty 
acid chain length plays a crucial role in determin-
ing TLR2 activation; the minimum carbon chain 
length required for immunogenic activity is C8 
and the strength of immune response increases 
with carbon addition up to C16 
(C18=C16>C12>C8) (Moyle and Toth 2008; 
Zaman and Toth 2013; Buwitt-Beckmann et al. 
2005b; Chua et al. 2007). A more soluble deriva-
tive of Pam2Cys, namely Pam2CysSK4 showed 
the most promising activity amongst a range of 
adjuvants tested in the evaluation of a Chlamydia 
trachomatis vaccine (Cheng et al. 2011; Spohn 
et al. 2004). It has been reported that the presence 
of a serine moiety within the Pam2CysSK4 motif 
plays a role in enhanced agonist activity for 
TLR2 (Wu et al. 2010; Kang et al. 2009).

Further SAR studies on Pam2CysSK4 led to 
identification of a structurally simpler and water 
soluble monopalmitoylted analogue 19 and its 
Nα-amino acetylated variant 20 possessing strong 
TLR2-agonistic activities, comparable to that of 
Pam2CysSer, in human (but not murine) blood 
(Fig. 9.12) (Agnihotri et al. 2011; Salunke et al. 
2012). The correct spacing between the ester- 
linked palmitate and the thioether was found to 
be crucial for activity of analogue 19 and replace-
ment of the ethyl chain with a propyl chain 
resulted in loss of activity (Wu et al. 2010; 
Agnihotri et al. 2011; Salunke et al. 2012).

Replacement of the native amide bond within 
the Pam3Cys motif with an urea led to discovery 
of a novel TLR2 ligand termed UPam; substitu-
tion of the native N-palmitoyl chain of Pam3Cys 
with an N-tetradecylcarbamyl moiety afforded a 
ligand with improved immunostimulatory 
 activity compared to the parent lipopeptide 
(Fig. 9.12) (Zom et al. 2014, 2016; Willems et al. 
2014).
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The use of a cationic lipidated peptide such as 
R4Pam2Cys to elicit T-cell immunity via TLR2 
stimulation was recently described; the strategy 
relies on electrostatic attraction of the R4Pam2Cys 
moiety with soluble protein antigens obviating 
the need for covalent bond generation between 
the TLR2 ligand and the antigen (Chua et al. 
2014).

The use of palmitic acid, lipoamino acids and 
other lipid-based immunopotentiators, as an 
alternative to PamnCys, covalently bound to syn-
thetic (glyco)peptides to improve the self- 
adjuvanting effect of vaccine constructs has been 
reported and is reviewed elsewhere (Moyle and 
Toth 2008; Khong and Overwijk 2016; Basto and 
Leitao 2014; Zaman and Toth 2013; McDonald 
et al. 2015; Steinhagen et al. 2011).

9.1.5  Chemical Approaches 
for Incorporation of PamnCys 
Ligands

Finding efficient methods to conjugate antigens 
to lipopeptide adjuvants remains challenging 
(McDonald et al. 2015). A simple and low-cost 
synthetic approach for peptide-lipid conjugation 
to effectively activate TLR2 to afford synthetic 
material in significant quantities for biological 
evaluation, is highly desired. A synthetic strategy 
must be devised using techniques from the chem-
istry toolbox that are compatible with the pres-
ence of lipid, carbohydrate and peptide moieties 
often required for self-adjuvanting vaccines. 
Herein, the most recent advances in synthetic 
techniques used to incorporate TLR2 ligands 
based on the PamnCys moiety into (glyco)pep-
tides are summarized.

A solution phase synthesis of a simple 
dipeptide by direct condensation of Nα-9- 
fluorenylmethoxycarbonyl (Fmoc)-protected 
S-(2,3-bis(hydroxyl)propyl)-l-cysteine with ser-
ine where the side chain hydroxyl is protected 
with a tert-butyl (tBu) ether was reported by Jung 
et al. (Metzger et al. 1991). Subsequent palmi-
toylation of S-glycerylcysteinyl hydroxyls using 
palmitic acid, N,N′-diisopropylcarbodiimide 
(DIC) and 4-(dimethylamino)pyridine (DMAP), 

followed by tBu protecting group removal from 
the serine side chain effectively provided Fmoc- 
Pam2CysSer (Metzger et al. 1991).

Danishefsky et al. (Kudryashov et al. 2001) 
employed a solution phase approach to success-
fully incorporate the Pam3Cys ligand into a triva-
lent Lewis Y antigen resulting in antibody 
production in animal models. However, more 
common approaches to incorporate the PamnCys 
motif into peptides when designing a synthetic 
vaccine mostly rely on Fmoc solid phase peptide 
synthesis (SPPS). In this case, the peptide-based 
vaccine construct is synthesized first followed by 
lipid attachment. This approach however may 
prove problematic when synthesizing long or dif-
ficult peptide sequences (Zeng et al. 2011).

Alternatively, a convergent or modular 
approach can be used requiring initial prepara-
tion of vaccine motifs that are later conjugated, 
mostly via a linker, affording a self-adjuvanting 
vaccine construct (Zeng et al. 1996, 2001, 2002, 
2011; Harris et al. 2007; Buwitt-Beckmann et al. 
2005a; Metzger et al. 1995). The choice of chem-
ical linkage used for adjuvant-antigen conjuga-
tion is very important and may influence the 
bioactivity of the construct (Zeng et al. 2011).

9.1.5.1  Convergent and Modular 
Approaches to Self- 
Adjuvanting Vaccine Constructs

A fully synthetic convergent approach for the 
preparation of the minimal vaccine construct 
consisting of the S-[2(R),3-bis(palmitoyloxy)
propyl]-N-palmitoyl-l-cysteine [(R)-Pam3Cys)], 
a helper T cell epitope and TN antigen (GalNAc) 
leading to high titres of IgG antibodies in mice 
was reported by Boons et al. (Buskas et al. 2005). 
In this example, the resin-bound and side chain 
protected peptide T cell epitope derived from an 
outer-membrane protein of Neisseria meningiti-
des (Wiertz et al. 1992) was first synthesized 
using Fmoc SPPS using the extremely acid sensi-
tive 4-(4-hydroxymethyl-3-methoxyphenoxy)
butyryl-p-methylbenzhydrylamine (HMPB- 
MBHA) resin affording H2N-Y(tBu)AFK(Boc)
Y(tBu)AR(Pbf)H(Trt)AN(Trt)VGR(Pbf)N(Trt)
AFE(OtBu)LFLG-resin (21) (Scheme 9.2). To 
minimize racemization at cysteine, Pam3Cys was 
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introduced into the epitope sequence using the 
Fmoc-S-[2(R),3-bis(palmitoyloxy)propyl]-l- 
cysteine (Fmoc-(R)-Pam2Cys-OH) 22 under the 
activation of (benzotriazol-1-yloxy)tripyrrolid-
inophosphonium hexafluorophosphate (PyBOP), 
1-hydroxybenzotriazole (HOBt), N,N- 
iisopropylethylamine (iPr2NEt) in a mixture of 
N,N-dimethylformamide (DMF) and CH2Cl2. 
Subsequent acylation of the Fmoc-deprotected 
Nα-amino group of Cys with palmitic acid and 
using PyBOP and HOBt, followed by resin cleav-
age [2% trifluoroacetic acid (TFA) in CH2Cl2] 
gave the side-chain protected Pam3Cys-tagged 
lipidated peptide 23. Finally, condensation of 23 
with a spacer containing tumour-associated TN 
antigen 24 activated by DIC, 1-hydroxy-7- 
azabenzotriazole (HOAt) and iPr2NEt and ulti-
mate side chain protecting group removal using 
95% TFA gave the target vaccine construct 25 
(Scheme 9.2) (Buskas et al. 2005)

Jackson et al. (Zeng et al. 2011) proposed a 
modular approach (Zeng et al. 2001) for the prep-

aration of self-adjuvanting vaccine constructs, 
where standard Fmoc SPPS was used. On-resin 
incorporation of the Fmoc-Pam2Cys-OH (Zeng 
et al. 2002; Metzger et al. 1991; Jones 1975; Hida 
et al. 1995) via a diserine spacer to the Nε of an 
N-terminal lysine afforded lipidated CD4+ T(TH) 
cell epitope (Zeng et al. 1996, 2002, 2011). The 
lipid-tagged TH epitopes were then further 
N-terminally modified to facilitate a chemoselec-
tive ligation with complementary functional 
groups present at the target epitope modules 
affording oxime-, thioether-, and disulphide 
bond-linked lipidated vaccine constructs, ready 
for antibody response studies using animal mod-
els (Zeng et al. 2011).

Thus, Fmoc SPPS of TH epitopes containing 
N-terminal lysine with Nα-and Nε-amino groups 
orthogonally protected using 1-(4,4-dimethyl- 
2,6-dioxocyclohexylidene)ethyl (Dde) and Fmoc 
protecting groups respectively, were prepared 
affording TH constructs of general structure 26 
(Scheme 9.3). Removal of the Fmoc protecting 
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lipidated vaccine construct incorporating Pam3Cys TLR2 
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(iv) 2% TFA in CH2Cl2; (v) 24, DIC, HOAt, iPr2NEt, 
DMF/CH2Cl2 (2:1, v/v), 79%; (vi) TFA/H2O/1,2- 
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group using piperidine then allowed for peptide 
elongation via the exposed Nε-amino group to 
effect incorporation of the diserine spacer. 
Subsequently, the Fmoc-Pam2Cys-OH building 
block was attached using N-[(1H-benzotriazol- 
1 - y l ) ( d i m e t h y l a m i n o ) m e t h y l e n e ] - N - 
methylmethanaminium tetrafluoroborate N-oxide 
(TBTU), HOBt and iPr2NEt in CH2Cl2. The Fmoc 
protecting group of Pam2Cys moiety was then 
exchanged for the N-(tert-butoxycarbonyl) (Boc) 
(di-tert-butyl dicarbonate, Boc2O) allowing for 
orthogonal removal of the Dde from the 
N-terminal amino group of Lys using 2% hydra-
zine hydrate in DMF, providing lipidated TH con-
struct 27. Boc-Cys(Trt)-OH or (Boc-aminooxy)
acetic acid were then coupled to the lipidated epi-
tope 27 with subsequent peptide cleavage from 
the resin using TFA to give Pam2Cys-tagged TH 
epitopes with sulphydryl- (28), or 
aminooxyacetyl- functionality (29) at the 
N-terminus, as handles for subsequent elongation 
with target epitopes (Scheme 9.3).

The target epitopes were separately synthe-
sized using Fmoc SPPS and their N-termini acyl-
ated with bromoacetic acid or cysteine while still 
bound to resin. TFA-mediated peptide cleavage 
from the resin subsequently afforded bromoace-
tyl-, and thiol-tagged epitopes 30 and 31, respec-
tively. Alternatively, an additional serine residue 
was inserted at the N-terminus of the peptide 
sequence allowing for off-resin and sodium 
periodate- mediated serine oxidation affording an 
epitope with an N-terminal aldehyde handle 32. 
Chemoselective ligation between complementary- 
tagged TH and target epitopes in buffer solutions, 
namely 28 and 30 (aq buffer, pH 8), 28 and 31 
(2,2′-dipyridyl disulphide), 29 and 32 (aq buffer, 
pH 3) gave thioether-, disulphide, and oxime- 
bond linked self-adjuvanting peptide-based vac-
cine constructs 33-35, ready for further 
bioanalysis (Zeng et al. 2011) (Scheme 9.4).

This modular approach (Zeng et al. 2001) 
ensured that attachment of the Pam2Cys motif at 
the Nε-amino group of Lys “in between” both 
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Scheme 9.3 Synthesis of lipidated-TH epitopes incorpo-
rating Pam2Cys TLR2 ligand by Jackson et al. (Zeng et al. 
2011). Reagents and conditions: (i) 20% piperidine in 
DMF; (ii) Fmoc-Ser(tBu)-OH, HBTU, HOBt, iPr2Net, 
DMF, then (i), repeated twice; (iii) Fmoc-Pam2Cys-OH, 

TBTU, HOBt, iPr2NEt, CH2Cl2, 16 h, then (i); (iv) Boc2O, 
DMF; (v) 2% hydrazine hydrate in DMF, 10 min; (vi) 
Boc-Cys(Trt)-OH, HBTU, HOBt, iPr2Net, DMF; (vii) 
(Boc-aminooxy)acetic acid, DMF; (viii) TFA/phenol/
H2O/triisopropylsilane (iPr3SiH) (88:5:5:2)
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epitopes orientating the vaccine constructs in a 
branched configuration. The Pam2Cys motif can 
also be incorporated at the Nα-amino group at the 
N-terminus of a vaccine construct; however, 
decreased immunogenic activity resulted follow-
ing linear assembly, partially due to reduced sol-
ubility, compared to the branched vaccine 
counterparts (Zeng et al. 2002).

A new thioether ligation strategy to create 
self-adjuvanting peptide vaccine constructs using 
the Pam3CysSK4 moiety has been recently 
reported (Cai et al. 2013). This approach takes 
advantage of the complementary modified 
Pam3CysSK4 motif with a bromo-handle and 
thiol-containing antigen that are subsequently 
linked together via a thioether bond. Key to this 
approach was the initial preparation of an active 
intermediate Pam3CysSK4-K(COCH2Br)-OH 36 
that was accessed by microwave-enhanced (MW) 
Fmoc SPPS. Herein, a Wang-resin was initially 
preloaded with lysine orthogonally protected 
with Fmoc at Nα and with a 1-(4,4-dimethyl-2,6- 
dioxo- cyclohexylidene)-3-methyl-butyl (ivDde) 
at Nε. Subsequent peptide chain elongation via 
the Nα-amino group followed by lipidation using 
Pam3Cys-pentafluorophenyl (Pfp) ester [HOBt in 

N-methyl-2-pyrrolidone (NMP) for 45 min at  
50 °C] afforded resin-bound and side-chain pro-
tected Pam3CysS(OtBu)[K(Boc)]4-K(ivDde). 
The ivDde protecting group was then removed 
using hydrazine, and the Nε-amino group acyl-
ated with pentafluorophenyl bromoacetate. 
Subsequent TFA-mediated peptide cleavage gave 
Pam3CysSK4-K(COCH2Br)-OH 36. The key 
intermediate 36 was then converted into an active 
iodo-acetyl derivative using potassium iodide 
(KI) in urea/sodium acetate (NaOAc) mixture 
affording 37 (Scheme 9.5a). The iodo-acetyl 
moiety 37 was then ligated with several peptide 
epitopes that incorporated a thiol-terminated 
PEG spacer at their N-terminus. For example 
construct 38 was treated with 37 and trimethyl-
amine (Et3N) in DMF at 40 °C affording con-
struct 39 (Scheme 9.5b). The authors successfully 
applied this strategy for conjugation of a 
Pam3CysSK4 motif via a thioether linkage to B- 
and T-cell epitopes affording various self- 
adjuvanting vaccine constructs (Cai et al. 2013). 
The three-component construct 39 comprising P4 
tetanus toxoid T cell epitope (Demotz et al. 1989; 
Monji and Pious 1997), linked via a PEG spacer 
with MUC1 glycopeptide comprising TN antigen, 
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and a conjugated Pam3CysSK4 via a thioether 
linkage proved most efficacious (Cai et al. 2013).

9.1.5.2  Native Chemical Ligation 
Approach to Self-Adjuvanting 
Vaccine Constructs

Native Chemical Ligation (NCL) (Dawson et al. 
1994) enables synthetic access to long peptides 
and large biomolecules and has been used by our 
research group in numerous studies (Yang et al. 
2013; Harris and Brimble 2015; Medini et al. 
2015; Harris et al. 2015; Harris and Brimble 
2013; Medini et al. 2016; Lee et al. 2011; Brimble 
et al. 2015; Son et al. 2014; Harris and Brimble 
2010). NCL conjugates two synthetic partners 
containing complementary reactive sites, namely 
an N-terminal cysteine and a C-terminal thioester 
moiety via a thiol-catalysed chemoselective reac-
tion affording a thioester-linked product; subse-
quent S→N transfer ensures the formation of a 
native peptide bond (Dawson et al. 1994). 
Brimble et al. (Harris et al. 2007) explored syn-

thetic pathways to access Pam2Cys-linked thioes-
ter moiety that could be later incorporated into a 
long peptide via NCL. The initial effort to syn-
thesise a more soluble derivative of Pam2Cys, 
namely Pam2CysSK4G thioester using tert- 
butyloxycarbonyl (Boc) SPPS resulted in unex-
pected cleavage of the palmitoyl esters during the 
final hydrofluoric acid (HF)-mediated peptide 
removal from the resin (Zeng et al. 2011). 
Successful synthesis of Pam2CysSK4G thioester 
was however completed using an alternative 
Fmoc SPPS strategy employing a sulfonamide 
‘safety catch linker’ (Backes and Ellman 1999; 
Ingenito et al. 1999) and Fmoc-S-[2(S),3- 
bis(palmitoyloxy)propyl]-l-cysteine (Fmoc-(S)-
Pam2Cys-OH) (40) as the building block (Scheme 
9.6) (Harris et al. 2007). Loading of 
4- sulfamylbutyryl aminomethyl polystyrene 
resin with Fmoc-Gly-OH was initially performed 
[DIC, N-methylimidazole (N-Melm) in DMF/
CH2Cl2 mixture] followed by standard Fmoc 
SPPS affording side chain protected peptidyl- 
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Scheme 9.5 Exemplified synthesis of three component 
synthetic vaccine incorporating Pam3Cys TLR2 ligand 
using thioether ligation strategy by Kunz et al. (Cai et al. 
2013). Reagents and conditions: (i) MW Fmoc SPPS; (ii) 
(R)-Pam3Cys-OPfp, HOBt, NMP, 45 min, 50 °C; (iii) 2% 

hydrazine hydrate in DMF, 5 min, rt (repeated 3 x); (iv) 
BrCH2COOPfp, HOBt, 4 h, rt; (v) TFA/iPr3SiH/H2O 
(15:0.9:0.9, v/v/v); (vi) KI, 8 M urea/0.1M NaOAc, 30 
min; (vii) NEt3, DMF, 40 °C
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resin 41. Subsequent coupling of lipidated building 
block 40 (Metzger et al. 1991; Hida et al. 1995) 
was effected (PyBOP/HOBt) and the Fmoc pro-
tecting group was exchanged to Boc (Boc2O in 
DMF/CH2Cl2 mixture) to provide 42. Resin- 
bound 42 was then activated with iodoacetoni-
trile in NMP, with subsequent cleavage from 
resin using benzyl thiol (BnSH). Finally side 
chain protecting groups removal using TFA 
afforded the desired Pam2CysSK4G thioester 43 
(Harris et al. 2007).

Boons et al. (Ingale et al. 2006) were the first to 
demonstrate a successful synthesis of a three- 
component glycolipidated peptide vaccine by 
sequential NCL of the suitably prepared ligation 
fragments; Fmoc SPPS was employed to synthe-
sise the T-cell epitope C(Acm)
YAFKYARHANVGRNAFELFLG-thioester 
(44), the tumour-associated glycopeptide frag-
ment derived from MUC-1 CTSAPDT(GalNAc)
RPAP (45), and the TLR2 ligand Pam3CysSK4G- 
thioester (46). Due to limited success when liga-
tion of 44 with 45 was undertaken using standard 

NCL conditions (phosphate buffer containing 
6 M guanidinium hydrochloride, thiophenol, 
37 °C), new methodology involving incorporation 
of 44 with 45 into liposomes to aid solubility was 
used. A film of dodecylphosphocholine (DPC), 
thioester 44 and thiol 45 were hydrated via incu-
bating in a phosphate buffer (pH 7.5) for 4 h at 37 
°C in the presence of tris(2-carboxyethyl)phos-
phine (TCEP) and ethylenediaminetetraacetic 
acid (EDTA) to suppress disulphide bond forma-
tion. The mixture was then sonicated and the 
resulting peptide/lipid suspension formed uni-
form 1 μm vesicles. Sodium 2-mercaptoethane 
sulfonate (MESNA) was subsequently added and 
ligation completed after 2 h at 37 °C affording 47 
in high 78% yield after reversed-phase high- 
performance column chromatography (RP HPLC) 
purification (Ingale et al. 2006). Ligation of 
Pam3CysSK4G-thioester 46 with thiol 48, 
accessed by removal of the acetamidomethyl 
(Acm) protecting group from 47 [Hg(OAc)2], 
using liposome-mediated NCL afforded a three- 
component vaccine construct 49 in 83% yield 
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after purification by chromatography (Scheme 
9.7). The scope of this technique was later demon-
strated by the synthesis of other self- adjuvanting 
vaccine constructs that differ in the composition 
of the (glyco)peptide and lipid component; some 
of the constructs proved highly immunogenic 
when tested in mice models (Ingale et al. 2006; 
Ingale et al. 2007; Lakshminarayanan et al. 2012; 
Abdel-Aal et al. 2014; Ingale et al. 2009).

The liposome-mediated NCL approach 
allowed for the generation of a native amide link-
age between each of the required vaccine mod-
ules. However, the use of dodecylphosphocholine 
liposomes in ligation buffers can be limiting 
owing to the need for RP HPLC purification after 
each ligation step to isolate the product 
(McDonald et al. 2015; Ingale et al. 2006).

9.1.5.3  Fragment Condensation 
Approach to Self-Adjuvanting 
Vaccine Constructs

Kunz et al. (Kaiser et al. 2010) and Payne et al. 
(Wilkinson et al. 2010) described a fragment con-

densation approach to incorporate a Pam3Cys 
TLR2 ligand into mono- and per-glycosylated 
MUC1 glycopeptides respectively, using a PEG- 
based spacer to access fully synthetic vaccine 
constructs.

The Kunz approach involved initial synthesis 
of the lipidated, side-chain protected and the 
C-terminal carboxylic acid Pam3CysS(tBu)
K(Boc)K(Boc)K(Boc)K(Boc) (50) unit using 
Fmoc SPPS. The MUC1 glycopeptides 
N-terminally modified with PEG linker, namely 
H 2N ( C H 2C H 2O ) 3C H 2C H 2C O N H - PA H - 
GVT(sugar)-SAP-DTR-PAP-GST-AP-OH, com-
prising either TN- (51), T- (52) or 
2,6-sialyl-T-antigen (53) at the singly glycosyl-
ated Thr-6 were then accessed via Fmoc 
SPPS. The fragment condensation was subse-
quently effected in solution and using 
N-[(dimethylamino)-1H-1,2,3-triazolo[4,5-b]
p y r i d i n - 1 - y l m e t h y l e n e ] - N - 
methylmethanaminium hexafluorophosphate 
N-oxide (HATU)/HOAt and 4-methylmorpholine 
(NMM) in DMF which was followed by TFA- 
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Scheme 9.7 Liposome-mediated NCL to the synthesis 
of three-component vaccine construct incorporating 
Pam3Cys TLR2 ligand by Boons et al. (Ingale et al. 2006). 
Reagents and conditions: (i) 200 mM sodium phosphate 

buffer (pH 7.5), DPC, TCEP, EDTA, sonication, extru-
sion, and then MESNA; (ii) Hg(OAc)2, 10% aq HOAc, 50 
mM dl-dithiothreitol (DTT), 89%
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mediated protecting group removal and purification 
affording three novel vaccine constructs, 54, 55 
and 56 in 25%, 21% and 20% yield, respectively 
(Scheme 9.8). Importantly, bio-assessment of 
TLR2 ligand-MUC1 assembly comprising 
T-antigen 55 showed the ability to elicit humoral 
immune response in mice (Kaiser et al. 2010).

The Payne group employed the lipopeptide 
component with a PEG-like spacer at C-terminus, 
namely Pam3CysS(tBu)-CONH(CH2CH2O)2 
CH2COOH (57), and per- glycosylated full copies 
of the MUC1 VNTR domain epitope (GVT(sugar)- 
S(sugar)-APDT(sugar)-RPAPGS(sugar)T(sugar)
APPAH), incorporating no copies (58) or multi-
ple-copies of either TN- (59) or T-antigen (60), for 
convergent conjugation. All peptide fragments 
57-60 were synthesized using Fmoc SPPS. The 
free carboxylic acid of the lipid partner 57 was 
pre- activated using pentafluorophenyl ester with 
ensuing fragment condensation with the requisite 
MUC1 epitopes 58, 59 or 60 using HOBt and 
iPr2NEt in DMF affording desired MUC1- 
Pam3Cys chimeras with no sugars 60, or contain-
ing five copies of either TN-or T-antigen, 62 and 

63, respectively (Scheme 9.9) (Wilkinson et al. 
2010). This fragment condensation approach was 
also used in other studies by the Payne group to 
synthesise multiple-component vaccine con-
structs incorporating Pam3Cys (Wilkinson et al. 
2012; McDonald et al. 2014; Wilkinson et al. 
2011). The fragment condensation strategy is a 
good alternative to the liposome-mediated NCL 
approach reported by Boons et al. (Ingale et al. 
2006, 2007; Lakshminarayanan et al. 2012) with 
no requirements for solubilizing agents.

9.1.5.4  Linear Approach to Self- 
Adjuvanting Vaccine Construct

The Boons group has recently reported a linear 
synthesis to access a three-component cancer 
vaccine composed of a B-cell epitope glycosyl-
ated with a sialyl-TN moiety, a TH epitope derived 
from polio virus (Leclerc et al. 1991) and a 
Pam3CysSK4 ligand. The key strategies employed 
by the Boons group included the use of 
microwave- enahanced Fmoc SPPS and on resin 
incorporation of the Fmoc-(S)-Pam2Cys-OH (40) 
building block onto the free Nα-amino group of 
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the pre-synthesised glycopeptide construct 
 containing deprotected hydroxyl groups of the 
sugar moiety (Thompson et al. 2015). Fmoc pro-
tecting group removal from the Fmoc-(S)-
Pam2Cys- tagged vaccine construct (piperidine) 
could be then followed by Nα-amino group pal-
mitoylation using palmitic acid, HATU, HOAt 
and iPr2NEt in DMF. Finally, TFA treatment 
afforded fully synthetic vaccine construct 64 
incorporating the Pam3Cys TLR2 ligand 
(Fig. 9.13). Biological evaluation demonstrated 
induction of potent humoral and cellular immune 
responses in transgenic mice (Thompson et al. 
2015).

A three-component vaccine construct similar 
to that described above, but incorporating the 
unnatural TN moiety, namely α-O-GalNAc-α-
methylserine in place of threonine, within the 
MUC1 epitope was recently accessed using the 
MW-enhanced Fmoc SPPS strategy previously 
reported by Boons et al. (Thompson et al. 2015; 
Martinez-Saez et al. 2016). This novel vaccine 
construct however, showed only comparable effi-
cacy to that reported for the assembly containing 
native threonine.

As shown above, a linear approach for the 
synthesis of complex multi-component lipidated 
peptides containing only natural peptide bonds 
demonstrates the efficiency of the microwave- 
assisted Fmoc SPPS technique. However, longer 
and/or more hydrophobic lipopeptide constructs 

may still be difficult to access when using a linear 
SPPS and alternative synthetic routes for lipid 
incorporation are in demand.

9.1.5.5  TLR2 Ligand Conjugation Using 
Copper(I)-Catalysed Huisgen 
1,3-Dipolar Cycloaddition

The need for large quantities of Fmoc-Pam2Cys 
building block required for SPPS conjugation 
poses a considerable obstacle due to the difficulty 
and cost involved in its synthesis. An alternative 
conjugation approach to incorporate the Pam2Cys 
moiety into a peptide could mitigate this conun-
drum. The copper(I)-catalysed Huisgen 
1,3- dipolar cycloaddition of alkynes and azides 
to afford a 1,2,3-triazole conjugate (CuAAC 
‘click chemistry’) offered promise for the conju-
gation of Pam2Cys with a peptide due to its toler-
ance of various functional groups and its complete 
regioselectivity to form 1,4-disubstituted prod-
ucts (Tornoe et al. 2002; Rostovtsev et al. 2002). 
The Brimble group therefore designed a Pam2Cys 
click building block containing an azide handle 
in place of the Nα-amino group of the cysteine 
residue which could be then clicked to a peptide 
functionalized with a propargyl moiety (Yeung 
et al. 2012). However, initial attempts to directly 
introduce an azide onto a free Nα-amino group of 
Pam2Cys using a diazotransfer reaction (Goddard- 
Borger and Stick 2007) proved unsuccessful, 
potentially due to obstruction of the reactive sites 
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9 Peptide Lipidation – A Synthetic Strategy to Afford Peptide Based Therapeutics



210

by the long palmitate groups (Yeung et al. 2012). 
A revised strategy was developed starting from 
an S-glyceryl cysteine intermediate 65 (Metzger 
et al. 1991; Pattabiraman et al. 2008) which was 
subjected to Nα-amino group deprotection 
(piperidine in CH2Cl2) to reveal the amino group 
for the ensuing diazotranfer reaction using 
imidazole- 1-sulfonylazide.HCl, K2CO3 and 
CuSO4

.5H2O in MeOH (Goddard-Borger and 
Stick 2007) affording an azide-diol in 50% yield 
over 2 steps (Scheme 9.10a). Subsequent palmi-
toylation of the azide-diol [palmitic acid, DIC, 

and catalytic 4-(dimethylamino)pyridine 
(DMAP)] provided tBu-protected Pam2Cys azide 
66 in 74% yield. Subsequent TFA treatment to 
remove the carboxyl protecting group gave the 
desired lipidated and azide-tagged ‘click’ ligation 
partner 67 in 84% yield (Yeung et al. 2012).

The synthesis of the alkyne-containing pep-
tides for subsequent Cu(I) conjugation with 67 
was undertaken using Fmoc SPPS (Yeung et al. 
2012). Pentynoyl acid was coupled to the 
N-terminus affording 68 and propargylglycine 
(Pra) was used as an alkyne handle within the 
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modified MUC1 peptide sequence, namely 
 HGV- Pra- SAPDTRPAPGSTAPPA 69. The 
‘click’ reaction of both alkyne-enriched peptides 
68 and 69 using azide 67 was completed within 
30 min as evidenced by RP HPLC using 
CuI·P(OEt)3 and iPr2NEt in DMF affording 
1,2,3-triazole-linked Pam2Cys peptides 70 and 
71, respectively. The amenability of the Pam2Cys 
azide to direct conjugation onto suitably modi-
fied peptides using the ‘click’ technique was suc-
cessfully demonstrated (Scheme 9.10b) (Yeung 
et al. 2012). However, construct 70 was immuno-
logically inactive possibly due to difference in 
the distance between the serine and the Pam2Cys 
(unpublished data). It has been reported that the 
exact length and geometry around the Cys-Ser 
unit is critical for activity of the Pam2CysSK4 
motif (Wu et al. 2010; Kang et al. 2009).

Kunz et al. were the first to report CuAAC- 
assisted ligation of Pam3CysSK4 to a MUC1 gly-
copeptide to synthesise mono-, di- and tetra-valent 
MUC1 tandem repeat glycopeptide constructs to 
prepare of fully synthetic antitumour vaccines 
(Cai et al. 2011). The Kunz approach for the syn-
thesis of monovalent MUC1 derivatives used 
Fmoc SPPS of MUC1 glycopeptide in which the 
N-terminal Nα-amino group was acylated with a 
PEG linker suitably modified with an azide han-
dle affording construct 72. The ‘click’ synthetic 
partner 73 incorporated an alkyne group via a 
PEG spacer linking with the Pam3CysSK4 ligand 
by the Nε-amino group of the additional 
C-terminal lysine residue. The copper(I)-medi-
ated reaction of the suitably prepared ‘click’ part-
ners was then performed using copper acetate 
and Na ascorbate in H2O at 40 °C affording the 
monovalent vaccine construct 74 with >70% 
yield (Scheme 9.11) (Cai et al. 2011).

The Nε-amino group of the C-terminal lysine 
linked to the Pam3CysSK4 moiety was later used 
as a point of attachment of additional lysine 
groups forming a multibranched lysine core 
which terminated with two or four copies of PEG-
alkyne handles. Subsequent Cu(I) ‘click’ using 
the Pam3CysSK4 ligand incorporating two- or 
four alkyne groups and azide construct 72 afforded 
the desired di- (75) and tetra-valent (76) assem-
blies, respectively (Scheme 9.11) (Cai et al. 2011). 

Importantly, the tetravalent construct of general 
structure 76 synthesized using this strategy that 
incorporated the STN glycoside within the MUC1 
sequence proved effective in inducing strong 
immune responses in mice including stimulation 
of killer cells (Cai et al. 2014).

The Sucheck group has reported the 
1,2,3- triazole-mediated conjugation of a Pam3Cys 
ligand equipped with a C-terminal alkyne, with a 
20-amino acid azide-tagged tandem repeat of 
MUC1 incorporating the TN unit (Sarkar et al. 
2013). The alkyne-containing ‘click’ partner was 
available from Fmoc-Pam2Cys(OtBu) 77 by tert- 
butyl protection removal (TFA) followed by cou-
pling with propargyl amine in the presence of 
PyBOP, HOBt and iPr2NEt in CH2Cl2. Fmoc pro-
tecting group removal and acylation of the 
revealed Nα-amino group with palmitic acid 
using PyBOP, HOBt, and iPr2NEt gave the alkyne 
functionalized Pam3Cys 78, Scheme 9.12a. The 
glycopeptide-azide was prepared via Fmoc SPPS 
on Fmoc-Ala-WANG resin using DIC/HOBt as 
coupling reagent and piperidine in DMF for 
Fmoc removal, affording resin-bound 79. The 
azido group was installed on-resin by coupling 
6-azidohexanoic acid to the N-terminal proline 
residue of MUC1 followed by TFA-mediated 
peptide cleavage from the resin and acetyl depro-
tection of the TN hydroxyls (sodium methoxide in 
MeOH) to provide azide-containing MUC1 epit-
ope 80 (Scheme 9.12b). The ‘click’ conjugation 
of both constructs, alkyne-functionalized 
Pam3Cys 78 and the azide-MUC1 component 80 
was undertaken with CuSO4

.5H2O, Na ascorbate 
with the aid of a Cu(I) stabilizing agent tris[(1- 
benzyl- 1H-1,2,3-triazol-4-yn)methyl]amine 
(TBTA) in water/MeOH/THF mixture affording 
Pam3Cys-MUC1 conjugate 81 quantitatively 
(Scheme 9.12c) (Sarkar et al. 2013).

The Brimble group recently employed a 
Pam2CysSK4 motif for the synthesis of a series of 
lipopeptide-based TLR2 agonists using ‘click’ 
chemistry (Wright et al. 2013c). Incorporation of 
an acetylene handle at the C-terminal end of the 
Pam2CysSK4 construct would allowing for the 
chemoselective ‘click’ conjugation with an azide- 
tagged epitope. Unlike the previous study by the 
Brimble group (Yeung et al. 2012) this approach 
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maintained the critical atomic distance between 
the Pam2Cys and adjacent serine moiety[159]. 
Additionally, both the self-adjuvanting lipopep-
tide construct and the epitope were directly con-
jugated via a 1,2,3-triazole unit in contrast to 
approach by Kunz et al. where a PEG linker 
spaced these units apart (Cai et al. 2011).

It has been reported that the immunogenicity 
of the antigen incorporated to a vaccine construct 
may be suppressed by the presence of a linker 
(Buskas et al. 2004). We were also interested if 
the location of the triazole between the antigen 
and the Pam2CysSK4 moiety affects the TLR2- 
mediated stimulation of innate immunity; antigen 
conjugation with the lipid at either the N- or 
C-terminus of the peptide antigen was therefore 
investigated. It has been reported that acetylation 
of the Nα-amino group of the monoacyl PamCys 
moiety improved TLR2 activity (Salunke et al. 
2012) hence the effects of this modification were 
also evaluated in this study (Wright et al. 2013c).

A lipidated and C-propargylated ‘click’ part-
ner 82, in addition to the N-acetylated analogue 
83 were first synthesized (Scheme 9.13a). 
Synthesis began by the N-terminal coupling of 
the Fmoc-(S)-Pam2Cys-OH building block 40 
prepared from l-cysteine (Zeng et al. 2002; 
Metzger et al. 1991; Jones 1975; Hida et al. 
1995), to the resin-bound C-terminal propar-
gylated H2N-S(tBu)K(Boc)K(Boc)K(Boc)
K(Boc)-Pra-resin peptide synthesized using stan-
dard Fmoc SPPS (Wright et al. 2013c). The pep-
tide was lipidated using 40 and conditions 
adapted from Albericio et al. [benzotriazol- 1- 
yloxytris(dimethylamino)phosphonium hexaflu-
orophosphate (BOP), 2,4,6-collidine, CH2Cl2/
DCM (1:1)] (Han et al. 1996). Subsequent Fmoc- 
deprotection, followed by TFA-mediated resin 
cleavage and RP HPLC purification afforded the 
desired construct 82. Acylation of the Nα-amino 
group of cysteine to give 83 was performed using 
a mixture of acetic anhydride and iPr2NEt in 
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DMF, prior to peptide cleavage and purification 
(Wright et al. 2013c). A truncated fragment of 
ppUL83 protein, namely NLVPMVATV, derived 
from the cytomegalovirus (CMV) known to stim-
ulate CD8+ cytotoxic T-cells (Kopycinski et al. 
2010) was chosen as a model epitope for the 
‘click’ reaction. Synthesis of two NLVPMVATV 
analogues incorporating an azide handle at either 
the N- or C-terminus was also required. For the 
preparation of an azide-tagged antigen at the 
N-terminal site of the peptide 84, Fmoc SPPS 
was employed starting from 4-(hydroxymethyl)
phenoxypropanoic acid (HMPP) resin and cou-
pling of 2-azidoacetic acid to the N-terminal Asn 
at the last step of the SPPS. Subsequent acid- 
mediated peptide cleavage from the resin fol-
lowed by RP HPLC purification afforded the 
desired ‘click’ partner 84 (Scheme 9.13b).

For the synthesis of the NLVPMVATV ana-
logue with the C-terminally-tagged azide moiety 
2-azidoacetic acid was incorporated via the Nε- 
amino group of an inserted lysine moiety at the 
C-terminus of the peptide. An orthogonally pro-

tected lysine residue [Dde-Lys(Fmoc)] was cou-
pled to the Rink-amide resin, followed by the 
selective Nε-Fmoc protecting group removal 
(20% piperidine in DMF) and coupling of the 
2-azidoacetic acid moiety. Subsequent hydrazine 
hydrate-mediated Dde group deprotection 
allowed for the iterative peptide chain elongation 
using Fmoc SPPS through readily unmasked Nα- 
amino group of the lysine residue, affording con-
struct 85 (Scheme 9.13b). Chemoselective 
conjugation of propargylated-, or propargylated 
and N-acetylated- Pam2CysSK4 motives 82 and 
83, respectively with azidopeptides 84 and 85 
under activation with CuSO4 and Na ascorbate in 
DMSO, gave 1,2,3-triazole-linked constructs 86- 
89 in good yields (30-40%) and high purities 
(>95% by RP HPLC) (Scheme 9.13c) (Wright 
et al. 2013c).

Biological evaluation of 82 and N-acetylated 
analogue 83 using fresh human blood and mea-
suring the level of CD80 surface expression com-
pared to commercially sourced Pam3CSK4 
interestingly revealed no major difference in 
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h, rt, 80% over two steps; (iii) 6-azidohexanoic acid, DIC, 
HOBt, NMP; (iv) TFA/thioanisole/EDT/H2O phenol 
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CD80 expression between both propargylated 
Pam2Cys analogues with free- (82) and 
N-acetylated-Nα-amine (83) in contrast to pub-
lished reports (Salunke et al. 2012). Importantly, 
there were no preferences regarding the N- or 
C-terminus for the antigen conjugation with lipi-
dated adjuvant via 1,2,3-triazole and similar 
CD80 expression levels were observed for both 
‘clicked’ analogues 86 and 87 and activity of 
‘clicked’ lipopetides was comparable with the 
activity of commercially available Pam3CysSK4 
(Wright et al. 2013c). This efficient procedure 
can therefore be generally applied for rapid gen-
eration of lipopeptides providing access to vac-
cine constructs (Wright et al. 2013c).

9.1.5.6  Cysteine Lipidation 
on a Peptide or Amino acid 
(CLipPA)

The ‘thiol-ene’ reaction, a radical-promoted 
alkylation of a thiol with an alkene has been gain-
ing in popularity in polymer and material science 
(Lowe 2010; Lowe 2014) as well as providing an 
effective strategy for bioconjugation and for site- 

selective modification of protein and organic mol-
ecules (Dondoni and Marra 2012; Hoyle and 
Bowman 2010; Liu and Li 2012; Krall et al. 2016; 
Madder and Gunnoo 2016). The Brimble group 
have recently applied for the first time, a single 
step ‘thiol-ene’ coupling to synthesise monoacyl 
lipopeptides that showed self- adjuvanting anti-
genic activity with potency comparable to that of 
the synthetically challenging Pam3Cys moiety 
(Wright et al. 2013a, b; Brimble et al. 2014). We 
envisaged lipid attachment via the ‘post-transla-
tional’ route where the desired peptide constructs 
incorporating a cysteine at the N-terminus are first 
synthesized followed by S-lipidation with inex-
pensive and commercially available vinyl palmi-
tate using the ‘thiol-ene’ reaction. The viability of 
the transformation was first tested by preparation 
of the S-palmitoylated, Nα-Fmoc protected cyste-
ine, starting from commercially available Fmoc-
Cys(Trt)-OH which thiol protecting group was 
removed (TFA) affording Fmoc-Cys-OH (90). 
This was followed by hydrothiolation of vinyl 
palmitate 91 using UV light at 365 nm and 
 2,2-dimethoxy-2- phenylacetophenone (DMPA) 
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as photoinitiator in CH2Cl2 for 60 min. The 
S-palmitoylated, Nα- Fmoc protected cysteine 92 
was obtained in satisfactory yield (44%) (Scheme 
9.14a) (Wright et al. 2013a, b). Subsequent direct 
lipidation of short, unprotected peptides CysSK4 
and Nα- acetylated CysSK4 using 91, DMPA and 
photoinitiation (365 nm), was examined. The 
study revealed the need for extraneous thiols to 
obviate problems of vinyl palmitate telomeriza-
tion and mixed disulphide formation. The choice 
of solvent also proved critical for a successful 
reaction. The optimized ‘thiol-ene’ conditions 
(DMPA, DTT as thiol additive, NMP, hν 365 nm) 
were then used to directly lipidate Nα-acetylated 
CysSK4 93 using vinyl palmitate (91) with high 
conversion (>90%) to the S-palmitoylated peptide 
94 (Scheme 9.14b).

The utility of direct lipidation was explored 
using more structurally complex antigenic pep-
tide substrate derived from the cytomegalovirus 
ppUL85 protein (Kopycinski et al. 2010) com-
prising an N-terminally CysSK4, motif 
Ac-CSKKKK-NLVPMVATV (95). Pleasingly, 
good conversion of 95 to S-palmitoylated peptide 
antigen 96 using the photoinitiated ‘thiol-ene’ 

reaction, 91 and optimized conditions (DMPA, 
DTT, DMSO) was observed as judged by RP 
HPLC profile (Scheme 9.14b) (Wright et al. 
2013a; Wright et al. 2013b). We therefore coined 
the term ‘Cysteine Lipidation on a Peptide or 
Amino acid (CLipPA)’ to describe this efficient 
transformation allowing for one step lipidation of 
Nα-protected cysteine derivatives using vinyl 
palmitate.

We subsequently focused on a detailed study to 
optimise conditions for highly selective and effec-
tive mono-S-palmitoylation of peptides using 
CLipPA technology (Yang et al. 2016). Our first 
goal was to provide optimal conditions for the syn-
thesis of a lipidated Nα-protected cysteine build-
ing block that could be used directly in SPPS. The 
Nα-protecting group, radical initiator and activa-
tion method were revised. Treatment of Nα-
protected Fmoc, Boc or Nα-acetylated cysteine 
with an excess of vinyl palmitate in the presence of 
DMPA or 2,2-azo-bis(2-methylpropioniytile 
(AIBN) as radical initiator in either CH2Cl2 or 
1,2- dichloroethane as solvent and under thermal 
heating (reflux at 90 °C), microwave irradiation 
(100 W, 70 °C) or UV light (365 nm) was studied. 
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The S-palmitoylated products obtained were read-
ily purified by silica gel chromatography without 
the need for RP HPLC.

An optimal conversion of Nα-protected with 
Fmoc- or Boc cysteine 90 and 96 was observed 
under UV light activation, using excess DMPA (1 
equiv) for 1 h in CH2Cl2 affording 92 and 97 in 
85% yield (Scheme 9.15a). Heating, either con-
ventional or using microwave, gave lower yields 
due to the premature cleavage of Fmoc protecting 
group and the instability of the Boc group to high 
temperatures. Conversely, lipidation of Nα-Ac 
cysteine 98 appeared to be straightforward under 
all conditions tested giving good to excellent 
yields of the expected Nα-Ac and S-palmitoylated 
product 99. However the most effective conver-
sion was when CH2Cl2 and AIBN were used 
under microwave heating (100 W, 70 °C) for 
80 min leading to quantitative formation of 

desired product 99 (Scheme 9.15b) (Yang et al. 
2016).

The choice of Nα-protecting group may influ-
ence the degree of racemization during the cou-
pling step when SPPS is performed (Zhang et al. 
2012). Therefore, the coupling of S-palmitoylated, 
Nα–protected building blocks, 92 or 99 to a model 
peptide sequence was evaluated (Kopycinski et al. 
2010). The Met residue of NLVPMVATV was 
substituted with Cys(tBu) to demonstrate applica-
bility of the ‘thiol-ene’ reaction conditions to a 
suitably protected cysteine thiol. The resin-bound 
and side-chain protected peptide H2N-S(tBu)
K(Boc)K(Boc)K(Boc)K(Boc)-N(Trt)LVPC(tBu)
VAT(tBu)V-resin (100) was prepared using Fmoc 
SPPS at room temperature with HATU/iPr2NEt 
and piperidine as coupling and Fmoc deprotection 
reagents and acylation with the lipidated building 
blocks, 92 or 99 was undertaken using 
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Scheme 9.15 (a) Lipidation of Fmoc-Cys-OH (90) and 
Boc-Cys-OH (96) with vinyl palmitate (91) using opti-
mized conditions for CLipPA; (b) Lipidation of 
Ac-Cys-OH (98) with vinyl palmitate (91) using opti-
mized conditions for CLipPA; (c) On-resin lipidation of 
antigen 100 using Nα-protected S-palmitoylated cysteine 
building blocks 92 and 99 (Wright et al. 2013a; Wright 
et al. 2013b; Yang et al. 2016). Reagents and conditions: 

(i) 91 (1.5 equiv), DMPA (1 equiv), CH2Cl2, 1 h, hν 365 
nm, 85%; (ii) 91 (1.5 equiv), AIBN (1 equiv), CH2Cl2, 80 
min, MW, 100 W, 70 °C, 99%; (iii) 92 or 99, PyBOP, 
2,4,6-trimethylcollidine, CH2Cl2/DMF (1:1), 1 h, rt; (iv) 
(for building block 92): 20% piperidine in DMF, then 20% 
Ac2O in DMF; (v) TFA/3,6-dioxa-1,8-octane-dithiol 
(DODT)/H2O/iPr3SiH (94:2.5:2.5:1, v/v/v/v)
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racemization- suppressing conditions (PyBOP, 
2,4,6-collidine, room temperature) (Zhang et al. 
2012; Carpino et al. 1994; Carpino and El-Faham 
1994). In the case of Nα-Fmoc-protected 92, the 
Fmoc protecting group was removed after cou-
pling and subsequently exchanged for an acetyl 
group before TFA-mediated peptide cleavage was 
performed affording 101 (Scheme 9.15c). This 
allowed for a direct comparison of RP HPLC pro-
files to assess the degree of racemization. The RP 
HPLC chromatogram investigation of crude 101, 
obtained by using either 92 or 99 building block 
revealed that 1:1 ratio of epimers was formed 
when acetamide protecting group was used for 
lipidated cysteine incorporation. No detectable 
epimerization was however observed when Nα-
Fmoc- protected 92 was used for lipid incorpora-
tion. The type of Nα-protecting group clearly 
influenced the degree of racemization during the 
study indicating the preferred choice of Fmoc-
protected building block 92 for Fmoc SPPS-
mediated peptide lipidation.

We then focused on reaction conditions that 
would allow direct lipidation of a thiol- containing 

peptide affording an S-palmitoylated construct 
101 in a convergent-like approach.

The construct 102, derived from resin-bound 
100, incorporated two cysteine residues; an 
N-terminal Cys with a sulfhydryl group ready for 
‘thiol-ene’ conjugation and the side chain of the 
second, internally located cysteine was masked 
with tBu. Subsequent photoinitiated lipidation at 
365 nm of 102 using vinyl palmitate 91 (7 equiv) 
and previously reported conditions [DMPA (0.5 
equiv), DTT (3 equiv) in NMP for 60 min] 
afforded S-palmitoylated peptide 101 albeit in 
variable yields (Scheme 9.16a) (Wright et al. 
2013a; Wright et al. 2013b). A careful examina-
tion of LC-MS profiles of the ‘thiol-ene’ reaction 
leading to desired conjugate 101 identified for-
mation of unwanted by-products such as DTT- 
adducts and bis-palmitoylated peptide 104. The 
competitive formation of 104 by-product was 
found to increase with increasing levels of vinyl 
palmitate in the reaction mixture. Substitution of 
DTT with the more bulky mercaptan tert-butyl 
thiol (tBuSH) proved superior in suppressing an 
unwanted addition of the thiol scavenger to the 
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Scheme 9.16 CLipPA direct conjugation of vinyl palmi-
tate (91) and semiprotected peptide 102 under unopti-
mised conditions (a) and optimized conditions (b) (Yang 
et al. 2016). Reagents and conditions: (i) 91 (7 equiv), 

DMPA (0.5 equiv), DTT (3 equiv) NMP, 1 h, hν 365 nm; 
(ii) 91 (70 equiv), DMPA (0.5 equiv), tBuSH (80 equiv), 
iPr3SiH (80 equiv), TFA/NMP (5:95, v/v), 30 min, hν 
365 nm
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carbon-centered radical 103. Formation of unde-
sired bis-palmitoylated adduct 104 was also 
diminished by including an organosilane-based 
coreductant (iPr3SiH) that facilitated hydrogen 
transfer to the radical intermediate 103. 
Furthermore, decreasing the pH of reaction mix-
ture with TFA led to a cleaner reaction profile, 
presumably a result of protonation of electron- 
rich amine residues. Moreover, a large excess of 
vinyl palmitate (91), tert-butyl mercaptan and 
iPr3SiH were also needed to maximise conver-
sion of 102 to the desired 101. Although a large 
excess of vinyl palmitate was used in the opti-
mized, photoinitiated (hν 365 nm) conditions [91 
(70 equiv), DMPA (0.5 equiv), tBuSH (80 equiv), 
iPr3SiH (80 equiv), TFA (5% v/v) in NMP for 30 
min], a now quantitative conversion of peptide 
102 to the S-monopalmitoylated construct 101 
(95%, based on the corresponding peak integra-
tion on the RP HPLC profile) was observed with 
negligible levels of bis-adduct 104 formed 
(Scheme 9.16b).

The optimized CLipPA technology could be 
used to effect direct S-monopalmitoylation 
of complex, unprotected peptide substrates as 
demonstrated for long peptides including 

Ac-CSKKKK- GARGPESRLLEFYLAMPFATP
MEAELARRSLAQDAPPL- OH and H2N- 
C S K K K K -  V P G V L L K E F T V S G N I LT I R 
LTAADHR-OH, derived from NY-ESO-1(79-116) 
and NY-ESO-1(118-143), respectively. An excel-
lent conversion to the desired lipidated peptide 
105 (81%) and good 46% conversion to 106, 
based on RP HPLC profiles, demonstrated the 
power of this new strategy (Fig. 9.14) (Yang et al. 
2016).

The CLipPA technology offers a feasible one- 
step approach to lipidated peptide constructs con-
taining all-natural bonds. We believe that this 
technique has strong potential to play a key role 
in self-adjuvanting peptide-based vaccine devel-
opment in the future. The use of CLipPA elimi-
nates the need for complex, multi-step and 
timeconsuming solution-phase synthesis of lipi-
dated building blocks that are not readily  available 
in all research laboratories. Depending on the 
vaccine construct requirements, either a stepwise 
SPPS approach, or a direct, convergent-like sub-
strate lipidation can be executed using the ‘thiol-
ene’ reaction and the optimized CLipPA 
conditions to afford S-palmitoylated assemblies 
in excellent yields with high selectivity.
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9.2  Conclusions

Lipidation of peptides and proteins plays an 
important role in improving pharmacokinetic and 
pharmacodynamic profiles of peptides which 
may lead to potent analogues with clinical poten-
tial. Lipidated peptides activating TLR2 are cru-
cial for peptide-based self-adjuvanting vaccine 
development. A simple, efficient and low-cost 
synthetic approach for incorporation of lipid 
motifs into peptides for subsequent bioevaluation 
is required. Synthesis of lipidated peptides via a 
standard SPPS technique using orthogonal pro-
tecting group strategy poses a challenge due to 
decreased solubility of lipopeptides. Novel syn-
thetic advances such as the atom economical and 
functional group compatible CLipPA technique 
provides a useful approach to access 
S-palmitoylated peptides with a range of applica-
tions including vaccine design.
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Molecular Engineering of Conus 
Peptides as Therapeutic Leads

James T. Daniel and Richard J. Clark

Abstract

The venom from carnivorous marine snails of the Conus genus is a cock-
tail of peptides, proteins and small molecules that is used by the snail to 
capture prey. The peptides within this venom have been the focus of many 
drug design efforts as they exhibit potent and selective targeting of thera-
peutically important receptors, transporters and channels, particularly in 
relation to the treatment of chronic pain. The most well studied class of 
Conus peptides are the conotoxins, which are disulfide-rich and typically 
have well-defined three dimensional structures that are important for both 
biological activity and stability. In this chapter we discuss the molecular 
engineering approaches that have been used to modify these conotoxins to 
improve their pharmacological properties, including potency, selectivity, 
stability, and minimisation of the bioactive pharmacophore. These engi-
neering strategies include sidechain modifications, disulfide substitution 
and deletion, backbone cyclisation, and truncations. Several of these re- 
engineered conotoxins have progressed to pre-clinical or clinical studies, 
which demonstrates the promise of using these molecular engineering 
techniques for the development of therapeutic leads.

Keywords

Peptide engineering • Conotoxins • Cone snails • Drug design • Chronic 
pain • Structure/activity relationships • Stabilisation

10.1  Introduction

Animal venoms are increasingly recognised as a 
valuable source of novel therapeutic peptides. The 
pharmacological diversity and potency of venom 
constituents toward physiological targets provides 
researchers an almost inexhaustible  
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reservoir of compounds with potential applica-
tions as biomedical research tools and pharma-
ceutical lead molecules. Among the most 
successful venomous fauna are carnivorous 
marine gastropods of the Conus genus, or cone 
snails, which populate tropical waters and prey 
upon fish, worms and molluscs. In order to defend 
against or capture their comparatively faster prey, 
cone snails have evolved potent and fast-acting 
paralytic venoms, which are injected hypodermi-
cally through a harpoon-like tooth (Olivera et al. 
2015). Early studies discovered that short bioac-
tive peptide molecules from the venom were 
responsible for the rapid inhibition of neuromus-
cular currents in animal tissues (Endean et al. 
1974; Gray et al. 1981; Olivera 1985). It is now 
recognised that Conus venoms comprise an 
astoundingly diverse cocktail of peptide toxins, 
termed conopeptides, many of which are potent 
and highly selective modulators of important neu-
rophysiological ion-channels, G-protein coupled 
receptors (GPCRs) and membrane transporters 
(Lewis et al. 2012; Akondi et al. 2014a, b). 
Proteomic analysis of venom extracts by liquid 
chromatography and mass spectrometry has 
yielded current estimates in excess of 1000 mature 
conopeptides per species (Biass et al. 2009; Davis 
et al. 2009). With >700 species of cone snails 
thought to exist in the wild, Conus venoms repre-
sent an enormous and virtually untapped source 
of potential lead molecules for drug discovery and 
biomedical research.

Conopeptides bind with high affinity and 
specificity for their protein targets, which often 
play crucial roles in transduction of neurological 
stimuli, particularly ligand- and voltage-gated 
ion channels. Furthermore, although Conus ven-
oms are potentially lethal in humans, small doses 
of individual conopeptides may produce analge-
sia in vivo. These appealing pharmacological 
properties have stimulated research into the 
design and development of conopeptides as novel 
analgesic drug leads for treatment of neuropathic 
pain: a chronic pain condition that occurs follow-
ing pathological damage to somatosensory neural 
pathways involved in pain. Current first line pain 
therapeutics such as small molecule anticonvul-
sants and opioids have displayed only limited 

clinical efficacy due to poor specificity for their 
targets, dependence and limited routes of admin-
istration (Baron et al. 2010), thus there is demand 
for improved pharmacological approaches. The 
therapeutic potential of conopeptides is exempli-
fied by the success of ω-conotoxin MVIIA, a 
novel voltage-gated calcium channel blocker, 
which was approved by the FDA in 2004 for 
treatment of chronic neuropathic pain. However, 
like other peptide and protein based drug leads, 
conopeptides suffer from poor reductive and pro-
teolytic stability, low membrane penetration and 
rapid clearance in vivo, thus limiting bioavail-
ability. Chemical modifications of conopeptide 
drug leads, with the purpose of increasing bio-
logical stability and activity, have therefore 
become invaluable techniques in the preclinical 
development of these compounds (Craik and 
Adams 2007; Clark and Craik 2010; Clark et al. 
2012; Brady et al. 2013a). Here we outline vari-
ous synthetic approaches that have been success-
fully used to engineer conotoxin analogues with 
improved structural and pharmacological 
properties.

10.2  Conotoxin Structure 
and Pharmacology

10.2.1  Discovery and Classification

Historically, discovery and characterisation of 
conopeptides has been primarily achieved through 
venom extraction, liquid chromatographic frac-
tionation and mass spectral analysis of Conus 
venom constituents. Three-dimensional structural 
analysis of conopeptide molecules is routinely 
performed by nuclear magnetic resonance (NMR) 
spectroscopy and, in combination with in vitro 
and in vivo pharmacological screens, allows 
detailed characterisation of their structure- activity 
relationships (SARs). Together, these approaches 
have led to identification of distinct conopeptide 
classes with highly conserved cysteine frame-
works, three-dimensional structures and pharma-
cological targets, and are categorised accordingly 
(Table 10.1). There are several families of cono-
peptides which lack disulfide bonds, however the 
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majority, referred to as conotoxins, are cysteine-
rich and form well defined disulfide- stabilised 
structures. The molecular engineering of these 
disulfide-rich conotoxins will be the focus of this 
review. To date, some 1700 conotoxins have been 
characterised and detailed structural and pharma-
cological data is compiled in an online database 
known as ConoServer (Kaas et al. 2010, 2012), 
although this number is estimated to represent 
less than 0.1% of existing conotoxin sequences 
(Akondi et al. 2014b). Notable examples include 
the α-conotoxins, which inhibit nicotinic acetyl-
choline receptors (nAChR), ω-conotoxins that are 
voltage-gated calcium channel antagonists, 
μ-conotoxins that inhibit voltage-gated sodium 
channels (NaVs), and the χ-conotoxins that block 
the noradrenaline transporter (NET). Examples of 
analgesic conotoxins and their classifications are 
summarised in Table 10.1.

Recently, the predominant form of conotoxin 
discovery has shifted towards next-generation 
transcriptomic sequencing of Conus venom ducts 
and generation of cDNA libraries. Conotoxins 
are encoded as precursor genes possessing an 
endoplasmic reticulum (ER) signal sequence, a 
propeptide region and a hypervariable mature 
peptide region and thus genomic data can be 
mined for novel peptide sequences. The continu-
ously increasing availability of genomic data 
from Conus species has revealed distinct but 
highly conserved ER signal peptide sequences 

among conotoxin precursors, leading to classifi-
cation based on gene superfamilies (Robinson 
and Norton 2014). Before being secreted into the 
venom ducts, conotoxins undergo maturation 
steps in the form of post-translational modifica-
tions (PTMs) including side chain modifications 
(e.g. hydroxylation of prolines and carboxylation 
of glutamic acid) (Espiritu et al. 2014) and disul-
fide formation (folding) assisted by an expanded 
library of protein disulfide isomerases (Safavi- 
Hemami et al. 2016). Therefore, cDNA libraries 
provide valuable information for predicting 
mature conotoxins sequences and synthesis of 
possible bioactive peptides without requiring 
direct access to venom samples. However, nucleic 
acid sequence data does not detect PTMs or 
disulfide connectivity and thus a combinatorial 
approach utilising both transcriptomic and pro-
teomic analysis (“venomics”) has proved most 
effective for investigating conotoxin diversity 
and discovering novel bioactive peptides 
(Lluisma et al. 2012; Robinson et al. 2014; Kaas 
and Craik 2015). Interestingly, Conus venomics 
have revealed only a limited number of conotoxin 
precursor genes (~100) responsible for the almost 
10-fold greater number of mature conotoxins 
found in the venom. This diversity is thought to 
result from “messy” transcriptional regulation 
producing sequences with truncations/elonga-
tions, alternate propeptide cleavage sites and 
variable incorporation of post-translational modi-

Table 10.1 Classification of analgesic conotoxins

Gene superfamily
Cys Framework 
[Connectivity] Pharmacological family Pain target

Examples (# 
amino acids)

O1 Type VI/VII ω CaV2.2 (direct) MVIIA (25)

C-C-CC-C-C GVIA (27)

[I–III, II–IV] CVID (27)

μO NaV1.8 MrVIB (31)

A Type I α nAChR and CaV2.2 
(indirect)

Vc1.1 (16)

CC-C-C RgIA (13)

[I–III, II–IV] AuIB (15)

T Type X χ Norepinephrine 
Transporter

MrIA (13)

CC-C-[PO]-C

[I–IV, II–III]

M Type III μ NaV1.2 KIIIA (16)

CC-C-C-CC

[I–IV, II–V, III–VI]

10 Molecular Engineering of Conus Peptides as Therapeutic Leads
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fications, producing a greatly expanded library of 
mature peptides and contributing accelerated 
evolution of conotoxins (Dutertre et al. 2013; Jin 
et al. 2013; Robinson et al. 2014).

10.2.2  Cysteine Framework

Conotoxins owe their diverse structural and phar-
macological properties to variations in both 
sequence and fold. Due to their disulfide-rich 
nature, the number and distribution of cysteine 
residues, referred to as the cysteine framework, is 
a primary determinant of three-dimensional 
conotoxin structure. Over 20 distinct frameworks 
have been identified (Kaas et al. 2010) and novel 
frameworks are being continuously discovered 
(Bernaĺdez et al. 2013; Kancherla et al. 2015). As 
in larger proteins, formation of intramolecular 
disulfide bonds in conotoxins confers structural 
integrity by stabilising secondary structure motifs 
such as α-helices, turns and β-strands and 
enabling specific three-dimensional interaction 
between the peptide pharmacophore and its 
respective receptor interface (Marx et al. 2006). 
In addition, these folded structures help to 
increase biological stability of the peptides by 
burying cleavage sites and limiting access of pro-
teases (Gongora-Benitez et al. 2014). Clearly, 
with the presence of multiple cysteine residues, 
there is the possibility of distinct disulfide con-
nectivities, or isomers, for example a conotoxin 
with four cysteines can form three disulfide iso-
mers, six cysteine residues can form 15 possible 
connectivities and the presence of eight cysteines 
results in 105 possible isomers (and so on). 
Commonly, only one isomer exhibits bioactivity 
with the alternate arrangements generally leading 
to structurally unstable and pharmacologically 
inactive analogues (Gehrman et al. 1998; 
Townsend et al. 2009). However, non-native 
disulfide isomers of both α-conotoxins AuIB and 
Vc1.1 exhibit similar activity compared to their 
native isomers (Dutton et al. 2002; Carstens et al. 
2016a).

Conotoxins with identical cysteine frame-
work, disulfide connectivities and pharmacologi-
cal families may exhibit large variations in 

intercysteine residues, commonly referred to as 
“loops”. Variations in loop size and composition 
can confer differential affinity, potency and selec-
tivity towards their pharmacological targets. A 
striking example is the α-conotoxin family of 
nAChR inhibitors, which have been extensively 
researched for their therapeutic potential 
(Armishaw 2010). They possess a type I cysteine 
framework (CC-C-C) with a native CysI-III, 
II-IV (globular) connectivity and have loop sizes 
varying from 1–5 and 2–8 residues for loops 1 
and 2, respectively. Certain members of this fam-
ily discriminate between different neuronal 
nAChR receptor subtypes, including α7 selective 
ImI (Quiram and Sine 1998), α3β4 selective 
AuIB (Luo et al. 1998), and α9α10 selective 
Vc1.1 (Sandall et al. 2003; Vincler et al. 2006). 
In terms of drug design, subtype selectivity of 
conotoxins is an important attribute since the 
expression and composition of many conotoxin- 
targeted ion-channel subunits is variable through-
out the healthy and pathological CNS. This 
selectivity allows targeting of subtypes that are 
dysfunctional in certain pathologies and there-
fore conotoxin-based drugs may have an advan-
tage over notoriously promiscuous small 
molecule drugs. Similarly, their target specificity 
has also allowed researchers to utilise conotoxins 
in the interrogation of the structure and function 
of receptor subtypes to improve understanding of 
their differential roles in vivo (Janes 2005; 
Hannon and Atchison 2013).

10.2.3  Synthesis and Structure- 
Activity Relationships

Although naturally extracted Conus venoms pro-
vide enough biological material for analysis with 
sensitive mass spectral and genomic techniques, a 
far greater quantity is required for examining their 
structure and biological activity than is generally 
accessible from the cone snail. Fortunately, the 
chain length of conotoxins makes them amenable 
to production using chemical synthesis which to 
date has been predominantly achieved by solid-
phase peptide synthesis (SPPS) (Merrifield 1963; 
Nishiuchi and Sakakibara 1982; Gray et al. 1983). 

J.T. Daniel and R.J. Clark



233

A functionalised resin is used to sequentially cou-
ple N-terminal and side chain-protected amino 
acids to enable C-to-N peptide elongation. Two 
main types of SPPS strategies are used based on 
the N-protecting groups, namely tert-butyloxy-
carbonyl (Boc) and 9-fluorenylmethyloxycar-
bonyl (Fmoc), which are either acid or base labile, 
respectively. Subsequent cleavage of the peptide 
from the resin and purification using chromatog-
raphy (typically reverse-phase high performance 
liquid chromatography (RP-HPLC)) results in 
production of the linear reduced conotoxin. Not 
only does SPPS offer the advantage of both scal-
ability and automation, but importantly can also 
be used to incorporate substitutions and modifica-
tions to the peptide sequence, which has been 
instrumental in understanding conotoxin struc-
ture-activity relationships (SARs) and engineer-
ing analogues with improved biopharmaceutical 
properties.

Following SPPS, the synthetic conotoxin must 
be folded into the desired disulfide isomer, which 
is generally achieved by dissolving the linear pre-
cursor in aqueous oxidative buffer (pH ~8) or 
aqueous/organic buffer. However, from a syn-
thetic standpoint, the possibility of multiple 
disulfide isomers presents a challenge for the 
folding of conotoxins since random oxidation 
can produce isomeric mixtures. Optimisation of 
oxidation buffers to favour formation of the 
native isomer has produced surprising improve-
ments in relative yield of correctly folded peptide 
(Gyanda et al. 2013). However, a more effective 
strategy has been to incorporate cysteine residues 
with orthogonal thiol-protecting groups during 
SPPS, most commonly the S-acetamidomethyl 
(Acm) group (Veber et al. 1972). The Acm group 
is stable to acidic cleavage and oxidative folding 
conditions, but can be readily oxidised in the 
presence of excess I2 in acetate, enabling regiose-
lective disulfide formation. This directed 
approach is particularly effective in conotoxins 
with two disulfide bonds and can be used to 
selectively generate all three disulfide isomers of 
α-conotoxins (Gehrman et al. 1998; Townsend 
et al. 2009; Armishaw et al. 2010). Similarly, 
incorporation of additional orthogonal protecting 
groups such as 4-methylbenzyl (Meb) enables 
regioselective folding of conotoxins with three or 

even four disulfides (Cuthbertson and Indervoll 
2003; Vetter et al. 2012).

The three-dimensional shape of a conotoxin is 
crucial in defining its bioactivity and as such, 
investigating their biophysical properties is 
essential to understanding and developing 
conotoxin- based drugs. Based on their small size 
and conformational stability, the predominant 
method for interrogating conotoxin structure has 
been two-dimensional NMR spectroscopy (Daly 
et al. 2011). This powerful technique is used to 
measure resonance frequencies in response to a 
magnetic field and determine chemical shift val-
ues of individual Hα and NH protons along the 
peptide chain. Chemical shifts of structured 
conotoxins are referenced to random coil values 
for an unstructured peptide to generate secondary 
shifts that reflect the global fold of the peptide 
(Wishart et al. 1995). Comparison of secondary 
shifts between native conotoxins and their syn-
thetic analogues also enables identification of 
relative structural perturbations. Furthermore, 
information regarding atom distances and tor-
sional angles obtained using two-dimensional 
NMR spectroscopy provides parameters for com-
putational determination and visualisation of 
three-dimensional conotoxin structures such as 
those shown in Fig. 10.1. Structural data from 
NMR in combination with synthetic mutagenesis 
and concentration-response or binding data, 
allows identification of key SARs and under-
standing ligand-receptor interactions. The study 
of conotoxin SARs has been extensively reviewed 
previously (Lewis et al. 2012; Akondi et al. 
2014b) and is not the focus of this chapter, how-
ever data from these types of studies can be 
invaluable in peptide engineering efforts to 
improve conotoxin stability and bioactivity and 
guide the structure-based development of cono-
toxin therapeutics.

10.2.4  Conotoxin Analgesia

The sensation of pain begins with activation of 
somatosensory neurons originating in the dorsal 
root ganglion (DRG) known as nociceptors 
(Woolf and Ma 2007). These afferent nerves 
project throughout the body and express a diverse 
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collection of membrane channels and receptors 
that activate differentially in response to noxious 
stimuli and initiate membrane depolarisation 
(Gold and Gebhart 2010). Various nociceptor- 
specific voltage-gated ion channels subtypes 
propagate the resulting membrane potential 
toward the DRG activating pre-synaptic 

 voltage- gated calcium channels (CaVs) leading to 
neurotransmitter exocytosis and communication 
to the central nervous system (CNS). The signal 
continues to the brain where it is processed by 
pain centres, including the thalamus and brain-
stem, to produce an aversive physical and emo-
tional response in the organism (Basbaum et al. 

Fig. 10.1 Strategies for engineering conotoxins. Three-
dimensional NMR structures of native Vc1.1 (centre) and 
various structurally modified derivatives reported in liter-
ature are displayed as examples. The two disulfide bonds 
in Vc1.1 may rearrange to form three different disulfide 
isomers (globular, ribbon, beads) with differential phar-
macological properties (top). Disulfide substitution with 
non-reducible linkages, such as a [2–8]dicarba bond in 
Vc1.1 (top right), can improve biological stability. 
Positional mutations may influence structure and pharma-
cology, e.g. the post-translationally modified vc1a (bot-
tom right) which loses calcium channel inhibition. 

Disulfide deletion (bottom; [C2H,C8F]cVc1.1) can pre-
vent disulfide scrambling while maintaining bioactivity. 
Truncated conotoxins that retain pharmacological activity, 
such as [Ser3]Vc1.1(1–8) (bottom left), offer minimised 
lead molecules with reduced production time and costs. 
Cyclisation of conotoxins by joining termini reduces pro-
teolytic degradation and improves biological stability, as 
reported for cyclic Vc1.1 (top left). Structural data was 
obtained from Protein Data Bank entries and three- 
dimensional ribbon diagrams were generated using 
MOLMOL software
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2009). Although pain is a crucial survival mecha-
nism, severe injury or diseases such as diabetes 
mellitus and cancer can result in the sustained 
presence of aberrant biochemical signals, partic-
ularly inflammatory mediators, which can pro-
foundly influence the surface expression and 
activation kinetics of nociceptive proteins (White 
et al. 2007; Gold and Gebhart 2010). Often this 
leads to pathological hypersensitivity in the 
underlying nociceptive circuitry and ectopic gen-
eration of pain signals, which manifests as a 
chronic or ‘neuropathic’ pain state in vivo that 
persists long after the initial stimulus. 
Epidemiological studies estimate up to 6–10% of 
the population suffer from moderate to severe 
symptoms (Smith and Torrance 2012; van Hecke 
et al. 2014). Depending on the severity, neuro-
pathic pain conditions can prevent normal daily 
activities and may require specialist medical 
care, therefore it is associated with a substantial 
personal and economic burden.

Current therapeutic approaches to alleviate 
pathological pain include tricyclic antidepres-
sants, CaV2.2 inhibitors and opioids (Baron 
et al. 2010). However, these approaches are 
ineffective in 40–60% of neuropathic pain 
patients and their clinical efficacy is hindered 
by severe adverse effects, problems with depen-
dence and limited routes of administration 
(Dworkin et al. 2007). As such, there is consid-
erable demand for pharmacological agents to 
improve quality of life of those suffering from 
neuropathic pain. Incidentally, conotoxins offer 
an exciting new class of potential analgesic 
peptides for the treatment of neuropathic pain. 
Characteristics such as structural and confor-
mational stability, low micromolar or nanomo-
lar potency and selectivity for receptor subtypes 
are desirable pharmaceutical qualities and for 
this reason, significant efforts have been made 
to develop conotoxins as therapeutic agents. 
Furthermore, since many conotoxins selec-
tively inhibit ion channels and receptors that 
are implicated in pain transmission (Lewis 
et al. 2012), they are ideal candidates for devel-
opment of novel pharmaceuticals to reduce 
pathological hyperexcitability associated with 
neuropathic pain.

N-type CaV channels (CaV2.2) are widely 
expressed in the central and peripheral nervous 
system and consist of a pore-forming α1 subunit 
and auxiliary β, α2, δ, and γ subunits (Murakami 
et al. 2004). Upon membrane depolarisation, 
these channels open to allow Ca2+ influx leading 
to neurotransmitter exocytosis and propagation 
of membrane potential across synapses (Hannon 
and Atchison 2013). Members of the ω-conotoxin 
family, such as MVIIA, fold into an inhibitory 
cysteine knot (ICK) conformation (Kohno et al. 
1995) and irreversibly inhibit CaV2.2 currents 
(Lew et al. 1997). Accordingly, intrathecal injec-
tion of MVIIA produces anti-nociceptive effects 
in rodent pain models (Malmberg and Yaksh 
1995; Bowersox et al. 1996). These properties 
led to the development of ziconotide, a synthetic 
version of MVIIA, which is currently the only 
conotoxin clinically approved for neuropathic 
pain treatment (Hannon and Atchison 2013). 
Although clinical trials demonstrated analgesic 
efficacy in many patients, ziconotide exhibits 
quite substantial neurological side effects (Staats 
et al. 2004; Rauck et al. 2006). Other ω-conotoxins 
such as CVID-F that exhibit reversible binding to 
CaV2.2 have shown decreased toxicity but similar 
analgesic activity in rodents compared to MVIIA 
and may offer alternatives with improved thera-
peutic windows (Scott et al. 2002; Berecki et al. 
2010).

Another family of analgesic conotoxins that 
possess three disulfides but do not form an ICK 
structure (Type III framework) are the 
μ-conotoxins from the M superfamily, which act 
as potent inhibitors of muscle or neuronal NaVs 
(Knapp et al. 2012). The role of NaVs in conduct-
ing membrane potentials is well understood and 
several subtypes including the tetrodotoxin- 
sensitive (TTX-S) NaV1.3 (He et al. 2010) and 
Nav1.7 (Schmalhofer et al. 2008), and TTX- 
resistant Nav1.8 and Nav1.9 (Leo et al. 2010) have 
been specifically implicated in pain transmission. 
Moreover, Nav1.3, Nav1.8 and Nav1.9 subtypes 
appear to be upregulated in response to nerve 
damage (Siqueira et al. 2009; He et al. 2010). 
μ-Conotoxins bind to NaVs primarily through 
electrostatic interactions with positively charged 
residues of the peptide and the Nav pore-forming 
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α-subunit and sterically hinder ion flow through 
the cavity (Hui et al. 2002). Residues which lie in 
the α-helix are also important for activity (Zhang 
et al. 2007). Although most μ-conotoxins prefer-
entially inhibit the TTX-S NaV subtypes, several 
members such as KIIIA also show inhibitory 
activity at the TTX-R NaVs which are the more 
desirable targets for selective pain relief (Bulaj 
et al. 2005). Notably, KIIIA exhibited analgesic 
activity in rodent model of inflammatory pain 
with an ED50 of 0.1 mg/kg (Zhang et al. 2007). A 
separate class of NaV inhibitors from the O1 
superfamily has also been discovered, termed 
μO-conotoxins, which exhibit little sequence 
homology to their μ-conotoxin counterparts 
(McIntosh et al. 1995) but are more closely 
related to ω-conotoxins and also adopt an ICK 
conformation (Daly et al. 2004). One example is 
MrVIB, which was found to preferentially inhibit 
the NaV1.8 subtype (Bulaj et al. 2006) but unlike 
μ-conotoxins binds to a distinct site which inhib-
its the activation of the voltage-sensor (Leipold 
et al. 2007). Accordingly, MrVIB elicits long- 
lasting analgesia (Bulaj et al. 2006) with substan-
tially fewer motor deficits compared to 
non-selective NaV antagonists at analgesic doses 
(Ekberg et al. 2006) and therefore may be advan-
tageous over the less selective μ-conotoxins. 
However, despite extensive research and devel-
opment, to date no μ-conotoxins have entered 
clinical trials.

The α-conotoxin family are 12–19 amino 
acids long with two disulfides in a native globular 
connectivity (CysI-III, II-IV) forming a charac-
teristic α-helix, and are potent antagonists of 
nAChRs (Lebbe et al. 2014). These receptors are 
pentameric ion-channels which consist of α1-α10, 
β2-β4, γ, δ or ε subunits, resulting in numerous 
subtypes expressed differentially throughout the 
skeletomuscular and nervous systems where they 
mediate fast synaptic transmission (Jensen et al. 
2005). While the early-discovered α-conotoxins 
such as GI target neuromuscular subtypes 
(Gehrman et al. 1998), more recently discovered 
members of this family are highly selective for 
neuronal nAChR subtypes such as α3β2, α3β4 
and α9α10 (Vincler et al. 2006; Clark et al. 2006; 

Armishaw 2010). The neuronal subtypes are 
appealing therapeutic targets since they have 
been implicated in various neurological disorders 
such as Parkinson’s, Alzheimer’s, addiction, 
depression and pain (Gotti and Clementi 2004). 
Indeed, several α-conotoxins including Vc1.1, 
RgIA and AuIB display potent analgesic effects 
in rodent pain models (Satkunanathan et al. 2005; 
Vincler et al. 2006; Klimis et al. 2011) and con-
tribute to neuroprotection and functional recov-
ery (Mannelli et al. 2014) with no obvious 
cognitive side-effects (Napier et al. 2012). Vc1.1 
entered clinical trials (ACV1) but was discontin-
ued after phase two due to differential activity at 
the human and rat α9α10 nAChR subtypes 
(Metabolic Pharmaceuticals 2007). More 
recently, a subset of α-conotoxins, including 
Vc1.1, RgIA and AuIB, were found to also inhibit 
CaV2.2 indirectly through a novel GABABR- and 
src kinase-dependent pathway and has been pro-
posed as an alternative analgesic mechanism 
(Callaghan et al. 2008; Klimis et al. 2011; Berecki 
et al. 2014; Huynh et al. 2015). However, little is 
known regarding the structural and functional 
determinants that underpin this alternate interac-
tion. Despite their controversial mechanism of 
action and failure in clinical trials, α-conotoxins 
have been subjected to extensive preclinical 
development as pharmaceuticals. These studies 
have led to engineered analogues which may be 
more suitable as leads for neuropathic pain treat-
ment, such as the orally active cyclic Vc1.1 
(Clark et al. 2010) and dicarba-bridged Vc1.1 
analogues that are selective for nAChR or CaV2.2 
inhibition (van Lierop et al. 2013).

The χ-conotoxin MrIA is 13-amino acids in 
length with two disulfides that acts as a potent, 
allosteric noradrenaline transporter (NET) inhib-
itor, which has been implicated as a therapeutic 
target for neurological disorders including pain 
(Sharpe et al. 2001; Sharpe et al. 2003). Unlike 
the globular conformation of α-conotoxins, 
native MrIA adopts a ribbon disulfide 
 connectivity, giving rise to a β-hairpin turn, 
which presents the pharmacophore comprising 
residues Gly6, Tyr7, Lys8 and Leu9 to the recep-
tor-binding interface (Brust et al. 2009). A more 
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chemically stable analogue, denoted Xen2174, 
displayed analgesic activity in the rodent chronic 
constriction injury (CCI) model when adminis-
tered by intrathecal injection (Nielsen et al. 2005) 
and subsequently entered clinical trials but was 
discontinued at phase II.

10.3  Conotoxin Engineering

Although the therapeutic potential of conotoxins 
as analgesics has been well documented, several 
challenges are faced on their journey toward clin-
ical use. Their peptidic nature imparts a high sus-
ceptibility to attack by endogenous proteases and 
the presence of reducing agents such as the anti-
oxidant glutathione can result in disulfide rear-
rangement or “scrambling” to form inactive 
isomers. This biological instability translates to 
poor bioavailability and in vivo efficacy, particu-
larly when delivered orally (Olivera 1985) and 
improving these characteristics might aid their 
therapeutic development. In this sense, introduc-
tion of non-native modifications to create ana-
logues with more desirable biopharmaceutical 
characteristics is a principal strategy for the pre- 
clinical development of conotoxins (Craik and 
Adams 2007; Brady et al. 2013a). Some of the 
major techniques for engineering conotoxins are 
outlined in Fig. 10.1, which displays α-conotoxin 
Vc1.1 and its modified analogues as examples. 
However, based on the similarities among fami-
lies and folds, the methods described here can 
likely be applied to many known and undiscov-
ered conotoxin drug leads.

10.3.1  Non-disulfide Modifications

Post-translational modifications are widely incor-
porated into conotoxins during their biosynthe-
sis, with the most common, other than the 
disulfide bonds, being an amidated C-terminus, 
hydroxyproline (Hyp) and γ-carboxyglutamate 
(Gla), and can influence the structure and func-
tion of the peptide (Espiritu et al. 2014). For 
example, in the case of Vc1.1, which was origi-

nally discovered from a cDNA screen, the corre-
sponding venom peptide contained PTMs at 
postions 6 (Hyp) and 14 (Gla) (Townsend et al. 
2009). When compared to Vc1.1, vc1a was equi-
potent at the α9α10 nAChR but did not block 
CaV2.2 and was unable to reverse mechanical 
allodynia in a rodent pain model (Nevin et al. 
2007). This suggests that rationally designed 
synthetic modifications might have potential for 
creating conotoxin analogues with more favour-
able biopharmaceutical properties, such as 
increased chemical and structural stability.

The N-terminal asparagine in native MrIA 
readily undergoes aspartamide formation produc-
ing undesirable α- and β-aspartyl analogues 
(Brust et al. 2009). In order to improve the chem-
ical stability of MrIA, Brust et al. (2009) synthe-
sised a library of Asn1 substitutions that were 
stable toward aspartamide formation. When Asn1 
was replaced with pyroglutamtic acid the result-
ing analogue, Xen2174, retained identical back-
bone structure and displayed slightly increased 
potency for NET inhibition compared to MrIA 
(Brust et al. 2009). Furthermore, intrathecal 
injection of Xen2174 reversed signs of allodynia 
in both CCI and spinal nerve ligation rodent 
models of pain (Nielsen et al. 2005). The more 
stable Xen2174 subsequently progressed through 
phase I clinical trials for treatment of chronic and 
post-operative pain, but trials were cancelled at 
phase II (Lewis 2015).

The conserved proline in loop 1 of most 
α-conotoxins has been established as a key struc-
tural and functional residue which provides a 
backbone constraint that induces the characteris-
tic 310 α-helix (Gehrmann et al. 1999; Clark et al. 
2006) and also contributes favourable hydropho-
bic interactions with nAChRs (Dutertre et al. 
2005). Consequently, non-conservative substitu-
tions at this position result in perturbations to 
backbone structure and abrogate pharmacologi-
cal activity in many α-conotoxins (Nevin et al. 
2007; Ellison et al. 2008; Halai et al. 2009; 
Grishin et al. 2013). In contrast, strengthening 
favourable hydrophobic interactions with 
nAChRs by introducing artificial proline deriva-
tives presents a strategy for improving affinity 
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and potency. To this end, Armishaw et al. (2009) 
synthesised a series of ImI and PnIA[A10L] ana-
logues in which Pro6 was replaced with a range 
of 4- or 5-substituted proline derivatives. 
Reductions in affinity and IC50 at the α7 nAChR 
subtype were observed for all analogues except 
ImI[P6/5-(R)-Ph] which showed marked 
improvements in both affinity and potency. 
Homology modelling and docking experiments 
suggested that the newly introduced phenyl group 
in ImI[P6/5-(R)-Ph] increased hydrophobic con-
tacts with Tyr93 side chain in the nAChR binding 
pocket.

A major caveat of many hydrophilic peptide- 
based drug leads is their low lipid solubility, 
which can translate to poor membrane permea-
bility and low bioavailability, particularly when 
delivered orally. One technique used to increase 
the lipid content of peptides has been to couple 
lipophilic fatty acid chains to increase their mem-
brane penetration and improve biodistribution 
(Zhang and Bulaj 2012). Lipophilic analogues of 
α-conotoxin MII have been synthesised by incor-
porating 2-amino-L-D-dodecanoic (Laa) at either 
the N-terminus (LaaMII) or in place of Asn5 
(5LaaMII) (Blanchfield et al. 2003). LaaMII 
retained wild-type activity at the α3β4 receptor 
whereas the structure and activity of 5LaaMII 
were impaired, consistent with the role of Asn5 in 
receptor binding (Everhart et al. 2004). Similarly, 
addition of a lipophilic N-terminal amino- 
tetratdecanoic acid (Adta) to MrIA was reported 
to improve NET inhibition with 3-fold increase 
in potency over wild-type MrIA (Dekan et al. 
2007). In the Caco-2 transepithelial permeability 
assay, LaaMII was significantly more permeable 
than native MII (Blanchfield et al. 2003). 
However, when the oral absorption and distribu-
tion of tritium labelled LaaMII were investigated, 
similar levels of overall biodistribution were 
observed compared to native MII (7.86% vs 
6.22%) (Blanchfield et al. 2007). Although lipi-
dation has been reported to increase oral bio-
availability of calcitonin and Leu-enkephalin 
(Wang et al. 2003; Wang et al. 2006), similar 
improvements were not observed for MII, sug-
gesting this approach may be less viable for the 
disulfide-rich α-conotoxins.

10.3.2  Disulfide Substitutions

The presence of internal disulfide bonds is a fea-
ture common to many bioactive peptides and is 
crucial for defining the three-dimensional struc-
tures adopted by these molecules. Despite this, 
disulfides are inherently unstable in vivo and 
highly susceptible to reduction in thiol-rich envi-
ronments, which results in loss of bioactivity and 
reduced in vivo half-life (Gongora-Benitez et al. 
2014). To circumvent such pharmaceutically 
undesirable properties, a variety of synthetic 
disulfide substitutions have been introduced into 
conotoxins with the aim of improving structural 
and biological stability. The most common syn-
thetic approach is to replace cysteine pairs during 
SPPS with non-natural amino acids possessing 
side chains designed to enable regioselective for-
mation of covalent linkages with increased resis-
tance to reduction or degradation. Many synthetic 
amino acids are now commercially available and 
reagent costs continue to decrease, thus disulfide 
substitutions an attractive avenue for conotoxin 
drug design. Table 10.2 outlines the structure of 
several synthetic disulfide substitutions that have 
been applied to conotoxins.

10.3.2.1  Diselenide Bonds
Selenocysteine (Sec) is a naturally occurring 
amino acid, which is able to form diselenide 
bridges through oxidation of its selenol side 
chain, with similar bond length to disulfide 
bonds. However, in contrast to disulfides, disele-
nides exhibit superior reductive stability as evi-
denced by a substantially lower redox potential 
(−180 mV vs. −381 mV) (Besse et al. 1997), 
making them appealing isosteric surrogates to 
ameliorate disulfide scrambling. Moreover, the 
pKa of Sec (5.73) is significantly lower than that 
of the Cys thiol groups (8.53) and thus is able to 
react selectively at lower pH, a property which 
has been exploited to allow the selective folding 
of several disulfide-rich peptides including endo-
thelin (Pegoraro et al. 1998) and apamin (Fiori 
et al. 2000). The applicability of this approach 
toward conotoxins was first demonstrated using 
ImI whereby one or both cysteine pairs were sub-
stituted with Sec residues during synthesis allow-
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ing selective folding of these analogues 
(Armishaw et al. 2006). The resulting peptides 
exhibited highly conserved NMR secondary 
shifts to the native peptide and retained IC50 val-
ues similar to wild-type ImI. Importantly, the ImI 
diselenide analogues were highly resistant toward 
reduction and displayed significantly decreased 
disulfide scrambling in reductive environments 
(Armishaw et al. 2006). Expanding on this work, 
Muttenthaler et al. (2010) employed selective 
diselenide formation in a number of other 
α-conotoxins including MI, AuIB, [A10L]PnIA, 
and also observed the conservation of secondary 
NMR structure, diselenide bond lengths and 
dihedral angles compared to the native peptides. 
Remarkably, analogues of MI, AuIB and [A10L]
PnIA all displayed improved inhibitory potency 
at their respective nAChR subtypes, suggested to 
be a result of increase hydrophobicity surround-
ing the CysII-IV disulfide.

Diselenide substitution has also been utilised 
in conotoxins containing three disulfides, where 
the oxidative folding problem is far more appar-
ent considering the 15 possible disulfide isomers 
that can potentially form. Selenocysteine substi-

tution of any of the three native cysteine pairs in 
μ-conotoxin SIIIA, and initial regioselective for-
mation of diselenide bonds, significantly 
improved overall yields of correctly folded pep-
tide following subsequent thiol oxidation, with-
out compromising activity at Nav1.2 channels 
(Walewska et al. 2009). Interestingly, when this 
strategy was applied the Nav1.8 selective 
μ-conotoxin, MrVIB, which is notoriously diffi-
cult to fold due to its high hydrophobic amino 
acid content, a 4-fold increase in overall yield of 
correctly folded peptide and similar levels of 
analgesia in vivo compared to native MrVIB 
were observed (de Araujo et al. 2011). Consistent 
improvements in yield were observed in all three 
diselenide-substituted analogues of ω-conotoxin 
GVIA, also containing an ICK-motif (Gowd 
et al. 2010), and later used to reveal the impor-
tance of the C1-C16 disulfide which, although 
non-crucial for activity, assists formation of the 
remaining disulfides into the native fold (Gowd 
et al. 2012). Although the utility of synthetic dis-
elenide incorporation for engineering isomor-
phous conotoxin analogues with improved 
folding kinetics, reduced disulfide scrambling 

Table 10.2 Conotoxin disulfide substitutions

Disulfide 
substitution Chemical structure Examples

Reduces 
scrambling?

Improves 
stability? References

Diselenide ImI ✓ × Armishaw et al. (2006), 
Walewska et al. (2009), 
Muttenthaler et al. (2010), 
de Araujo et al. (2011) 
and Gowd et al. (2010)

MI

AuIB

PnIA

SIIIA

MrVIB

GVIA

Lactam SI ✓ N.D. Hargittai et al. (2000)

Thioether GI ✓ N.D. Bondebjerg et al. (2003) 
and Dekan et al. (2011)ImI

Dicarba ImI ✓ ✓ MacRaild et al. (2009), 
van Lierop et al. (2013) 
and Chhabra et al. (2014)

Vc1.1

RgIA

Triazole MrIA ✓ ✓ Gori et al. (2015)
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and potentially increased potency is well estab-
lished, no improvements in stability toward deg-
radation in rat plasma were observed 
(Muttenthaler et al. 2010), highlighting the 
requirement for alternative substitution strategies 
to reduce susceptibility to proteolytic cleavage 
and improve bioavailability in vivo.

10.3.2.2  Side-Chain Lactam Bridge
One of the earliest described structural modifica-
tions to mimic conotoxin disulfides involved 
replacing either cysteine pair in α-conotoxin SI 
with a Glu/Lys pair, which can be readily coupled 
using standard SPPS in situ neutralisation to form 
side chain lactam bridges (Hargittai et al. 2000). 
Replacing the Cys[2–7] disulfide completely 
abolished affinity for the nAChR, however the 
[3–13]-lactam analogue in either orientation 
retained meaningful affinity, with the [Glu3- 
Lys13] orientation exhibiting ~70 fold increase in 
affinity over native SI despite the comparatively 
larger distance between the α-carbons in lactam 
analogues (8 vs 4 atoms). Although no structural 
studies were performed, the loss of affinity in 
[2–7]-lactam analogues might be explained by a 
greater sensitivity to synthetic modifications in 
this region. Cys7 lies central to the α-helix, which 
comprises the key α-conotoxin binding motif 
thought to interact with the nAChR binding 
pocket (Ulens et al. 2006). This suggests that 
substitutions of the alternate CysII-IV disulfide 
may be more suitable for maintaining structural 
integrity and receptor affinity in α-conotoxins.

10.3.2.3  Thioether Bonds
In order to closely mimic the disulfide bond 
length and maintain three-dimensional structure, 
a substitution strategy involving the regioselec-
tive formation of a non-reducible cystathionine 
thioether bridge, formed by a reaction between 
the cysteine thiol and a γ-chlorinated side chain, 
has been applied to α-conotoxins GI (Bondebjerg 
et al. 2003) and ImI (Dekan et al. 2011). Although 
both α-conotoxins saw modest decreases in IC50 
when both disulfides were replaced with thio-
ether surrogates, a single [3–12]cystathionine 
bridge in ImI retained full wild-type activity. 
Furthermore, structural analysis of ImI by NMR 

spectroscopy revealed a high degree of overlap 
between the lowest energy structures of all three 
possible analogues, highlighting the effective-
ness of this substitution for maintaining the topo-
logical conformation of conotoxins.

10.3.2.4  Dithiol Derivatives
Chen et al. (2014) recently developed a cysteine 
derivative that contains γ- and δ-thiol groups 
(Dtaa) to examine its potential as a substitute for 
adjacent cysteines. As α-conotoxins possess a 
type I framework containing adjacent CysI and 
CysII residues, ImI was used to investigate the 
effect of a CysI-CysII → Dtaa-Ala substitution 
on structure and activity. One resulting analogue, 
in which the δ-sulfur and γ-sulfur were bonded to 
Cys8 and Cys12 respectively (ImI1), displayed 
nearly eight-fold increased inhibitory activity at 
the α7 nAChR whereas the alternate connectivity, 
as well as a CysI-CysII → Dtaa substitution, were 
equipotent compared to wild-type ImI. Since 
both arrangements retain their inhibitory activity, 
shuffling may be less likely to impair their anal-
gesic effects and offer an advantage over the 
native disulfide configurations. Additionally, 
NMR structural data indicated that the tertiary 
structure of ImI1 was highly similar to native 
ImI, highlighting the utility of Dtaas as conserva-
tive Cys-Cys substitutions.

10.3.2.5  Dicarba Linkages
The discovery of ruthenium-based (Grubbs) cata-
lysts has enabled an unprecedented efficiency of 
ring-closing olefin metathesis (RCM) and the 
facile formation of C = C bonds (Dias et al. 
1997). RCM has since become a widely used 
technique for introducing conformational con-
straints in peptides and stabilising secondary 
structure (Gleeson et al. 2016), and is thus an 
appealing strategy to engineer more stable cono-
toxin analogues. Indeed, the incorporation of ole-
fin side chains as cysteine substitutes and 
regioselective formation of dicarba bridges by 
RCM has been successfully applied to 
α-conotoxins ImI, Vc1.1 and RgIA (MacRaild 
et al. 2009; van Lierop et al. 2013, Chhabra et al. 
2014). Although dicarba bond lengths are shorter 
than disulfides (2.02 and 1.34 Å, respectively), 
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all dicarba analogues displayed highly similar 
backbone structures with only minor perturba-
tions surrounding substituted regions. However, 
for Vc1.1 and RgIA, which both belong to a sub-
set of indirect CaV2.2 inhibitors, these slight con-
formational changes were significant enough to 
profoundly alter their selectivity for either α9α10 
nAChR or CaV2.2 inhibition. In both cases, 
[I-III]-dicarba analogues were unable to inhibit 
ACh-evoked currents in Xenopus oocytes. This 
loss of affinity is consistent with involvement of 
CysI-III in maintaining the peptide fold and it 
forming favourable interactions with the nAChR 
(Ulens et al. 2006). Interestingly however, when 
tested for activity at high-voltage activated 
CaV2.2 currents in rat DRG neurons at 100 nM no 
loss of inhibition was observed compared to the 
native peptides. In contrast, the alternate [II-IV]-
dicarba analogues did not inhibit CaV2.2 currents, 
but wild-type α9α10 inhibitory activity was 
retained. Since the precise molecular mecha-
nisms underlying the analgesic effects of this 
subset of α-conotoxins is still controversial, these 
analogues with differential receptor preference 
may provide useful tools for further interrogation 
of their analgesic targets.

10.3.2.6  1,2,3-Triazole
In recent years, the development of the copper- 
catalysed alkyne-azide cycloaddition (CuAAC) 
reaction has enabled the rapid and selective for-
mation of 1,4-disubstituted-1,2,3-triazole bridges 
between alkyne and azide moieties and has been 
adapted as a technique for various forms of pep-
tide conjugation (Rostovtsev et al. 2002; Tornøe 
et al. 2002). Moreover, incorporation of modified 
amino acids containing alkyne and azide side 
chains and formation of intramolecular triazole 
bridges was successfully used to substitute both 
disulfide-bonds in the antimicrobial peptide 
Tachyplesin-1 (TP-1) without affecting structure 
or function (Holland-Nell and Meldal 2011). To 
examine the potential of intramolecular triazoles 
to mimic disulfides in conotoxins, Gori et al. 
(2015) applied this strategy to MrIA by replacing 
either disulfide with triazole bridges. MrIA ana-
logues with substitutions by modified amino 
acids containing azide or alkyne side chains at 

position 4 and 13 respectively, exhibited highly 
conserved structures and increased NET IC50 
compared to native MrIA, whereas the [5–10]-tri-
azole analogues were significantly less active due 
to structural aberrations surrounding the sensitive 
Gly6-Leu9 pharmacophore. In addition, the 
[4–13]-triazole analogues produced levels of in 
vivo analgesia similar to wild-type MrIA in the 
PNL neuropathic pain model. Importantly, the 
reductive stability of these analogues in glutathi-
one was superior to the native peptide, which cor-
related with profound improvements in stability 
in rat plasma over a period of 48 hours, with 
80–90% remaining as opposed to complete 
breakdown of MrIA. Although this technique has 
not been investigated for peptides with globular 
folds such as the α-conotoxins, CuAAC offers a 
cheap and efficient method for engineering more 
stable disulfide mimetics and, through optimisa-
tion of linkage length and selective replacement 
of less functionally important disulfides, can 
likely be applied to a range of conotoxin 
families.

10.3.2.7  Disulfide Deletion
Another approach used to reduce conotoxin com-
plexity is the deletion of disulfides by mutating 
orthogonal pairs of Cys residues. In the case of 
ICK conotoxins, GVIA and KIIIA, the CysI-IV 
disulfide has been identified as non-critical for 
activity (Flinn et al. 1999; Khoo et al. 2009). 
Guided by these observations, Stevens et al. 
(2012) synthesised ten analogues of Cys1–9 
disulfide-deleted KIIIA and assessed their struc-
ture and activity. The [S4R,C9A]KIIIA(2–16) 
analogue, denoted R2-Midi, displayed nanomo-
lar potency at the neuronal NaV1.2 subtype 
(34.1 nM) and similar subtype selectivity to 
native KIIIA. Interestingly however, unlike 
KIIIA, the three-dimensional NMR structure of 
R2-midi did not exhibit the native backbone 
α-helix. More recently, a cyclic CysI-III disulfide- 
deleted analogue of Vc1.1 (hcVc1.1) was 
designed in which cysteines were substituted 
with His2 and Phe8 to mimic the hydrophobic 
core of Vc1.1 (Yu et al. 2015). The hcVc1.1 ana-
logue showed little difference in Hα chemical 
shifts, three-dimensional solution structures and 
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CaV2.2 inhibition compared to native globular 
Vc1.1. However, hcVc1.1 was about 40-fold less 
potent at α9α10 nAChR and showed a 30% 
reduction in serum stability over 24 hours. 
Therefore, while disulfide-deleted analogues 
offer the advantage of simplified folding and 
decreased scrambling, in the case of Vc1.1, the 
cost was not only reduced activity at one of its 
targets, but also reduced proteolytic stability.

10.3.3  Cyclisation

Cyclisation of conotoxins and other peptide lead 
molecules is one of the most routinely used tech-
niques for improving biological stability (Clark 
and Craik 2012; Clark et al. 2012). The rationale 
for this approach comes from the discovery and 
characterisation of a range of naturally existing 
disulfide-rich peptides with N-to-C-terminal 
amide bonds that form a cyclic backbone struc-
ture, including the plant cyclotides (Craik et al. 
1999), mammalian theta-defensins (Tang et al. 
1999) and sunflower trypsin inhibitors (Luckett 
et al. 1999). A notable example is the 29 amino 
acid cyclotide kalata-B1, which displays excep-
tional stability in harsh denaturing environments 
including 6 M guanidine hydrochloride, 8 M urea 
and 0.5 M HCl at 80 °C and in the presence of 
various proteases including trypsin, endoGlu-C, 
pepsin, and thermolysin (Colgrave and Craik 
2004). The exquisite structural and biological 
stability of cyclic peptides are highly desirable 
pharmaceutical properties and suggests their 
potential as templates in peptide-based drug 
design.

10.3.3.1  Design and Synthesis
The similarities in size and fold between cono-
toxins and natural cyclic peptides, make them 
ideal candidates for cyclisation and indeed, the 
last decade has seen the development of a range 
of cyclic conotoxin analogues from α-, χ-, ω- and 
κ-conotoxin families. To date, the majority of 
cyclic conotoxin analogues have been synthe-
sised using native-chemical ligation (NCL) 
which is suitable for both Boc- and Fmoc-based 
SPPS (Dawson et al. 1994; Blanco-Canosa and 

Dawson 2008; Zheng et al. 2013). The mecha-
nism involves the reaction between an N-terminal 
cysteine thiol and C-terminal thioester, which 
undergoes thioester exchange, followed by an 
intramolecular rearrangement resulting in forma-
tion of a native amide bond. Although originally 
used to synthesise larger proteins by joining lin-
ear fragments (Dawson et al. 1994), it has since 
been adapted as a means of generating cyclic 
peptides via an intramolecular N- to C-terminal 
ligation (Tam and Lu 1997; Craik et al. 1999; 
Clark et al. 2010). An advantage of disulfide-rich 
peptides like conotoxins in this approach is that 
native cysteines can be used as the N-terminal 
Cys for NCL without the requirement for incor-
poration of non-native cysteines or a desulfurisa-
tion reaction (Clark and Craik 2010).

The biological activity of conotoxins relies 
heavily on their fold, thus an important consider-
ation when designing cyclic conotoxins is the 
preservation of secondary structure. This has tra-
ditionally been achieved through the incorpora-
tion of inert peptidic (Gly-Ala) linkers, which 
maintain distances between native termini and 
minimise structural perturbations. For example, 
the globular 4/7 α-conotoxins Vc1.1 and MII 
whose termini are ~11–12 Å apart require a 6–7 
residue linker (Clark et al. 2005, 2010; Halai 
et al. 2011) whereas conotoxins with closer ter-
mini such as AuIB and MrIA, 2-3 residue linkers 
are more appropriate (Lovelace et al. 2006; 
Armishaw et al. 2011). In fact, there is a linear 
trend between termini distance and number of 
linker residues required for cyclisation, as shown 
in Fig. 10.2b (Clark et al. 2010).

10.3.3.2  Conotoxin Cyclisation Using 
NCL

The α-conotoxins are particularly amenable to 
cyclisation based on the close proximity of their 
termini, small and well-characterised structures 
and relatively poor in vivo stability. The principle 
was first demonstrated using the 4/7 α-conotoxin 
MII in which three analogues containing a 5-, 6- 
or 7-residue spacer were cyclised by NCL (Clark 
et al. 2005). Compared to the native peptide, 
cMII-6 and cMII-7 retained identical backbone 
structures and nAChR inhibitory activity, whereas 
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cMII-5 was pharmacologically inactive due to 
major structural perturbations. Furthermore, 
cyclisation conferred a 20% reduction in degra-
dation in human plasma over 24 hours, highlight-
ing its utility for improving conotoxin stability. 
Consistent improvements in proteolytic stability 
without sacrificing secondary structure or nAChR 
activity were observed for several other cyclic 
α-conotoxins including ImI (Armishaw et al. 
2009), Vc1.1 (Clark et al. 2010), AuIB (Lovelace 
et al. 2011), and RgIA (Halai et al. 2011) as well 

as the NET-inhibitor χ-conotoxin MrIA (Lovelace 
et al. 2006). Perhaps the most significant finding 
to come from this research is the development of 
an orally active cyclic analogue of the analgesic 
conotoxin Vc1.1 (Clark et al. 2010). Not only did 
cVc1.1 exhibit increased stability towards disul-
fide scrambling in simulated in vivo environ-
ments including gastric fluid, intestinal fluid and 
human serum, but remarkably, when dosed orally 
in a rat CCI model of neuropathic pain produced 
analgesia at 3 mg/kg comparable to 30 mg/kg of 

Fig. 10.2 Strategy for design of cyclic conotoxins. (a) 
Linker regions (light blue) generally consisting of inert 
Gly and Ala residues are incorporated into the native 
sequence (highlighted in pink) during peptide synthesis. 
N- and C-termini are joined to form a cyclic backbone 
typically via native chemical ligation or enzyme-mediated 
ligation. A generic α-conotoxin structure and its cyclic 
analogue are shown as an example. (b) Linear relationship 
between the optimal number of linker residues to maintain 

conotoxin structure and function to the distance between 
termini. Circles represent cyclic peptide analogues from 
literature reported to maintain native structure and phar-
macology and shaded circles indicate conotoxins (adapted 
from Clark et al. 2010). The correlation between the 
N-to-C distance and the number of residues required to 
span it indicates that a linker length containing approxi-
mately x-6 residues is required, where x is the distance 
between the termini in Ångstroms
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first line analgesic gabapentin. Oral activity is a 
highly desirable property for pharmaceuticals as 
it allows ease of administration and improves 
patient comfort and compliance.

In addition to the linker length, the composi-
tion of linker residues can also influence the bio-
activity of cyclic conotoxins. Originally, linkers 
consisting of relatively inert amino acids such as 
Gly and Ala residues were used to avoid altering 
peptide structure and pharmacology. In principle 
however, altering the chemical nature of linker 
regions by introducing functional amino acid 
sequences represents a strategy for manipulation 
of conotoxin structure, activity and physico-
chemical properties. To this end, Dekan et al. 
(2012) designed an analogue of cyclic MrIA 
(cMrIA) with a bioactive RGD linker in place of 
the AGN sequence originally used to produce 
cMrIA (Lovelace et al. 2006). The RGD 
sequence is a binding motif, present in extracel-
lular matrix (ECM) proteins and disintegrin pep-
tides, which interacts with the integrin family of 
transmembrane receptors that mediate cellular 
processes such as adhesion and migration. The 
cMrIA(RGD) analogue displayed a backbone 
structure which closely matched cMrIA, and 
retained NET inhibitory activity as well as inhi-
bition of integrin receptors and platelet aggrega-
tion. The RGD linker also imparted cMrIA with 
greater stability towards degradation in rat 
plasma compared to the GA linker, however, this 
did not correlate with any notable improvements 
in pharmacokinetic parameters following intra-
venous injection in Sprague-Dawley rats. A 
more recent study by Carstens et al. (2016b) 
explored the effect of altering the charge and 
hydrophobicity of the cVc1.1 linker sequence on 
its pharmacological properties. The GGAAGG 
linker in cVc1.1 was replaced with GKGKGK 
(L1), GVGVGV (L2) and GEGEGE (L3) linkers 
(underlined residues are N-methylated). The 
secondary structures of all analogues were simi-
lar to that of cVc1.1. The cVc1.1-L2 analogue 
exhibited modest improvements in Caco-2 mem-
brane permeability assay, attributed to its 
increased hydrophobicity. However, despite 
structural similarities, all three analogues were 
unable to inhibit CaV currents at 500 nM in rat 

DRG neurons suggesting that these linkers are 
unfavourable for receptor interaction.

Fewer studies have focused on cyclisation of 
larger conotoxins with three disulfides since they 
are comparatively more difficult to synthesise 
and already exhibit greater biological stability 
than α-conotoxins. Three ω-conotoxins, MVIIA 
from the O1-superfamily, and gm9a and bru9a 
from the P-superfamily, which all form ICK 
motifs, have been successfully cyclised using 
NCL (Hemu et al. 2013; Akcan et al. 2015). 
MVIIA was cyclised using a novel Fmoc- 
compatible approach incorporating a GGPG 
linker and N-methyl Cys as a thioester surrogate. 
The presence of the cyclic peptide in the correct 
fold was confirmed by mass spectrometry and 
partial reduction/alkylation; however, no struc-
ture, activity or stability data were reported for 
the cyclic analogue (Hemu et al. 2013). In the 
case of gm9a and bru9a, direct cyclisation led to 
misfolding of the peptide, but inclusion of a 
cyclotide-like GLP linker engendered a native 
backbone structure (Akcan et al. 2015). Cyclic 
gm9a (cgm9a-GLP) inhibited CaV currents in rat 
DRG neurons at a concentration of 1 μM, whereas 
neither bru9a nor its cyclic analogue were active. 
In an in vivo test using Drosophila, cgm9a-GLP 
produced significantly greater inhibition of ter-
gotrochanteral muscle response to stimulation of 
the giant fibre compared to native gm9a. Both 
cyclic analogues maintained wild-type stability 
in serum with >90% remaining after 24 h.

10.3.3.3  Enzymatic Conotoxin 
Cyclisation

Enzymatic approaches have recently been intro-
duced as an alternative to NCL for the production 
of cyclic peptides (Antos et al. 2009). Sortase A 
(SrtA) is a transpeptidase expressed in Gram- 
positive bacteria, which attaches proteins to the 
cell wall by cleaving at a C-terminal LPXT/G 
motif and forming a thioester-enzyme intermedi-
ate that subsequently undergoes nucleophilic 
attack by glycine-based nucleophiles (Ton-That 
et al. 1999). This mechanism has been exploited 
to generate cyclic peptides by incorporating a 
C-terminal LPXTG motif and an N-terminal 
polyglycine tail into the native linear peptides 
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(Bolscher et al. 2011; Maximillian et al. 2011). 
Using this approach, Jia et al. (2014) aimed to 
examine its applicability toward cyclisation of 
disulfide-rich peptides, including Vc1.1. The 
resulting cyclo-[G]Vc1.1[GLPET] analogue 
showed close overlap of Hα secondary shifts with 
both native and cyclic Vc1.1, indicating success-
ful SrtA-mediated cyclisation. However, the 
pharmacological activity of cyclo-[G]
Vc1.1[GLPET] was not examined in this study. 
A cyclic analogue of the κ-conotoxin PVIIA, 
which like many cyclotides and conotoxins con-
tains an ICK motif, has also been synthesised 
using SrtA (Kwon et al. 2016). Interestingly, 
although cyc-PVIIA retained a highly similar 
structure to the native PVIIA, it displayed only 
partial inhibitory activity at Shaker KV channels, 
which was attributed to the loss of electrostatic 
interaction between the N-terminus and channel 
pore. Furthermore, the serum stability of cyc- 
PVIIA was substantially less than that of native 
PVIIA (50% vs >95% remaining after 12 h).

NCL requires strong oxidative conditions for 
thioester exchange to occur so folding is gener-
ally carried out post-cyclisation. However, in 
some cases such as ImI and AuIB this pre- 
constrained backbone can drastically reduce the 
yield of native conformations (Armishaw et al. 
2010; Lovelace et al. 2011). In contrast, SrtA 
cyclisation is more versatile and can be carried 
out both before folding, which is more suitable 
for Vc1.1, or after folding, which is more favour-
able for kB1 (Jia et al. 2014). Despite its versatil-
ity, a major disadvantage of SrtA-mediated 
cyclisation is the requirement for a high enzyme- 
to- peptide ratio (1:3) and overnight incubation, 
which is unfavourable for rapid large-scale pro-
duction of cyclic peptides. The biosynthetic path-
way of naturally existing cyclic plant peptides, or 
cyclotides, is thought to involve asparaginyl 
endoproteases (AEPs) which cleave and cyclise 
the linear precursors, suggesting these enzymes 
may have enhanced catalytic efficiency for pep-
tide cyclisation over bacterial transpeptidases. 
Indeed, the recently characterised AEP butelase-
 1, isolated from Clitoria ternatea, is able to 
cyclise diverse peptide substrates including cono-
toxin MrIA with 95% efficiency in <12 min at an 

enzyme-to-peptide ratio of 1:400, demonstrating 
a remarkable improvement over SrtA (Nguyen 
et al. 2014; Nguyen et al. 2015). It is likely that 
continued discovery and optimisation of enzyme- 
catalysed cyclisation will drastically reduce costs 
and work-up times associated with cyclic peptide 
synthesis and enable high-throughput production 
of cyclic conotoxin libraries.

10.3.4  Structural Minimisation

From a drug design perspective, removal of non- 
critical residues presents a strategy for engineer-
ing smaller conotoxin analogues that are not only 
synthesised more cheaply and efficiently, but 
are also less susceptible to inherent instability of 
larger peptides. One approach has been to trun-
cate non-essential residues from intercysteine 
loops. For example, the loop 2 in α-conotoxins 
varies greatly in size and composition between 
members (2–8 residues) which led Jin et al. 
(2008) to reason that the larger 4/7 α-conotoxins 
might be compatible with deletions in this loop. 
To investigate the effect of loop 2 deletions, a 
series of sequentially truncated analogues of 
[A10L]PnIA were designed and synthesised. 
Electrophysiological recordings of α7 nAChR 
revealed that truncations down to 4/4 did not sig-
nificantly reduce inhibitory activity, however, 
further truncation to the 4/3 analogue completely 
abolished the activity. Interestingly, truncations 
beyond 4/6 caused a considerable increase in 
disulfide scrambling. Moreover, the affinity for 
AChBP was also significantly reduced due to loss 
of hydrogen bonding between loop 2 residues 
and the receptor. More recently, Carstens et al. 
(2016a) used a similar approach to reduce the 
size of α-conotoxins that inhibit CaV2.2 channels. 
In contrast to loop 2, the loop 1 SXPX motif in 
α-conotoxins is highly conserved and plays cru-
cial roles in peptide structure and activity. In par-
ticular, the α9α10/CaV2.2 inhibitors Vc1.1, RgIA, 
as well as the α7-selective ImI, all share identical 
residues 1–8. To examine whether this loop 1 
motif was sufficient for activity at these targets, 
an analogue consisting of only residues 1–8 
braced by the Cys2–8 disulfide, referred to as 
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[Ser3]Vc1.1(1–8) was synthesised. Interestingly, 
this analogue retained wild-type inhibition of 
CaV2.2 currents in rodent DRG neurons at 1 μM, 
and also inhibited α7 nAChR currents, but lost its 
ability to inhibit the α9α10 nAChR subtype. 
[Ser3]Vc1.1(1–8) was tested in an in vivo model 
of chronic visceral pain and remarkably was able 
to significantly inhibit the visceromotor response 
following colorectal distension when adminis-
tered intracolonically. Thus, this minimal func-
tional α-conotoxin motif offers an exciting new 
analgesic lead molecule, with the advantage of 
faster and more efficient synthesis compared to 
full-length Vc1.1.

The effects of truncations on the structure and 
function of three-disulfide μ-conotoxins have 
also been explored. The conserved α-helix from 
Lys7-Asp11 of analgesic μ-conotoxin KIIIA has 
been identified as a key requirement for inhibi-
tion of NaVs (Zhang et al. 2007). Additionally, 
removal of the Cys1–9 disulfide does not perturb 
this α-helix and it retains similar potency to wild- 
type KIIIA (Khoo et al. 2009). Based on these 
observations, Khoo et al. (2011) designed a trun-
cated KIIIA(7–14) analogue comprising the 
α-helical residues and the functionally important 
Arg14. Furthermore, a side chain lactam bond, 
which has previously been shown to stabilise 
α-helices, was introduced between positions 9 
and 13 substitutions. The resulting analogues 
maintained their native α-helical structure and 
similar selectivity for inhibition of NaV subtypes 
expressed in Xenopus oocytes to wild-type 
KIIIA. Although the consequence of this trunca-
tion was significantly reduced potency, it was still 
within the low micromolar range, which is a 
promising result for such a substantial reduction 
in peptide size.

The logical next step to minimising conotoxin 
structures is to mimic the peptide pharmacophore 
by positioning side chain functional groups in the 
correct spatial orientation using non-peptidic 
scaffolds. This strategy has been applied to sev-
eral conotoxins in an attempt to create non- 
peptidic or “peptidomimetic” analogues that 
retain biological activity but exhibit improved 
pharmacokinetic properties. A peptidomimetic of 
the ω-conotoxin MVIIA was designed using a 

“dendroid” approach that utilised a branched aro-
matic core that projected Arg10, Leu11 and 
Tyr13 side chains to mimic the native peptide 
(Menzler et al. 1998). Despite similar orientation 
of the pharmacophore, this analogue was virtu-
ally inactive at CaV2.2 (Menzler et al. 2000). 
However, shortening the dendroid scaffold 
branches to reduce overall flexibility of the mol-
ecule produced an analogue with low micromolar 
potency for CaV2.2 inhibition. GVIA peptidomi-
metics have also been designed and synthesised 
by positioning the functionally important Lys2, 
Tyr13 and Arg17 side chains around either a ben-
zothiazole or anthranilimide scaffold (Baell et al. 
2001). In subsequent studies, both analogues 
showed good overlap of side chain orientations 
with the corresponding three-dimensional parent 
peptide structure (Baell et al. 2004, 2006). 
Radioligand displacement of 125I-GVIA from 
CaV2.2 in rat brain preparations yielded inhibi-
tory constants (Ki) for both scaffolds in the 
1–5 μM range and maintained specificity for 
CaV2.2 over the P/Q-type CaV (CaV2.1). Further 
reductions to the molecular size (−193 g/mol) of 
the benzothiazole-based mimetic by removal of 
the Lys2 moiety surprisingly maintained CaV2.2 
inhibition equipotent its tripeptide parent mole-
cule (Duggan et al. 2009). A peptidomimetic ana-
logue of μ-conotoxin KIIIA that mimics the bond 
vectors of Lys7, Trp8 His12 has also been syn-
thesised but exhibited minimal inhibitory activity 
at NaV1.7 in xenopus oocytes (Brady et al. 
2013b). Despite major reductions in bioactivity 
for all reported conotoxin peptidomimetics com-
pared to their parent peptides, their functionally 
minimised structures offer ease of synthesis and 
their non-peptidic composition may afford 
greater stability in vivo. Furthermore, peptidomi-
metics are more amenable to medicinal chemis-
try optimisation of molecular structure which 
may engender future analogues with improved 
receptor affinity and potency.

10.3.5  Dendrimers

Renal clearance of short peptides is a primary 
elimination pathway and contributes to their low 
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bioavailability. Synthesis of multimeric ligands 
or “dendrimers” by attaching multiple copies of a 
peptide to a polylysine core is a recent approach 
for increasing molecular size. As a result, den-
drimers are expected to have reduced renal clear-
ance and may also exhibit a multivalency effect 
that increases receptor affinity over monomeric 
ligands. Dendrimers of both ImI (Wan et al. 
2015) and MrIA (Wan et al. 2016) have been con-
structed by coupling 5-hexynoic acid to polyly-
sine dendrons and subsequently attaching 
azido-functionalised conotoxin monomers using 
CuAAC. The dendrimer design also included 
polyethylene glycol (PEG) spacers separating the 
N-termini and azide moiety of the peptide. In the 
case of ImI, PEG(9) divalent and tetravalent den-
drimers were synthesised, whereas PEG(9) or 
PEG(24) tetravalent, and PEG(24) octavalent 
dendrimers of MrIA were constructed. All den-
drimeric analogues of ImI and MrIA closely 
matched the Hα secondary shift values of their 
parent peptide indicating conserved secondary 
structure. Multivalent effects were observed for 
both dimeric and tetrameric ImI, which displayed 
5–10-fold greater affinity for the α7 nAChR sub-
type and 60–100-fold increased inhibitory 
potency over wild-type ImI, whereas MrIA den-
drimers only exhibited wild-type levels of NET 
inhibition. The MrIA dendrimers were also tested 
in vivo using a PNL rat pain model but unexpect-
edly, were unable to produce any analgesic effect 
following intrathecal injection. The loss of in 
vivo activity, which was thought to result from an 
inability to diffuse through the spinal cord, there-
fore suggests that dendrimerisation not a viable 
approach for improving MrIA bioactivity. 
However, since MrIA is the only example tested 
in vivo, it is unclear whether dendrimers of cono-
toxins that elicit analgesia through alternate 
mechanisms would also lose activity.

10.4  Conclusions

In recent decades, the therapeutic potential of 
conotoxins has been extensively explored as they 
possess a number of desirable pharmaceutical 
properties including high potency and selectivity 

for neurophysiological targets that are implicated 
in various neurological disorders, defined and 
rigid three-dimensional structures, and relative 
ease of synthesis and modifications. However, 
like other peptide drug leads they are susceptible 
to degradation in vivo by proteolysis or reduc-
tion, which impairs their bioavailability and pres-
ents a major hurdle toward the development of 
conotoxin-based drugs. For this reason, the 
diverse synthetic strategies described herein, 
such as disulfide substitution, cyclisation and 
structural minimisation, have been implemented 
to engineer conotoxins with improved biophar-
maceutical properties. In many cases, engineered 
conotoxins display similar or even improved 
potency to the native parent peptides and preser-
vation of three-dimensional structure, while 
exhibiting improved biological stability. 
Although the engineering techniques described 
here have only been applied to a handful of cono-
toxins, the high conservation of structure and 
function among families and folds suggest that 
these methods will be applicable to known and 
novel conotoxin drug leads. Furthermore, the 
continuous discovery and development of new 
chemical and enzymatic approaches will likely 
simplify and accelerate the production of engi-
neered conotoxin analogues. Such improvements 
are expected to facilitate the therapeutic develop-
ment of conotoxins with the hope that a greater 
number of conotoxin-based drugs will reach the 
clinic.
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Uptake Mechanism of  
Cell-Penetrating Peptides 

Maxime Gestin, Moataz Dowaidar, and Ülo Langel

Abstract

Cell-penetrating peptides have been extensively used since their discovery 
for delivering cargoes unable to cross the cell membrane. Among other 
transported cargoes, they have shown very efficient delivery for oligonu-
cleotides making cell-penetrating peptides a powerful tool for gene ther-
apy. Numerous cell-penetrating peptides have now been discovered 
offering a wide library of structures and mechanisms of actions. 
Nevertheless, if it is known that different pathways are available for par-
ticles to be taken up, most mechanisms by which these particles enter cells 
are still to be characterized more precisely. Indeed it is admitted that cell- 
penetrating peptides are taken up either by direct translocation or by endo-
cytosis but classes of cell-penetrating peptides are usually not related to 
specific entrance mechanisms. Actually, for most particles, different path-
ways can be detected during their uptake which makes the literature some-
times contradictory. Recent studies have nevertheless shown convergent 
uptake patterns for individual structures. Acetylated cell-penetrating pep-
tides complexed with oligonucleotides have been shown to interact to 
scavenger receptor class A to induce caveolae-mediated endocytosis 
whereas antimicrobial peptides create pores in the cell membrane for 
direct translocation. Arginine-rich peptides have presented concentration- 
dependent mechanisms, being taken up either by membrane  destabilization 
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or clathrin-mediated endocytosis. Relating the structure of cell-penetrating 
peptides or their particles to distinct mechanisms would allow this delivery 
platform to become even more specific by using rational design to fit to the 
desired uptake pathway.

Keywords

Cell-penetrating peptide • Uptake mechanism • Endocytosis • Pore forma-
tion • Delivery platform • Gene therapy

Abbreviations

CPP Cell-penetrating peptides
GAG Glycosaminoglycan
HS Heparan sulfate
HSPG Heparan sulfate proteoglycan
LDL Low-density lipoprotein
LPS Lipopolysaccharide
NRP1 Neuropilin-1
SCARA Scavenger receptor class A

11.1  Introduction

Cell-penetrating peptides (CPPs) are peptides 
able to cross cell membranes and to carry bioac-
tive cargo (small drug molecules, oligonucle-
otides, proteins) into the cytoplasm (Kristensen 
and Nielsen 2016). Although CPPs have been 
extensively employed to transport cargo mole-
cules the uptake mechanism of the particles 
formed by CPPs and their cargo is poorly under-
stood as it seems to depends on lots of different 
factors such as membrane structure, peptide’s 
primary and secondary structures, cargos nature, 
concentration of particle (Pan et al. 2016). 
Nevertheless, two kinds of the mechanism have 
been extensively reported for CPPs uptake, 
namely independent energy pathway and endo-
cytic pathway. CPPs seem to be able to either 
interact with membranes for direct translocation 
either to use endocytic pathways to be internal-
ized in cells and further release through endo-
somal escape (Durzyńska et al. 2015). Relating 

those uptake mechanisms to CPP’s family is 
needed to fully understand the effect of this treat-
ment that has been used for the delivery of 
numerous cargoes including genetic material 
(Dixon et al. 2016).

Uptake mechanisms have been extensively 
studied during the past years, and several of them 
have been described and sorted between energy- 
dependent and energy-independent pathways. 
The energy-independent pathway involves mem-
brane interaction that allows a direct penetration 
into the cytosol. This penetration can be due to 
pore formation during the membrane interactions 
in the same scheme as antimicrobial peptides 
(Murray et al. 2016; Milani et al. 2009). Energy- 
dependent pathways are usually related to endo-
cytic mechanisms, and several of them have been 
detected subsequently to CPP administration. 
Macropinocytosis has been shown to be able to 
incorporate nanoparticles including CPPs, and 
their complexes CPPs seems to be able to interact 
with different receptor on the surface of the mem-
brane depending on their structure (Liu et al. 
2015) but also clathrin-mediated and caveolae- 
mediated endocytosis (Kawaguchi et al. 2016; 
Matsubara et al. 2017). The involvement of 
anionic receptor such as neuropilin-1 and hepa-
ran sulfate proteoglycans have also been shown 
in several studies (Christianson and Belting 2014; 
Pang et al. 2015).

As the knowledge about the different path-
ways increases concerning receptor involvement, 
membrane interactions, different endocytic 
mechanism, it becomes now a challenge to detect 
which pathway is involved in various kind of 
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 particle structure. Even though the literature 
remains contradictory on this subject, recent 
studies show convergent uptake mechanism for 
several types of CPPs, namely acetylated CPPs 
(Lindberg et al. 2015), Arginine-rich CPPs 
(Brock 2014) and antimicrobial peptide (Murray 
et al. 2016).

11.2  Mechanisms

11.2.1  The Role of Heparan Sulfate 
Proteoglycan 
and Neuropilin-1

The cell membrane proteoglycans, in special, 
heparan sulfate proteoglycans (HSPGs), perform 
critical functions in synergy with peptides on the 
plasma membrane and possibly operating as sig-
nificant CPP interacting receptor (Chen et al. 
2015). They are composed of a central protein- 
glycosaminoglycan (GAG) of heparan sulfate 
(HS), linear-chains polysaccharides constituted 
of varying N-sulfated glucosamine or 
N-acetylated and uronic acids (Bishop et al. 
2007; Chen et al. 2015). HS and some sulfated 
GAGs are among the conventional extremely 
anionic biopolymers (Sarrazin et al. 2011). 
Hence, they could attract positively charged 
CPPs by electrostatic force and perform as pri-
mary binding sites to enhance their cargo uptake 
efficacy (Naik et al. 2013). The uptake of CPPs is 
then a synergy of the cationic peptides with 
anionic elements of the cellular membrane such 
as HSPGs (Mandani et al. 2011). The cationic 
amino acids include the core to the cell- 
penetrating efficacy of positively charged CPPs 
and numerous bioactive proteins. Durable elec-
trostatic synergies among the cationic residues 
and the negatively charged HS chains of proteo-
glycans have usually been considered as the fun-
damental mechanism in inducing the uptake of 
CPPs and their complexes including macromo-
lecular cargoes via endocytosis or energy- 
independent pathways (Farkhani et al. 2014; 
Durzyńska et al. 2015).

Neuropilin-1 (NRP1) has also been shown to 
participate in the uptake of CPPs across the cell 

membrane (Pang et al. 2015). NRP1 binding 
mechanism demands that the peptide owns a 
C-terminal arginine (CendR motif) and the native 
l-conformation of its amino acids. Furthermore, 
the carboxyl group of the arginine should be clear 
of the substituent (Teesalu et al. 2009). It has 
been demonstrated that NRP1 and HSPG can 
work in cooperation to induce a macropinocy-
totic pathway. Indeed, using electronic micros-
copy, different nanoparticles interacting with 
either NRP1 or HSPG have been detected in the 
same vesicle when administrated together (Pang 
et al. 2015) (Fig. 11.1).

11.2.2  Energy-Independent 
Pathways

Energy-independent pathways involve mem-
brane interaction or disturbance to induce direct 
translocation of the particle into the cytosol. 
Antimicrobial peptides have the ability to interact 
with microbe’s membrane to disrupt it. This 
property has been used in several studies by fus-
ing five antimicrobial peptides with cell- 
penetrating peptides (Reyes-Cortes et al. 2016; 
Brezden et al. 2016). The knowledge about anti-
microbial peptide’s mechanism of action is there-
fore required to adopt a rational design of those 
fused peptides. The action of antimicrobial has 
been described for a few years now (Brogden 
2005; Murray et al. 2016) and different models 
have been proposed: The “barrel-stave” pathway, 
the “carpet” model the “toroidal-pore” pathway 
(Fig. 11.1).

An experimental platform has been intro-
duced, based on the Whole-cell voltage-clamp 
investigation of currents proceeding through 
the plasma membrane of exterior rod fragments 
separated from frog retina, wherever endoge-
nous conductance could be entirely hindered by 
intense light (Vedovato and Rispoli 2007; 
Madan et al. 2007). By applying this method, 
the membrane permeabilization features of sev-
eral artificial or natural peptides were exam-
ined, and an explanation was purposed to 
discriminate within “toroidal”, “barrel-stave,” 
and “carpet” model.
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The barrel-stave pathway demands that a par-
ticular quantity of monomers adhere collectively 
in the cell membrane to establish a conductive 
ion pore. Whenever a number of monomers 
implanted in the plasma membrane are inade-
quate, it is presumed that the pores appear and 
repeatedly disaggregate, providing maintained 
single channel effects. The use of higher peptide 
concentrations is supposed to generate percepti-
ble currents that retrieve to zero after extracellu-
lar peptide relocation since the synergy within 
the peptides and the cell membrane is not any-
more adequate to preserve the peptides implanted 
in the cell membrane when the extracellular 
accumulation is terminated. This is estimated to 
be a signature of the barrel-stave permeabiliza-
tion manner (Vedovato and Rispoli 2007).

In the state of the toroidal path, the attractive 
molecular forces among the hydrophilic head 
groups of phospholipids and the peptides force 

the lipid tails into shifting up and creating pores 
whose surfaces are composed of both peptide and 
hydrophilic head groups of phospholipids mono-
mers. This interaction does provide a prompt 
pore generation or disaggregation. The adminis-
tration of peptide is supposed to generate notice-
able currents beside a “delay” and higher time 
constants of recovery and current activation than 
in the state of the barrel-stave pathway (Madan 
et al. 2007). Thus if the peptide administration is 
brief and at average concentration, the monomers 
omitted on the membrane following peptide relo-
cation do not have a level sufficient to supply 
inflation to conductive pores: those peptides 
should still contribute to producing extra pores 
once the peptide is implemented over the cellular 
membrane. Consequently, reformed peptide 
treatments are assumed to excite currents that 
mainly had retrieved to the zero level simultane-
ously to peptide relocation, and next to induce 

Fig. 11.1 Schematic representation of pore-formation pathways
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reduction of delay and a continuous rise of the 
steady-state current amplitude. This mechanism 
would ultimately drive the generation of station-
ary conductive channels that would generate 
growing higher background currents simultane-
ous peptide translocation. This is accordingly 
regarded as a signature of that permeabilization 
manner. (Vedovato et al. 2007).

In the carpet model, the dynamic electro-
static interaction among the phospholipid head 
groups and the peptides drive to a peptide-
induced membrane ‘carpeting’ consequence. 
Ultimately, the peptides can produce micelles, 
therefore commencing to bilayer disintegration 
under a detergent- like mode (Durzyńska et al. 
2015).

11.2.3  Endocytosis

11.2.3.1  Caveolae-Mediated 
Endocytosis

Caveolae are lipid raft invaginations of the cell 
membrane. They are usually coated with recep-
tors able to bind to lipid chain such as HSPGs and 
scavenger receptor (Fig. 11.2a). Scavenger recep-
tors (SCARA) are a class of cell membrane gly-
coproteins initially identified to bind transformed 
low-density lipoproteins (LDL) like acetylated 
and oxidized LDLs (Brown and Goldstein 1983). 
Initially, those receptors were considered only to 
scavenge acetylated LDL within macrophages, 
but the definition has expanded to include recep-
tors able to bind a various set of ligands, e.g., 
Lipoproteins and endogenous modified proteins, 
bacterial lipopolysaccharides (LPS), and more 
recently silver nanoparticles (Wang et al. 2012) 
and acetylated CPP (Lindberg et al. 2015). As 
they recognize so many pathogen-associated 
molecular patterns, it is compatible that the 
receptors are profoundly expressed on macro-
phages, where they were formerly distinguished 
(Canton et al. 2013). Next, they were discovered 
in several diverse cell types, wherever subtypes 
were recognized in various cells as smooth mus-
cle cells, endothelial and epithelial cells, fibro-
blasts and splenic dendritic cells. The number of 
cell membrane receptors named as scavenger 

receptors is continuously increasing from the ini-
tial scheme of classes A-F to incorporate 19 
receptors that are classified into class A to I. The 
different classes of the receptor are similar in the 
capacity to bind negatively charged ligands. 
Scavenger receptors are also commonly acknowl-
edged as a subclass of the membrane-bound 
guide perception receptors (Canton et al. 2013).

11.2.3.2  Clathrin-Coated Vesicles
Clathrin-coated vesicles are one of the most used 
receptor-dependent transport mechanism for 
mammalian cells (Bitsikas et al. 2014). The 
mechanism of their formation have been well 
studied over the years (Mousavi et al. 2004; 
Lampe et al. 2016). Clathrin-coated vesicles’ 
main functions are the recycling the internaliza-
tion of a membrane receptor. Thus they form on 
the site with a high density of receptor where 
adaptor proteins AP-180 and epsins recruit clath-
rins. Clathrin is a triskelion-shaped protein formed 
with 3 heavy chains and 3 light chains in three-
legged structure (Robinson 2015). This recruit-
ment starts to induce a curvation of the membrane. 
The particular structure of clathrins allows them 
to interact together to form a polyhedral coat 
around the membrane that has been deformed into 
a pit shape. Dynamin2 is recruited to the nascent 
pit and creates a collar-like structure before GTP-
hydrolysis changes its conformation and lead to 
membrane fusion and release of the clathrin-
coated vesicle into the cytosol (Mulcahy et al. 
2014). The vesicle is then uncoated to form an 
endosome (Fig. 11.2b). The high density of recep-
tor on the surface of the pits made clathrin-coated 
a major way of entering cells, and several CPPs 
have been reported to be transported in such ves-
icles (Kawaguchi et al. 2016).

11.2.3.3  Macropinocytosis
Macropinocytosis is a lipid-raft-dependent, a 
receptor-independent endocytic pathway where 
actin projections form membrane ruffles which 
wrap in on the cell and transport the enclosing 
medium inside the cell (Fig. 11.2c). Its mechanism 
is still not fully understood, but some of its char-
acteristics have been elucidated. Macropinocytosis 
requires cholesterol, actin, rac1 and Na+/K+ 
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exchanger capacities. Cholesterol is needed to 
recruit rac1, a GTPase which plays a significant 
role in macropinocytosis. Besides blocking the 
Na+/K+ exchangers hindered uptake by macropi-
nocytosis (Mulcahy et al. 2014). Macropinocytosis 
is believed to happen in every cell kinds, and due 
to the dimensions of macropinosomes, big extra-
cellular particles are delivered up inside the cells.

11.3  CPPs and Mechanisms 
Associated

11.3.1  Arginine-Rich CPPss

The arginine-rich CPP Tat has been extensively 
studied, and several schemes have been proposed 
for its uptake. It has been shown that nanoparti-

Fig. 11.2 Schematic representation of endocytic pathways
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cles functionalized with Tat interacted with 
NRP1 due to its CendR motif. Indeed cells lack-
ing NRP1 knocked down the uptake of Tat 
nanoparticles (Pang et al. 2015).

An arginine-rich CPPs resembling the native 
TAT protein, penetratin have been observed to 
associate with the plasma membrane HSPGs 
with a significant association (Naik et al. 2013). 
Furthermore, Åmand et al. showed that an 
enhanced arginine amount promotes 
proteoglycan- based uptake and other results 
present proof that Syndecan-4, a class I trans-
membrane proteins HSPGs, predicaments and 
arbitrates delivery of arginine-rich CPPs via the 
cellular membrane within the cells through 
clathrin- mediated endocytosis (Kawaguchi 
et al. 2016). However, it has also been shown 
that macropinocytosis was also involved as a 
significant uptake mechanism of the arginine-
rich peptide. Indeed other studies show that 
when macropinocytosis is blocked with differ-
ent inhibitor, the uptake is abolished (Kaplan 
et al. 2005; Wadia et al. 2004).

These two kinds of the receptor can induce 
both energy-independent and endocytic path-
ways, and it has been shown that Arginine-rich 
CPPs and Tat, in particular, can be taken up with 
both pathways. Nevertheless, the conditions for 
inducing each pathway have been elucidated. At 
a concentration below 2 μM, the uptake is energy- 
independent and relies on membrane interactions 
and pore formation. Between 2 μM and 20 μM, 
an endocytic pathway was detected, and below 
20 μM the uptake mechanism changed back to an 
energy-independent pathway with rapid uptake 
from restricted membrane areas. Furthermore, 
the inhibition of endocytosis lowered the concen-
tration threshold to reach this rapid energy- 
independent pathway (Brock 2014). The author 
of this study explains this phenomenon by the 
accumulation of peptide on the extracellular mid-
dle creating membrane disturbance. Other stud-
ies have also shown these membrane interaction 
leading to direct penetration with arginine-rich 
CPPs and polyarginine (Chakrabarti et al. 2014; 
Herce et al. 2014; Zeller et al. 2015).

11.3.2  Antimicrobial Peptide 
Conjugated CPPs

An antimicrobial peptide CM18 was conjugated 
to Tat11 was employed to assist the cytosolic 
uptake of a broad series of co-administered car-
goes (GFP, calcein, dextrans) (Salomone et al. 
2012), and to provide adequate transfection for 
DNA plasmids complexed (Salomone et al. 2013, 
2014). CM18-Tat11 was proved to grasp both Tat11 
capacities to penetrate eukaryotic cells plus CM18 
membrane-perturbing features. The pathway by 
which this chimeric peptide remodels endosomal- 
membrane integrity within eukaryotic cells is 
nevertheless not entirely explained but consider-
ing CM18-Tat11 includes an adequate antimicro-
bial peptide (CM18), so it is proposed that it uses 
a pore-formation pathway to enter cells.

Three different functionalized lactoferrin with 
antimicrobial properties have been administrated 
to bacteria cells, and their uptake was followed 
by electronic microscopy. The results showed 
membrane disruption starting from pore forma-
tion, and the peptide showed a diffuse pattern of 
distribution in the cytoplasm (Reyes-Cortes et al. 
2016).

11.3.3  Acetylated CPPs

PepFect 14, an acetylated amphipathic CPPs, 
form nanoparticles with plasmid DNA (PF14/
pDNA) and these particles showed a negative 
ζ-potential that allowed interactions with scaven-
ger receptor class A (Ezzat et al. 2012). The 
silencing of specific SCARA subtypes notably 
reduced the gene expression of the plasmid cargo. 
That proposes the latter receptor intermediates 
the delivery of PF14/pDNA nanoparticles in 
association with caveolae. Indeed SCARAs are 
uptaken through caveolae-mediated endocytosis 
in macrophages. Furthermore, PF14/pDNA 
nanoparticles apparently provoked partial inter-
ruption of the endosomal membranes in some 
endosomes and inducing recruitment of SCARA 
from intracellular membranes to the extra cellular 
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plasma membrane (Juks et al. 2017). It has been 
shown that scavenger receptor classes A 3 and 5 
(SCARA3 and SCARA5) as partly responsible 
for the cellular penetration of acetylated CPPs by 
applying both several pharmacological inhibitors 
and by silencing the receptor employing siRNA 
(Ezzat et al. 2011; Ezzat et al. 2012)

11.4  Conclusions

As seen before, the mechanisms of the different 
uptake mechanisms are more and more charac-
terized (Durzyńska et al. 2015; Liu et al. 2015; 
Madani and Gräslund 2015) due to extensive 
studies of the abilities of CPPs. However, until 
recent years, research has been more focused on 
the development of new CPPs and particles than 
in the broad investigation of their methods of 
action leading to a contradictory literature. The 
challenge for the CPP platform lies now in sort-
ing the different class of CPPs to characterize 
standard schemes in the uptake. This knowledge 
is required to understand which mechanism is 
used depending on the biological, physical and 
chemical characteristics of the CPP and its com-
plex with the cargo as well as on the cell mem-
brane constitution. Studies are now turning in 
that way, and the recent results are elucidating 
uptake mechanisms for arginine-rich CPPs, anti-
microbial peptides and acetylated CPPs (Lindberg 
et al. 2015; Brock 2014; Murray et al. 2016). This 
way of studying CPPs could allow a more ratio-
nal design of the peptide to induce a particular 
pathway and reach a more efficient treatment that 
would push the CPP delivery platform to the 
front plan of the delivery system.
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Empowering the Potential of Cell-
Penetrating Peptides for Targeted 
Intracellular Delivery via 
Molecular Self-Assembly
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Abstract

Cell-penetrating peptides (CPPs) have been widely explored as an 
effective tool to deliver a variety of molecules and nanoparticles into cells 
due to their intrinsic property to translocate across cell membranes. CPPs 
are easier to synthesize and functionalize, and their incorporation into 
delivery vehicles could be achieved by both non-covalent and covalent 
methods. Recent advances in molecular self-assembly have demonstrated 
the possibility to fabricate various nanostructures with precise control 
over the shape, size and presentation of diverse functionalities. Through 
rational design, CPPs could be used as a building block for the nanostruc-
ture formation via self-assembly, while providing the functionality for 
intracellular delivery. In this book chapter, we will describe strategies to 
design self-assembling CPP conjugates and illustrate how their self-
assembled nanostructures are manipulated for effective intracellular delivery. 
Fundamental knowledge on CPPs and molecular self-assembly will also 
be described.

Keywords
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12.1  Introduction

Targeted delivery of therapeutic and diagnostic 
agents to desired locations in the human body to 
improve their efficacy and prevent undesirable 
side effects on normal cells, organs and tissues, 
has been a major research effort in the past few 
decades. With this purpose, a variety of delivery 
carriers, including liposomes, polymeric 
nanoparticles and inorganic nanoparticles, have 
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been developed. These delivery carriers have 
been designed and modified based on both pas-
sive and active targeting strategies. The passive 
delivery is achieved by increasing the blood cir-
culation time of the delivery carriers and enhanc-
ing their permeability and retention (EPR) effect 
at the target site. On the other hand, active deliv-
ery is achieved through specific interactions 
between ligands (monoclonal antibodies, pep-
tides, aptamers or small molecules) bound on the 
surface of the delivery carriers and up-regulated 
antigens or receptors on the surface of target cells 
(Koren and Torchilin 2012). In addition, many 
diseases are characterized by alterations of physi-
ological conditions, including acidic extracellu-
lar pH, increased temperature, hypoxia and 
overexpression of specific analytes. These varia-
tions in physiological parameters provide an 
opportunity to design stimuli-responsive delivery 
carriers for targeted delivery (Torchilin 2014).

Although the accumulation of therapeutic and 
diagnostic agents has been significantly improved 
at the target site following the strategies men-
tioned above, their insufficient cellular internal-
ization, especially macromolecular drugs 
(proteins and nucleic acids) still remain an impor-
tant challenge. Furthermore, many therapeutic 
and diagnostic targets have been found located 
within cells, such as nuclei, mitochondria, and 
lysosomes. To enhance the intracellular delivery 
and target specific intracellular organelles, cell- 
penetrating peptides (CPPs), with the ability 
to enter cells, have received great deal of 
attention.

 Since being discovered, CPPs have been 
widely used for the intracellular delivery of a 
variety of cargos. However, in most of the cases, 
CPPs are bound to the cargos by either non- 
covalent or covalent methods, to provide cell- 
penetrating ability (Koren and Torchilin 2012). 
However, despite the enormous potential of 
CPPs, they still suffer from non-selectivity. Thus, 
several strategies, based on the rational modifica-
tion of CPPs, or their controlled presentation 
using different intrinsic and external triggers at 
the target site, have been exploited and reviewed 
(MacEwan and Chilkoti 2013). Nonetheless, 
these modifications require complex and multiple 

functionalization steps. In contrast, in molecular 
self-assembly, multiple functionalities could be 
integrated into a single self-assembling molecule, 
enabling the multivalent presentation of chemi-
cally defined ligands into one nanostructure. 
Employing molecular self-assembly to develop 
nanostructures, in which CPPs could be used as 
both structural and functional elements to fabri-
cate nanostructures via self-assembly, offer a 
simple approach to develop multifunctional and 
stimuli-responsive intercellular delivery carriers 
with cell penetrating ability. These approaches 
require, however, a good understanding on the 
structure features of CPPs and principles of 
molecular self-assembly, in order to design stable 
multifunctional and stimuli-responsive delivery 
carriers. Thus, in this book chapter, we will first 
describe basic information on the CPP properties 
and the self-assembly principles. This knowledge 
is essential for the rational integration of CPPs 
into well-known self-assembling blocks, which 
will be further discussed along the chapter, as 
well as their applications in biomedicine.

12.1.1  Cell-Penetrating Peptides 
(CPPs)

CPPs, also known as protein transduction 
domains (PTDs), are a class of short peptides that 
comprise 5–40 amino acids and are noteworthy 
for their ability to translocate across cell mem-
branes (Raucher and Ryu 2015). The first CPP, 
HIV transactivator of transcription protein (Tat), 
was discovered in 1988 by Frankel and Pabo, 
who showed evidence that Tat could be effec-
tively internalized by cells in vitro, resulting in 
transactivation of the viral promoter (Frankel and 
Pabo 1988). Since the initial discovery, research 
on CPPs has evolved rapidly over the past 
30 years and more than 100 protein-derived and 
synthetic peptide sequences have been described 
with membrane-crossing properties (Milletti 
2012).

With more and more CPPs emerging, they 
have been divided into different subgroups, 
according to their origins, sequence  characteristics 
and cellular uptake mechanisms (Milletti 2012). 
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However, the best-known classification of CPPs 
is based on their physicochemical properties, in 
which CPPs have been divided into three major 
classes: cationic, amphipathic and hydrophobic. 
Cationic CPPs are typically non-specific for cells 
and tissues and their membrane-cross ability 
relies primarily on the electrostatic interactions 
between their positively charged amino acids and 
the negatively charged phospholipids, proteogly-
cans or glycosaminoglycans (GAGs) on the cell 
surface (Copolovici et al. 2014). Studies have 
shown that the number of positive charges is crit-
ical for efficient translocation and effective cel-
lular uptake of most cationic CPPs, suggesting a 
minimum of eight positively charged residues 
(Futaki et al. 2001). However, when comparing 
arginine with lysine residues, both with posi-
tively charged side chains, arginine residues have 
shown to be more effective in terms of cell pene-
trating ability. Their guanidine head group could 
form hydrogen bonding with the negatively 
charged phosphates and sulfates on the surface of 
cellular membranes (Tünnemann et al. 2008). 
Amphipathic CPPs, including transportan, model 
amphipathic peptide (MAP) and Pep-1, comprise 
both polar and non-polar amino acids and form 
the largest class (44%) of CPPs (Milletti 2012). 
Compared to cationic and amphipathic CPPs, 
only few (15%) hydrophobic CPPs, which con-
tain only non-polar amino acids and a low net 
charge, have been discovered (Milletti 2012).

Depending on the different physicochemical 
properties of CPPs, their cellular uptake mecha-
nisms vary considerably. In addition to the direct 
translocation pathway that primarily relies on the 
electrostatic interactions and hydrogen bonding 
between CPPs and cellular membranes, energy- 
dependent endocytosis pathways, including 
macropinotcytosis, clathrin- and caveolea-
mediated endocytosis and clathrin- and caveolea- 
independent endocytosis, also exist and may even 
coexist in the cellular entry process of CPPs 
(Copolovici et al. 2014).

Although the cellular uptake mechanism of 
CPPs is still not fully understood, a vast number 
of studies have reported the CPP-assisted intra-
cellular delivery of peptides and proteins (Mae 
and Langel 2006; Fonseca et al. 2009), nucleic 

acids (Said Hassane et al. 2010; Nakase et al. 
2012), chemotherapeutic drugs (Reissmann 
2014), imaging agents (Juliano et al. 2009; Wang 
et al. 2014) and also nanoparticles (Koren and 
Torchilin 2012; Farkhani et al. 2014), by both 
covalent and non-covalent modification 
approaches (Koren and Torchilin 2012), with 
improved delivery efficiency into various tissues, 
cells and subcellular compartments. The origins, 
sequences, structures and proposed internaliza-
tion mechanisms of the most commonly used 
CPPs have been summarized in Table 12.1.

Regardless of the effective cell membrane 
translocation ability of CPPs, their non- specificity 
has also raised concerns when intended for tar-
geted delivery. Therefore, great efforts have been 
devoted to “tame” CPPs through their rational 
modification or controlled presentation of CPPs 
using different intrinsic and external triggers at 
the target site (Zhang et al. 2015). These efforts 
have resulted in the development of multifunc-
tional and stimuli-responsive delivery systems 
with improved performance (Tu and Zhu 2015). 
In contrast to the CPP modification strategies, the 
use of CPPs as building blocks to create supra-
molecular nanostructures as intracellular delivery 
vectors has received attention only recently and 
has not yet been fully exploited.

Molecular self-assembly offers a simple 
approach to develop multifunctional and stimuli- 
responsive delivery systems as multiple function-
alities can be easily incorporated into a single 
self-assembling molecule. CPPs, as functionality 
for effective cell internalization, could also be 
used as a building block for the self-assembly of 
multifunctional and stimuli-responsive delivery 
carriers. Considering the peptide nature of CPPs, 
they could be integrated into known classes of 
self-assembling peptides (e.g. peptide amphiphi-
les, β-sheet forming peptides) or formulated into 
new designs.

12.1.2  Molecular Self-Assembly

Molecular self-assembly is a bottom-up approach 
for producing well-defined nanostructures result-
ing from the spontaneous organization of 
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 rationally designed molecules (Cui et al. 2010). 
This self-organization occurs as a consequence 
of specific molecular interactions, including 
hydrogen bonding, hydrophobic and electrostatic 
interactions, π-π stacking and van der waals 
forces (Mendes et al. 2013). These interactions 
could act alone or in concert to generate precisely 
self- assembled nanostructures. Compared to top- 
down approach, self-assembly fabrication offers 
several advantages, such as three-dimensional 
assembly, versatility, cost-effective large-scale 
production and achievement of near-atomic reso-
lution (Toksöz and Guler 2009). It has become an 
attractive strategy to fabricate diverse functional 
nanomaterials, ranging from electronic and 
detection materials to biomaterials, due to its 
simplicity and precise control over both the 
morphology and function of the assembled nano-
structures (Cui et al. 2010).

A variety of building blocks, from both syn-
thetic and biological origin, have been used in 
molecular self-assembly, allowing the fabrication 
of nanostructures with defined shape and size for 
diverse biomedical applications (Mendes et al. 
2013). Among all the building blocks, peptides 
are particularly attractive and have been widely 
used due to their chemical versatility, biodegrad-
ability, biocompatibility and inherent chemical 
functionality for establishing supramolecular 
interactions, such as hydrogen bonding, electro-
static and hydrophobic interactions as well as 
aromatic stacking (Habibi et al. 2016). Naturally 
occurring peptide motifs with α–helix and β-sheet 
secondary structures could be used to drive the 
self-assembly process (Lim et al. 2009). 
Amphiphilic peptides, consisting of a hydrophilic 
bioactive headgroup and a hydrophobic segment, 
have also been shown with the ability to self- 
assemble (Lim et al. 2009). Therefore, peptide 
sequences could both direct the nanostructure 
formation and provide functionalities for effi-
cient intracellular delivery of the nanostructures. 
The self-assembled peptidic nanocarrier could 
not only act as therapeutic itself, but could also 
enable the integration of additional functional-
ities, including targeting, cell-penetrating, endo-
somal escape and stimuli-responsive peptide 
sequences. The ionic or hydrophobic nature of 

the peptide sequences could further allow the 
binding of therapeutic and diagnostic payloads. 
The incorporation of all functionalities into a 
nanocarrier, being generated in a single step, is an 
energy- and cost-effective process (Habibi et al. 
2016). This unique synergy between molecular 
self-assembly and inherent peptide functionality 
provides a simple approach for design of multi-
functional and stimuli-responsive nanostructures. 
Herein, strategies to design self-assembling CPP- 
conjugates for the formation of nanostructures 
will be summarized and examples will be given 
on different types of CPP-conjugates.

12.2  Design of Self-Assembling 
Cell-Penetrating Peptide 
(CPP) Conjugates

While research on CPPs has witnessed consider-
able progress, the use of CPPs into self- assembled 
nanostructures for intracellular delivery has 
received attention only recently. Generally, there 
are two strategies to design CPP conjugates with 
the ability of self-assembly into nanostructures.

The first strategy is based on hydrophobic 
interactions to drive the self-assembly process. 
Amphiphilic block molecule, in which one of its 
blocks is hydrophilic and the other is hydropho-
bic, tends to aggregate above a critical concentra-
tion in aqueous solution, with the hydrophobic 
tails forming the inner core, while the hydrophilic 
head groups are presented on the outer surface, 
facing the aqueous solution. Based on the fact 
that most CPPs are hydrophilic, self-assembling 
CPP conjugates could be designed by attaching 
appropriate hydrophobic segments (lipid tails, 
hydrophobic drugs, etc.) to the CPP sequence.

The second strategy relies on the formation of 
hydrogen bonding and π-π stacking to drive the 
self-assembly process. Helical structures, includ-
ing α–helix, polyproline helix, collagen triple helix, 
310-helix and π-helix, together with β-sheet struc-
tures, are commonly found in biological systems. 
These structural motifs are stabilized by hydrogen 
bonding and steric effects, resulting in their self-
assembly behavior, and could be  conjugated to 
CPPs to drive the nanostructure formation.
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In this section, we will discuss design rules for 
creating self-assembling CPP-conjugates, based on 
the two strategies mentioned above, and provide 
examples of different types of CPP-conjugates.

12.2.1  CPP-Lipid Tail Conjugates

CPP-lipid tail conjugates have been designed fol-
lowing the first strategy by taking advantage of 
the hydrophobicity of lipid tails. Considering the 
results from earlier research, that amphiphilic 
molecules could adopt various morphologies 
depending on the relative volume fraction 
between the hydrophilic and hydrophobic seg-
ments, various studies were conducted to estab-
lish rules to control the size, shape and even 
cellular uptake mechanism of the assembled 
nanostructures.

The impact of the length of the hydrophobic 
lipid tail on the self-assembly behavior and 
cellular- uptake properties of CPP-lipid tail 
amphiphiles has been evaluated by Burlina’s 
group (Bode et al. 2012). They designed a small 
library of CPP amphiphiles by conjugating the 
Arg4 CPP to alkyl tails with different lengths, 
varying from 0 to 18 carbons. Their results 
showed that the cellular uptake efficiency of Arg4 
conjugated with tails made of 12, 14, 16 and 18 
carbons was significantly higher when compared 
to conjugates with shorter tails (less than 7 car-
bons). Further results revealed that Arg4 conju-
gates with longer tails, containing more than 12 
carbons, could promote better interactions with 
GAGs on the cell surface and trigger the GAG- 
dependent cellular uptake route. Furthermore, 
Arg4 conjugates with longer tails (>12 carbons) 
could form micelle structures presenting a high 
density of cationic arginine residues at their sur-
face. In contrast, Arg4 conjugated with the tails 
with less than 7 carbons did not form any stable 
structures.

The effect of number of the hydrophobic lipid 
tails on the self-assembly behavior and cellular- 
uptake properties of CPP-lipid tail amphiphiles 
has also been studied. Lee’s group has attached a 
stearic acid (C18) to the N-terminus of Tat CPP 
and then increased the number of C18 tails to two 

and four to investigate the morphology and sta-
bility of their assemblies (Lim et al. 2007b). The 
critical aggregation concentration (CAC) of Tat 
conjugates with one C18 tail was not detected in 
the range of concentration up to 1 mM, while a 
CAC of 208 μM and 21 μM were determined for 
the Tat conjugates with two and four C18 tails 
respectively. Further examinations revealed that 
Tat conjugates with two C18 tails self-assembled 
into spherical micelles with a 6.5 nm diameter, 
while Tat conjugates with four C18 tails formed 
more stable cylindrical micelles with 6.8 nm 
diameter and 43 nm length. Studies from Cui’s 
group investigated the effect of using a shorter 
octanoic acid tail (C8) instead of stearic acid tail, 
conjugated to the Tat CPP (Zhang et al. 2013). In 
their design, only Tat conjugates with four C8 
tails were shown with the ability to form nanofi-
bers with a high drug loading efficiency 
(89.7 ± 5.0%).

The use of non-linear hydrophobic lipid mol-
ecules, such as cholesterol, has also been investi-
gated as building block for self-assembling CPP 
conjugates. An amphiphilic CPP-cholesterol 
conjugate was designed and synthesized contain-
ing both Arg6 and Tat CPPs in the hydrophilic 
peptide headgroup (Liu et al. 2009). The designed 
CPP-cholesterol conjugates were shown to form 
core-shell structured nanoparticles with enhanced 
antimicrobial activity against a range of bacteria, 
yeasts and fungi. Moreover, the nanoparticles 
could cross the blood-brain barrier and suppress 
bacterial growth in the infected brains without 
causing significant toxicity to the major organs, 
which showed their potential to treat infections in 
the brain.

12.2.2  CPP-Drug Conjugates

Based on the fact that the majority of CPPs are 
hydrophilic while most chemotherapeutic drugs 
are hydrophobic, CPP-drug conjugates with self- 
assembly ability could be obtained following the 
first strategy, by conjugating these two segments 
together via specific linker. The linker between 
the CPPs and the chemotherapeutic drugs is typi-
cally used to guarantee the release of drugs upon 
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cleavage. In particular, some linkers are designed 
to be cleaved by specific triggers found in the 
local environment, such as altered pH or temper-
ature, presence of hydrolytic or oxidative 
enzymes, to favor the controlled drug release at 
the target site (Table 12.2).

A multifunctional peptide pro-drug was 
designed by conjugating the antitumor drug 
doxorubicin to the hydrophobic tail of a CPP 
amphiphile, in which the hydrophilic peptide 
headgroup comprises a targeting peptide 
sequence (GRGDS) and an Arg8 CPP (Chen et al. 
2014). Owing to its amphiphilic nature, the 
designed peptide pro-drug could spontaneously 
self-assemble into spherical envelope-type 
nanoparticles with doxorubicin encapsulated in 
the hydrophobic inner core and the functional 
peptide sequences gathered on the outer shell. 
These spherical envelope-type nanoparticles 
were shown to transport and release doxorubicin 
into tumor cells specifically, presenting improved 
antitumor activity with minimal side effects.

A CPP-paclitaxel conjugate with the ability to 
self-assemble into supramolecular nanospheres 

with high drug loading efficiency (26.4%) was 
recently reported (Tian et al. 2015). The self- 
assembled nanospheres also served for the co- 
delivery of another anticancer drug, doxorubicin, 
to cancer cells without compromising the potency 
of paclitaxel.

12.2.3  CPP-Peptide Conjugates

Most of the CPP-peptide conjugates with self- 
assembly ability reported in the literature were 
designed based on the second strategy, by cou-
pling a self-assembling (β-sheet or α–helix form-
ing) peptide segment to the hydrophilic 
CPP. Substantiations for this design are summa-
rized below.

A block peptide, TβP, consisting of a β-sheet 
forming peptide (FKFE)3 and a Tat CPP was 
designed by Lee’s group (Lim et al. 2007a). The 
peptide (FKFE)n is an artificial β-sheet forming 
peptide designed by the alternative placement of 
charged amino acids (K and E) and hydrophobic 
amino acids (F). This residues distribution promotes 

Table 12.2 Examples of commonly used linkers between CPPs and chemotherapeutic drugs and their cleavage sus-
ceptibility (when applicable) to trigger the drug release

Type of bond Chemical structure Trigger

Peptide (amide) Enzyme (Cathepsin B (CatB), matrix 
metalloproteases (MMPs), other 
proteases)

Disulphide Reducing agent (glutathione), 
enzyme (glutathione-s-transferases, 
GSTs)

Maleimide _

Hydrazone pH

Ether _

Sulphanyl (bis-functional) _

Phosphatydylethanolamine _
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a proper β-sheet hydrogen bonding arrangement 
between amide hydrogen and carbonyl oxygen. 
Conjugation of the hydrophilic Tat CPP to the 
N-terminus of this β-sheet forming peptide 
through a flexible peptide linker (GSGG) led to 
the self-assembly into β-ribbon structures in 
which β-sheet interaction was the main driving 
force, while the hydrophobic and π-π-stacking 
interactions from the phenylalanine residues on 
one face of the β-tape also contributed to the sta-
bilization of the bilayered β-ribbon structures. 
The hydrophobic interface inside the β-sheet 
ribbon structures allowed the encapsulation of 
hydrophobic molecules, suggesting the potential 
of TβP assemblies for drug delivery applications.

Later, a self-assembling rod-coil amphiphilic 
molecule composed of a polyproline rod and a 
Tat CPP coil was reported by the same group 
(Yoon et al. 2008). Among all the 20 naturally 
occurring amino acids, proline is the only amino 
acid with the side chain atoms forming a pyrro-
lidine ring with the backbone atoms. In aqueous 
solution, the proline-rich sequences tend to form 
a stiff helical rod structure, called polyproline 
type II (PPII) helix, since the cyclic structure of 
proline induces conformational constrains among 
the atoms in the pyrrolidine ring. The proline- 
rich sequences also present an increased hydro-
phobicity, when compared with proline itself as 
an isolated amino acid, because of the alignment 
of the three non-polar methylene groups at the 
outer part of the rod with the PPII helix forma-
tion. When the hydrophilic Tat CPP was conju-
gated to the relatively hydrophobic polyproline, 
the stiff rod character of the PPII helix enabled 
microphase separation from the hydrophilic Tat 
CPP, leading to the formation of self-assembled 
nanocapsules. These nanocapsules were shown 
to be stable enough to cross the cytoplasmic 
membrane of cells with efficient intracellular 
delivery of water-soluble drugs.

In addition to the PPII helix from polyproline, 
α–helices from polyleucine have also been 
exploited to develop self-assembling CPP- 
peptide conjugates. The formation of vesicular 
assemblies in aqueous solution was demonstrated 
using a block co-polypeptide composed of 
polyarginine and polyleucine (R60L20) owing to 

the combined interactions from both the α–heli-
cal hydrophobic polyleucine, that favored the for-
mation of flat membranes, and the highly charged 
hydrophilic polyarginine segment, that imparted 
solubility and fluidity to these membranes 
(Holowka et al. 2007). The resulting vesicles 
were found to be transported into cells effectively 
with entrapment of water-soluble drugs.

Despite the effective cell internalization abil-
ity, most known CPPs lack tissue or cell specific-
ity. Therefore, CPP-peptide conjugates with 
targeting capacity were also developed. Prohibitin 
is a protein that is highly expressed in adipose- 
tissue vasculature and shifts its position to the 
cell membranes and nuclei of differentiated adi-
pocyte cells (Kolonin et al. 2004). A short pep-
tide sequence (CKGGRAKDC), termed 
adipocyte-targeting peptide sequence (ATS) and 
able to specifically bind to prohibitin, was conju-
gated to polyarginine CPP (Arg9) for developing 
an adipocyte-targeted gene carrier (Won et al. 
2014). When mixed with short-hairpin RNAs for 
silencing fatty-acid-binding protein 4 (shTABP4), 
ATS-Arg9/shFABP4 complexes self-assembled 
as a result of electrostatic interactions between 
the positively charged polyarginine CPP and the 
negatively charged shFABP4. The adipocyte- 
targeting fusion-oligopeptide gene carriers 
were shown to selectively transfect mature adipo-
cytes by binding to prohibitin. Treatment of 
obese mice with ATS-9R/shFABP4 oligopeptide 
complex led to metabolic recovery and body- 
weight reduction.

To fully harness the power of CPPs for tar-
geted intracellular delivery, MacEwan and 
Chikouti developed a smart approach by exploit-
ing a temperature-triggered self-assembly pro-
cess (Macewan and Chilkoti 2012, 2014). This 
approach was built upon earlier observation that 
cationic CPPs have a strong cut-off effect in their 
cell-penetrating ability and a threshold of eight 
consecutive arginines is needed for the effective 
cell internalization process (Futaki et al. 2001). 
Thus, Arg5 was conjugated to an elastin-like 
polypeptide (ELP) that is composed of both 
hydrophobic and hydrophilic segments and is 
capable of temperature-triggered micelle assem-
bly owing to its lower critical solution tempera-
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ture (LCST) phase transition behavior. Below its 
LSCT, it exists as soluble monomer, while above 
its LSCT, it aggregates into insoluble micro-sized 
micelles. The self-assembly behavior of the 
designed Arg5-ELP conjugates could be ther-
mally controlled and, as a consequence, the cel-
lular uptake and efficiency of anticancer activity 
could be tuned based on the large difference in 
the local density of arginine residues between the 
monomer and the micelle. A greater than eight- 
fold increase in cellular uptake was achieved 
when arginine residues are presented on the 
corona of the Arg5-ELP micelles, as compared to 
the same Arg5-ELP at the temperature in which it 
is a soluble monomer.

12.2.4  CPP-Polymer Conjugates

In most of the CPP-polymer conjugates, the CPP 
segment mainly serves to impart functionality 
rather than driving the self-assembly process due 
to the inherited amphiphilic property of the con-
jugated polymers. For example, an amphiphilic 
block copolymer, methoxyl poly(ethylene gly-
col)/ poly(ε-caprolactone) (MPEG-PCL), was 
used for conjugating Tat CPP via an ester bond 
(Kanazawa et al. 2011). The Tat-MPEG-PCL 
conjugates were shown to self-assemble into 
nano-sized micelles and facilitate targeted intra-
nasal brain delivery.

Recently, a simple but multifunctional 
polymer- CPP-drug conjugate was developed, in 
which polyethylene glycol (PEG) was conju-
gated to the N-terminus of the Tat CPP through a 
MMP-2 sensitive peptide sequence, while doxo-
rubicin was conjugated to the C-terminus of the 
Tat CPP via a maleimide bond (PEG-Tat- 
Doxorubicin) (Tu and Zhu 2015). Stable micelles, 
with a size around 70 nm, were formed from 
these multifunctional conjugates. Furthermore, 
improved cell internalization and intracellular 
distribution via Tat was achieved upon MMP2- 
triggered PEG deshielding. Inhibition of 
P-glycoprotein-mediated efflux was also 
observed, while showing anticancer efficacy in 
both drug sensitive and resistant cancer cells.

12.2.5  Other CPP Conjugates

In addition to the commonly used building blocks 
mentioned above, peptide nucleic acids, oligo-
saccharides, and fluorophores have also been 
used for the conjugation with CPPs to achieve 
functional structures via self-assembly.

Peptide nucleic acid (PNA) is a class of DNA 
mimics with the pseudopeptide backbone and 
antisense-antigene capacity. When conjugated 
with CPP, the CPP-PNA conjugates showed self- 
assembly behavior on an oligonucleotide scaf-
fold, which significantly promoted the 
endocytosis of PNAs by at least 10-times in cell 
culture, demonstrating the potential of PNAs as 
antiviral therapeutics (Zhao et al. 2015).

Bis-β-cyclodextrin (bis-CD) is a cyclic oligo-
saccharide with a hydrophobic cavity that has 
been reported to interact with specific surface 
residues of insulin via hydrophobic interactions. 
After being site-specifically conjugated with pen-
etratin, CPP-bis-CD was shown to co-assemble 
with insulin to generate insulin-loaded nanocom-
plexes (Zhu et al. 2014). Since insulin was hidden 
inside the hydrophobic cavity of the bis-CD, the 
obtained nanocomplexes showed better stability 
against high salt and enzyme concentration and 
greatly improved cellular uptake efficiency com-
pared to the nanocomplexes co-assembled from 
CPP and insulin.

An amphiphilic CPP conjugate was also 
obtained by connecting a fluorophore and a 
quencher to a hydrophilic CPP as a proof-of- 
concept to design nanoprobes for cancer cell imag-
ing (Lock et al. 2013). These conjugates formed 
supramolecular nanobeacons that were shown to 
be resistant to degradation by nonspecific enzymes.

12.3  Applications of CPP-Based 
Nanoassemblies 
for Intracellular Delivery

As demonstrated in previous sections, the use of 
self-assembling CPPs offer an effective method 
to transport a wide range of cargos, ranging from 
low molecular weight drugs to nanosized particles, 
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across cell membranes. Here, we highlight few 
applications describing the use of  self- assembling 
CPP conjugate nanostructures for intracellular 
delivery, which are summarized in Table 12.3.

The delivery of small-molecule anticancer 
drugs, which are usually hydrophobic, into tumor 
cells with the assistance of CPPs has been 
reported through both physical encapsulation and 
chemical conjugation approaches. When hydro-
philic CPPs were conjugated with hydrophobic 
lipid tails, β-sheet peptides and polypeptides, dif-
ferent nanostructures, ranging from spherical 
micelles to nanofibers and nanoribbons, were 
formed by self-assembly. The hydrophobic core 
of these self-assembled nanostructures is able to 
host hydrophobic drugs, being promising as 
intracellular delivery vectors of anticancer drugs. 
In addition, CPP-drug conjugates have also been 
reported to self-assemble into nano-sized spheri-
cal micelles that allow higher drug loading con-
tent, as compared to drug-encapsulated 
nanomaterials (Chen et al. 2014). Moreover, 
spherical micelles assembled from CPP-Taxol 
conjugates were shown to serve as an efficient 
intracellular delivery vector for the co-delivery of 
other anticancer drug, doxorubicin, to cancer 
cells (Tian et al. 2015).

Hydrophilic nucleic acids are too large to pass 
through the cell membrane effectively, but their 
intracellular delivery has been achieved through 
physical adsorption or chemical conjugation to 
CPP-based nanostructures. Nucleic acids, which 
are negatively charged, could be physically 
adsorbed onto CPP-based nanostructures bearing 
a positive zeta-potential. Previous studies showed 
that coupling fatty acid chains to CPPs, such as 
stearylation of the CPP N-terminus, could 
increase the condensable ability of DNA and also 
the transfection efficiency by enhanced cytoplas-
mic delivery upon the formation of nanostruc-
tures (Wang et al. 2011). When conjugated with 
CPP, the CPP-PNA conjugates exhibited self- 
assembly behaviour on an oligonucleotide scaf-
fold and its potential as antiviral therapeutics was 
further demonstrated (Zhao et al. 2015).

Like nucleic acids, proteins are also large mol-
ecules and their cell internalization has been 
enhanced with assistance of CPP-based nano-

structures. Insulin, used for the treatment of dia-
betes, was encapsulated inside the hydrophobic 
cavity of bis-β-cyclodextrin (bis-β-CD), which 
was site-specifically conjugated with penetratin 
(Zhu et al. 2014). Improved cellular uptake effi-
ciency was obtained owing to the cell internaliza-
tion ability of penetratin and better stability of 
insulin against high salt and enzyme concentra-
tion was observed, since insulin was hidden and 
protected inside the hydrophobic cavity of 
bis-β-CD.

Enzyme sensors for the imaging of cancer 
cells have been developed based on CPP- 
fluorophore conjugates (Lock et al. 2013). These 
conjugates could self-assemble into spherical 
micelles and could be further internalized by can-
cer cells to detect the activity of the enzyme 
cathepsin B.

Some CPPs have also shown antibacterial 
activity in addition to the cell internalization abil-
ity. When conjugated to cholesterol, the antimi-
crobial activities of CPPs were strongly enhanced 
through the formation of spherical micelles, 
which could be further developed for treating 
infections in the brain (Liu et al. 2009).

12.4  Conclusions and Perspective

CPPs with the ability for effective cell membrane 
translocation have gained increased attention 
over the past 30 years. However, regardless of the 
promising in vitro cell-uptake results, the in vivo 
application of CPPs is much more complex. 
CPPs, like other pharmaceutical peptide prod-
ucts, suffer from short half-time in circulation 
caused by proteolysis and rapid renal clearance. 
The lack of cell specificity of CPPs also raises 
concerns when being considered for in vivo 
applications. To tackle these problems, attempts 
have been made to develop stable multifunctional 
and stimuli-responsive nanostructures via self- 
assembly. For example, the formation of an 
assembled structure, where the CPP functionality 
is buried inside the nanostructure could protect 
the CPP from proteolysis. In fact, previous stud-
ies showed that peptide linkers, when embedded 
within the core of the nanostructures, remain 
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inaccessible to enzymes, minimizing their 
 susceptibility to enzymatic degradation (Lock 
et al. 2013). In addition, the formation of stable 
nanostructures with dimensions greater than 
20 nm could also contribute for reducing the 
amount of free peptide, especially containing 
positively charged residues, in the plasma. In this 
way, the interactions between positively charged 
CPPs and serum proteins could be minimized 
while avoiding clearance by the kidneys (Wang 
et al. 2014). It also allows the integration of tar-
geting and stimuli-sensitive moieties at the nano-
structure surface to sterically shield the CPP 
functionality and control its presentation at spe-
cific locations to enhance the targeted cellular 
internalization of the cargos (MacEwan and 
Chilkoti 2013).

In summary, employing supramolecular strat-
egies to create self-assembling CPP-conjugates 
offers a simple approach to harness their poten-
tial and develop multifunctional and stimuli- 
sensitive intercellular delivery systems. However, 
optimizations of these self-assembling CPP- 
conjugates are still required. For example, the 
critical aggregation concentration of the self- 
assembling CPP-conjugates should be reduced to 
the nanomolar range to obtain nanostructures that 
remain stable during their circulation in the blood 
stream (Lock et al. 2013). It is also necessary to 
find a balance between the satisfactory cell 
uptake and the minimal density of CPPs within 
the assembly to minimize both the cytotoxic 
effects and costs associated with their synthesis 
(Macewan and Chilkoti 2012, 2014). The future 
of this research area will greatly benefit from 
computer molecular simulation models to predict 
their assembly, stability and interactions with cell 
membranes, enabling the development of more 
predictable and personalized nanocarriers for tar-
geted intracellular delivery.

Acknowledgments Y. Shi thanks the China Scholarship 
Council for her PhD scholarship (No.201307060020) and 
J. Conde acknowledges Marie Curie International 
Outgoing Fellowship (FP7-PEOPLE-2013-IOF, Project 
No. 626386).

References

Bode SA, Thevenin M, Bechara C, Sagan S, Bregant 
S, Lavielle S, Chassaing G, Burlina F (2012) Self- 
assembling mini cell-penetrating peptides enter by 
both direct translocation and glycosaminoglycan- 
dependent endocytosis. Chem Commun 48(57):7179–
7181. https://doi.org/10.1039/c2cc33240j

Chaloin L, Vidal P, Lory P, Mery J, Lautredou N, 
Divita G, Heitz F (1998) Design of carrier peptide- 
oligonucleotide conjugates with rapid membrane 
translocation and nuclear localization properties. 
Biochem Biophys Res Commun 243(2):601–608. 
https://doi.org/10.1006/bbrc.1997.8050

Chen JX, Xu XD, Chen WH, Zhang XZ (2014) Multi- 
functional envelope-type nanoparticles assembled 
from amphiphilic peptidic prodrug with improved 
anti-tumor activity. ACS Appl Mater Interfaces 
6(1):593–598. https://doi.org/10.1021/am404680n

Copolovici DM, Langel K, Eriste E, Langel U (2014) 
Cell-penetrating peptides: design, synthesis, and 
applications.ACS. Nano 8(3):1972–1994. https://doi.
org/10.1021/nn4057269

Crombez L, Aldrian-Herrada G, Konate K, Nguyen QN, 
McMaster GK, Brasseur R, Heitz F, Divita G (2009) A 
new potent secondary amphipathic cell-penetrating 
peptide for siRNA delivery into mammalian cells. Mol 
Ther 17(1):95–103. https://doi.org/10.1038/mt.2008.215

Cui H, Webber MJ, Stupp SI (2010) Self-assembly of pep-
tide amphiphiles: from molecules to nanostructures to 
biomaterials. Biopolymers 94(1):1–18. https://doi.
org/10.1002/bip.21328

Derossi D, Joliot AH, Chassaing G, Prochiantz A (1994) 
The third helix of the Antennapedia homeodomain 
translocates through biological membranes. J Biol 
Chem 269(14):10444–10450

Farkhani SM, Valizadeh A, Karami H, Mohammadi S, 
Sohrabi N, Badrzadeh F (2014) Cell penetrating 
peptides: efficient vectors for delivery of nanopar-
ticles, nanocarriers, therapeutic and diagnostic mol-
ecules. Peptides 57:78–94. https://doi.org/10.1016/j.
peptides.2014.04.015

Fonseca SB, Pereira MP, Kelley SO (2009) Recent 
advances in the use of cell-penetrating peptides 
for medical and biological applications. Adv Drug 
Deliv Rev 61(11):953–964. https://doi.org/10.1016/j.
addr.2009.06.001

Frankel AD, Pabo CO (1988) Cellular uptake of the tat 
protein from human immunodeficiency virus. Cell 
55(6):1189–1193

Futaki S, Suzuki T, Ohashi W, Yagami T, Tanaka S, 
Ueda K, Sugiura Y (2001) Arginine-rich peptides. An 
abundant source of membrane-permeable peptides 
having potential as carriers for intracellular protein 
delivery. J Biol Chem 276(8):5836–5840.  https://doi.
org/10.1074/jbc.M007540200

Y. Shi et al.

https://doi.org/10.1039/c2cc33240j
https://doi.org/10.1006/bbrc.1997.8050
https://doi.org/10.1021/am404680n
https://doi.org/10.1021/nn4057269
https://doi.org/10.1021/nn4057269
https://doi.org/10.1038/mt.2008.215
https://doi.org/10.1002/bip.21328
https://doi.org/10.1002/bip.21328
https://doi.org/10.1016/j.peptides.2014.04.015
https://doi.org/10.1016/j.peptides.2014.04.015
https://doi.org/10.1016/j.addr.2009.06.001
https://doi.org/10.1016/j.addr.2009.06.001
https://doi.org/10.1074/jbc.M007540200
https://doi.org/10.1074/jbc.M007540200


277

Green M, Loewenstein PM (1988) Autonomous func-
tional domains of chemically synthesized human 
immunodeficiency virus tat trans-activator protein. 
Cell 55(6):1179–1188

Habibi N, Kamaly N, Memic A, Shafiee H (2016) Self- 
assembled peptide-based nanostructures: smart nano-
materials toward targeted drug delivery. Nano Today 
11(1):41–60. https://doi.org/10.1016/j.nantod.2016.02.004

Holowka EP, Sun VZ, Kamei DT, Deming TJ (2007) 
Polyarginine segments in block copolypeptides drive 
both vesicular assembly and intracellular delivery. Nat 
Mater 6(1):52–57. https://doi.org/10.1038/nmat1794

Juliano RL, Alam R, Dixit V, Kang HM (2009) Cell- 
targeting and cell-penetrating peptides for delivery of 
therapeutic and imaging agents. Wiley Interdiscip Rev 
Nanomed Nanobiotechnol 1(3):324–335. https://doi.
org/10.1002/wnan.4

Kanazawa T, Taki H, Tanaka K, Takashima Y, Okada H 
(2011) Cell-penetrating peptide-modified block copo-
lymer micelles promote direct brain delivery via intra-
nasal administration. Pharm Res 28(9):2130–2139. 
https://doi.org/10.1007/s11095-011-0440-7

Kolonin MG, Saha PK, Chan L, Pasqualini R, Arap W 
(2004) Reversal of obesity by targeted ablation of adi-
pose tissue. Nat Med 10(6):625–632

Koren E, Torchilin VP (2012) Cell-penetrating pep-
tides: breaking through to the other side. Trends 
Mol Med 18(7):385–393. https://doi.org/10.1016/j.
molmed.2012.04.012

Lim YB, Lee E, Lee M (2007a) Cell-penetrating-peptide- 
coated nanoribbons for intracellular nanocarri-
ers. Angew Chem 46(19):3475–3478. https://doi.
org/10.1002/anie.200604576

Lim YB, Lee E, Lee M (2007b) Controlled bioactive 
nanostructures from self-assembly of peptide building 
blocks. Angew Chem 46(47):9011–9014. https://doi.
org/10.1002/anie.200702732

Lim YB, Moon KS, Lee M (2009) Recent advances in 
functional supramolecular nanostructures assem-
bled from bioactive building blocks. Chem Soc Rev 
38(4):925–934. https://doi.org/10.1039/b809741k

Liu L, Xu K, Wang H, Tan PK, Fan W, Venkatraman SS, 
Li L, Yang YY (2009) Self-assembled cationic peptide 
nanoparticles as an efficient antimicrobial agent. Nat 
Nanotechnol 4(7):457–463. https://doi.org/10.1038/
nnano.2009.153

Lock LL, Cheetham AG, Zhang P, Cui H (2013) Design 
and construction of supramolecular nanobeacons for 
enzyme detection. ACS Nano 7(6):4924–4932. https://
doi.org/10.1021/nn400218a

Macewan SR, Chilkoti A (2012) Digital switching of 
local arginine density in a genetically encoded self- 
assembled polypeptide nanoparticle controls cellu-
lar uptake. Nano Lett 12(6):3322–3328. https://doi.
org/10.1021/nl301529p

MacEwan SR, Chilkoti A (2013) Harnessing the power 
of cell-penetrating peptides: activatable carriers for 
targeting systemic delivery of cancer therapeutics 
and imaging agents. Wiley Interdiscip Rev Nanomed 

Nanobiotechnol 5(1):31–48. https://doi.org/10.1002/
wnan.1197

MacEwan SR, Chilkoti A (2014) Controlled apoptosis 
by a thermally toggled nanoscale amplifier of cellu-
lar uptake. Nano Lett 14(4):2058–2064. https://doi.
org/10.1021/nl5002313

Mae M, Langel U (2006) Cell-penetrating peptides as 
vectors for peptide, protein and oligonucleotide deliv-
ery. Curr Opin Pharmacol 6(5):509–514. https://doi.
org/10.1016/j.coph.2006.04.004

Mendes AC, Baran ET, Reis RL, Azevedo HS (2013) Self-
assembly in nature: using the principles of nature to 
create complex nanobiomaterials. Wiley Interdiscip 
Rev Nanomed Nanobiotechnol 5(6):582–612. https://
doi.org/10.1002/wnan.1238

Milletti F (2012) Cell-penetrating peptides: classes, 
origin, and current landscape. Drug Discov Today 
17(15-16):850–860. https://doi.org/10.1016/j.
drudis.2012.03.002

Nakase I, Akita H, Kogure K, Graslund A, Langel U, 
Harashima H, Futaki S (2012) Efficient intracellular 
delivery of nucleic acid pharmaceuticals using cell- 
penetrating peptides. Acc Chem Res 45(7):1132–
1139. https://doi.org/10.1021/ar200256e

Oehlke J, Scheller A, Wiesner B, Krause E, Beyermann M, 
Klauschenz E, Melzig M, Bienert M (1998) Cellular 
uptake of an alpha-helical amphipathic model peptide 
with the potential to deliver polar compounds into the 
cell interior non-endocytically. Biochim Biophys Acta 
1414(1-2):127–139

Pooga M, Hallbrink M, Zorko M, Langel U (1998) Cell 
penetration by transportan. FASEB J 12(1):67–77

Raucher D, Ryu JS (2015) Cell-penetrating peptides: 
strategies for anticancer treatment. Trends Mol 
Med 21(9):560–570. https://doi.org/10.1016/j.
molmed.2015.06.005

Reissmann S (2014) Cell penetration: scope and limita-
tions by the application of cell-penetrating peptides. 
J Pept Sci 20(10):760–784. https://doi.org/10.1002/
psc.2672

Saalik P, Elmquist A, Hansen M, Padari K, Saar K, Viht 
K, Langel U, Pooga M (2004) Protein cargo delivery 
properties of cell-penetrating peptides. A comparative 
study. Bioconjug Chem 15(6):1246–1253. https://doi.
org/10.1021/bc049938y

Said Hassane F, Saleh AF, Abes R, Gait MJ, Lebleu B 
(2010) Cell penetrating peptides: overview and appli-
cations to the delivery of oligonucleotides. Cell Mol 
Life Sci 67(5):715–726. https://doi.org/10.1007/
s00018-009-0186-0

Tian R, Wang H, Niu R, Ding D (2015) Drug delivery 
with nanospherical supramolecular cell penetrating 
peptide-taxol conjugates containing a high drug load-
ing. J Colloid Interface Sci 453:15–20. https://doi.
org/10.1016/j.jcis.2015.04.028

Toksöz S, Guler MO (2009) Self-assembled peptidic 
nanostructures. Nano Today 4(6):458–469

Torchilin VP (2014) Multifunctional, stimuli-sensitive 
nanoparticulate systems for drug delivery. Nat Rev 

12 Empowering the Potential of Cell-Penetrating Peptides for Targeted Intracellular Delivery…

https://doi.org/10.1016/j.nantod.2016.02.004
https://doi.org/10.1038/nmat1794
https://doi.org/10.1002/wnan.4
https://doi.org/10.1002/wnan.4
https://doi.org/10.1007/s11095-011-0440-7
https://doi.org/10.1016/j.molmed.2012.04.012
https://doi.org/10.1016/j.molmed.2012.04.012
https://doi.org/10.1002/anie.200604576
https://doi.org/10.1002/anie.200604576
https://doi.org/10.1002/anie.200702732
https://doi.org/10.1002/anie.200702732
https://doi.org/10.1039/b809741k
https://doi.org/10.1038/nnano.2009.153
https://doi.org/10.1038/nnano.2009.153
https://doi.org/10.1021/nn400218a
https://doi.org/10.1021/nn400218a
https://doi.org/10.1021/nl301529p
https://doi.org/10.1021/nl301529p
https://doi.org/10.1002/wnan.1197
https://doi.org/10.1002/wnan.1197
https://doi.org/10.1021/nl5002313
https://doi.org/10.1021/nl5002313
https://doi.org/10.1016/j.coph.2006.04.004
https://doi.org/10.1016/j.coph.2006.04.004
https://doi.org/10.1002/wnan.1238
https://doi.org/10.1002/wnan.1238
https://doi.org/10.1016/j.drudis.2012.03.002
https://doi.org/10.1016/j.drudis.2012.03.002
https://doi.org/10.1021/ar200256e
https://doi.org/10.1016/j.molmed.2015.06.005
https://doi.org/10.1016/j.molmed.2015.06.005
https://doi.org/10.1002/psc.2672
https://doi.org/10.1002/psc.2672
https://doi.org/10.1021/bc049938y
https://doi.org/10.1021/bc049938y
https://doi.org/10.1007/s00018-009-0186-0
https://doi.org/10.1007/s00018-009-0186-0
https://doi.org/10.1016/j.jcis.2015.04.028
https://doi.org/10.1016/j.jcis.2015.04.028


278

Drug Discov 13(11):813–827. https://doi.org/10.1038/
nrd4333

Tu Y, Zhu L (2015) Enhancing cancer targeting and anti-
cancer activity by a stimulus-sensitive multifunctional 
polymer-drug conjugate. J Control Release 212:94–
102. https://doi.org/10.1016/j.jconrel.2015.06.024

Tünnemann G, Ter-Avetisyan G, Martin RM, Stöckl M, 
Herrmann A, Cardoso MC (2008) Live-cell analysis of 
cell penetration ability and toxicity of oligo- arginines. 
J Pept Sci 14(4):469–476

Wang HY, Chen JX, Sun YX, Deng JZ, Li C, Zhang XZ, 
Zhuo RX (2011) Construction of cell penetrating pep-
tide vectors with N-terminal stearylated nuclear local-
ization signal for targeted delivery of DNA into the 
cell nuclei. J Control Release 155(1):26–33. https://
doi.org/10.1016/j.jconrel.2010.12.009

Wang F, Wang Y, Zhang X, Zhang W, Guo S, Jin F (2014) 
Recent progress of cell-penetrating peptides as new 
carriers for intracellular cargo delivery. J Control 
Release 174:126–136. https://doi.org/10.1016/j.
jconrel.2013.11.020

Won YW, Adhikary PP, Lim KS, Kim HJ, Kim JK, 
Kim YH (2014) Oligopeptide complex for targeted 

non-viral gene delivery to adipocytes. Nat Mat 
13(12):1157–1164. https://doi.org/10.1038/nmat4092

Yoon YR, Lim YB, Lee E, Lee M (2008) Self-assembly 
of a peptide rod-coil: a polyproline rod and a cell- 
penetrating peptide tat coil. Chem Commun 16:1892–
1894. https://doi.org/10.1039/b719868j

Zhang P, Cheetham AG, Lin YA, Cui H (2013) Self- 
assembled Tat nanofibers as effective drug carrier and 
transporter. ACS Nano 7(7):5965–5977. https://doi.
org/10.1021/nn401667z

Zhang Q, Gao H, He Q (2015) Taming cell penetrating 
peptides: never too old to teach old dogs new tricks. 
Mol Pharm 12(9):3105–3118. https://doi.org/10.1021/
acs.molpharmaceut.5b00428

Zhao XL, Chen BC, Han JC, Wei L, Pan XB (2015) 
Delivery of cell-penetrating peptide-peptide nucleic acid 
conjugates by assembly on an oligonucleotide scaffold. 
Sci Rep 5:17640. https://doi.org/10.1038/srep17640

Zhu X, Shan W, Zhang P, Jin Y, Guan S, Fan T, Yang 
Y, Zhou Z, Huang Y (2014) Penetratin derivative- 
based nanocomplexes for enhanced intestinal insu-
lin delivery. Mol Pharm 11(1):317–328.  https://doi.
org/10.1021/mp400493b

Y. Shi et al.

https://doi.org/10.1038/nrd4333
https://doi.org/10.1038/nrd4333
https://doi.org/10.1016/j.jconrel.2015.06.024
https://doi.org/10.1016/j.jconrel.2010.12.009
https://doi.org/10.1016/j.jconrel.2010.12.009
https://doi.org/10.1016/j.jconrel.2013.11.020
https://doi.org/10.1016/j.jconrel.2013.11.020
https://doi.org/10.1038/nmat4092
https://doi.org/10.1039/b719868j
https://doi.org/10.1021/nn401667z
https://doi.org/10.1021/nn401667z
https://doi.org/10.1021/acs.molpharmaceut.5b00428
https://doi.org/10.1021/acs.molpharmaceut.5b00428
https://doi.org/10.1038/srep17640
https://doi.org/10.1021/mp400493b
https://doi.org/10.1021/mp400493b


279© Springer International Publishing AG 2017 
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_13

The Current Role of  
Cell-Penetrating Peptides  
in Cancer Therapy 

Lucia Feni and Ines Neundorf

Abstract

Cell-penetrating peptides (CPPs) are a heterogeneous class of peptides 
with the ability to translocate across the plasma membrane and to carry 
attached cargos inside the cell. Two main entry pathways are discussed, as 
direct translocation and endocytosis, whereas the latter is often favored 
when bulky cargos are added to the CPP. Attachment to the CPP can be 
achieved by means of covalent coupling or non-covalent complex forma-
tion, depending on the chemical nature of the cargo. Owing to their strik-
ing abilities the further development and application of CPP-based delivery 
strategies has steadily emerged during the past years. However, one main 
pitfall when using CPPs is their non-selective uptake in nearly all types of 
cells. Thus, one particular interest lies in the design of targeting strategies 
that help to circumvent this drawback but still benefit from the potent 
delivery abilities of CPPs. The following review aims to summarize some 
of these very recent concepts and to highlight the current role of CPPs in 
cancer therapy.
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13.1  Introduction

Cancer is still one of the most threatening dis-
eases with the most cases of death worldwide. 
Thus, not only early diagnosis of cancer is of 
high importance, but also an effective therapeutic 
strategy. In most cases this is realized by means 
of surgical excision of the affected tissue, often 
combined with radiation therapy and 
 chemotherapy. Several drugs are commonly used 
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for this purpose; however, upcoming resistances 
and the need for a more personalized treatment 
strategy still let researchers develop novel anti-
cancer compounds. Although several of such new 
compounds show excellent activity profiles, their 
further development is hampered by an only poor 
pharmacokinetic profile. Usually this is based on 
their occasionally poor bioavailability due to lim-
ited cellular uptake. In fact, overcoming the cell’s 
plasma membrane and reaching the intracellular 
target site resemble the major hurdles for an effi-
cacious therapeutic agent. The plasma membrane 
surrounds all living cells and acts as a protective 
barrier that controls the in- and outflow of com-
pounds within the environmental media. Drug 
molecules usually must overcome this barrier to 
reach their site of action. Once inside the cell, 
they act via different mechanisms, as e.g. the 
selective interruption or activation of a signal 
transduction pathway, or by direct interaction 
with the DNA in the nucleus. Beside the use of 
small molecule drugs, the current trend involves 
the use of macromolecules as anti-cancer agents, 
such as proteins, monoclonal antibodies, nucleic 
acids and nanoparticles, and the combination 
thereof. Despite the numerous advantages, the 
biodistribution and translocation of these hydro-
philic macromolecular drugs is still a big chal-
lenge, prevented by the low permeability due to 
the intrinsic characteristics of biological mem-
branes. In the course of time multiple approaches 
have been developed, such as the use of lipo-
somes, microinjection, electroporation or also 
viruses and bacteria that are used particularly for 
gene transfer. Although through all these systems 
it is possible to import macromolecules into liv-
ing cells, each of them presents a series of limita-
tions that preclude their use in in vivo studies, in 
particular for possible therapeutic applications in 
clinic. The greatest obstacles can be summarized 
in their low internalization efficiency, complexity 
of manipulation, demand for expensive equip-
ment, difficulty of release into the cytosol, and 
sometimes in cell toxicity and immunogenicity.

Recently, the direct transfer of macromole-
cules into cells has been obtained by so-called 
“cell-penetrating peptides” (CPP), a class of 
short peptides rich in basic amino acids, charac-

terized by exceptional translocation properties 
across cell membranes (Kristensen et al. 2016; 
Bolhassani et al. 2017). Usually, CPPs consist of 
less than 35 amino acids, hold a positive net 
charge, and possess the ability to translocate 
across the plasma membrane. Thereby, CPPs can 
carry with them associated ligands, from small 
chemical molecules to nano-sized particles and 
large fragments of DNA, into the cell interior. 
The most studied CPP is the domain of the pro-
tein TAT (transactivating regulatory protein) of 
human immunodeficiency virus type 1 (HIV-1). 
The first evidence emerged in two articles pub-
lished in the same issue of Cell in 1988 (Frankel 
and Pabo 1988; Green and Loewenstein 1988), 
which underlined the possibility for the protein 
TAT to enter mammalian cells when simply 
added to the culture medium. A domain between 
the amino acids 47 and 57, having the sequence 
YGRKKRRQRRR, is the region of the protein 
responsible for translocation. Some other exam-
ples found in nature, in addition to the TAT pep-
tide, are presented by penetratin, a transcription 
factor from Drosophila (Derossi et al. 1994; 
Prochiantz 1996), VP22 from virus Herpes sim-
plex (Elliott and O'Hare 1997) and pVEC, a pep-
tide of 18 amino acids derived from the cadherin 
of murine vascular endothelium (Elmquist et al. 
2001). It is interesting to note that these peptides 
have very different amino acid sequences and 
secondary structures while the mechanism of 
transfer within the cells seems to be similar. 
Trying to change these residues it was under-
stood that the arginine (R) plays a fundamental 
role. Indeed same results in cell internalization 
were obtained with synthetic oligopeptides con-
sisting in homoarginine, highlighting in particu-
lar maximum efficiency with R8/9 (Mitchell 
et al. 2000; Rothbard et al. 2000). Since the dis-
covery of CPPs, intensive research has been car-
ried out on the underlying entry mechanism in 
order to be able to totally exploit their transport 
properties but till now, in the literature, conflict-
ing data are shown (Madani et al. 2011; Kauffman 
et al. 2015). It cannot be excluded that different 
internalization mechanisms are used concomi-
tantly; furthermore, the permeation properties 
can vary in relation to the type of the associated 
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cargo molecule and in respect to different cell 
types used. Despite this process of translocation 
remains unresolved, the effectiveness of the 
method is unequivocal, which promises to open 
new frontiers for research, holding great potential 
as in vitro and in vivo delivery vehicles.

However, although this strategy is very ele-
gant and works well from a theoretical point of 
view, it has its difficulties and pitfalls in practice. 
First of all, it is important to choose a suitable 
conjugation method for each molecule that has to 
be carried by the CPP. Furthermore, the CPP to 
cargo ratio and the employment of peculiar linker 
systems are of relevance. Moreover, CPPs are 
normally not specific and they are consequently 
taken up in a variety of certain cells and tissues, 
leading to increased toxicity and side effects. 
That is why new strategies are now being devel-
oped in order to enhance their selectivity, and it is 
essential to understand which method is the best 
in every distinct context. Finally, there are differ-
ent classes of cell-penetrating peptides, each of 
which works better for certain types of cells and 
it is important to choose the optimal sequence for 
the envisaged goals (Raucher and Ryu 2015). In 
particular, different sequences (exhibiting cat-
ionic or amphipathic characteristics) imply also 
distinct properties regarding internalization effi-
ciency but also toxicity (Zaro 2015).

The community seems to evolve really vast, 
but still many details have to be taken in consid-
eration for planning an optimal strategy when 
using CPPs. In this review, we summarize some 
of the innovative approaches that have been stud-
ied in order to go beyond the limitations with 
CPP application. In particular we focus on the 
selective delivery of drugs in the field of anti- 
cancer therapy, with specific emphasis on very 
recently published papers. We will first describe 
the different strategies that have been followed 
for synthesizing CPP-cargo conjugates, focusing 
our attention on covalent binding and fusion 
techniques. The cargoes described herein include 
small molecule drugs, peptides and proteins. 
Also non-covalent complexes and some applica-
tions for intracellular delivery of nanoparticles 
will be shortly depicted. In addition, we will 
cover strategies to obtain a targeted delivery 

towards cancer tissues. The last part of this 
review will deal with recently obtained advances 
of CPPs, to show how this new technique is actu-
ally reaching an increasing success in the treat-
ment or diagnosis of cancer. Also drawbacks 
connected with the use of CPPs will be consid-
ered and discussed.

13.2  Different Strategies 
for the Synthesis of 
CPP- Cargo Constructs

Depending on the type of molecule that has to be 
transported inside the cell, there are various 
methods used allowing conjugation between the 
carrier moiety and the cargo of the drug delivery 
system. These different conjugation procedures 
involve a distinct synthetic pathway and may 
have impact on the route of administration, cell 
entry mechanisms, distribution inside the cell, 
and on other different effects on the cellular level. 
In addition, based on the therapeutic question and 
nature of the target, which the drug must act on, 
the choice of conjugation way plays a very 
important role. (Durzynska et al. 2015) This 
paragraph will contemplate in particular the for-
mation of conjugates by covalent binding 
between CPPs and small molecule drugs, pro-
teins and peptides. But also fusion techniques are 
described, which allow the synthesis of con-
structs including proteins. Other methods com-
prehending non-covalent complexes and 
nanoparticles constructs are finally shortly 
mentioned.

13.2.1  Covalent CPP-Cargo 
Constructs

Most CPP-cargo conjugates synthesized so far, 
particularly that one including small molecule 
drugs, are characterized by covalent bonding, 
including stable as well as cleavable linkages. 
However, this kind of conjugation method can be 
achieved by chemical reactions with or without 
the employment of such linker molecules. Thus, 
disulphide bond formation, thioether formation 
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or amide bonding were often utilized for con-
necting small molecule drugs to CPPs, (Regberg 
et al. 2012) but also for coupling proteins and 
peptides, peptide nucleic acids (PNAs) and mor-
pholino oligonucleotides to CPPs (for examples 
see Table 13.1, Reissmann 2014).

Disulfide linkage is one of the most widely 
used methods for linking small molecule drugs to 
CPPs. For example, in the context of boron neu-
tron capture therapy, mercaptoundecahydrodode-
caborate (BSH) was fused to the CPP R11 by a 
disulfide bond in order to allow cell penetration. 
The resultant conjugate was localized in the 
nuclei of glioma cells and showed a higher bio-
logical effect compared with the group treated 
with pure BSH, which stayed outside the cell. On 
the other hand, the compound could not be 
detected in the normal brain area (Michiue et al. 
2014). In another study by Wender et al. R8 was 
conjugated to the drug taxol using again a disul-
fide linkage that is cleaved in the reducing envi-
ronment of the cytosol, releasing there the free 
drug. This conjugate, in the treatment of human 
ovarian carcinoma, possessed comparable cyto-
toxicity and a better activity than the active drug 
alone, avoiding the efflux pump resistance 
(Wender et al. 2012). Also peptides were coupled 
via disulphide linkage to CPPs. For example He 
et al., coupled the CPP “low molecular weight 
protamine” to l-asparaginase by using the 
bifunctional cross-linker 3-(2-pyridyldithio)pro-
pionic acid N-hydroxysuccinimide (SPDP) lead-
ing to the formation of a disulfide bridge. This 
compound was then encapsulated into red blood 
cells for the treatment of acute lymphoblastic 
leukemia, interrupting l-asparagine supply in 
malignant cells. (He et al. 2014) Another exam-
ple, in which the conjugation was done by forma-
tion of a disulfide bridge between two cystein 
residues incorporated in two peptidic moieties, 
was presented by Alves et al. To facilitate cellular 
uptake of the apoptotic peptide KLA it was con-
jugated to the CPP penetratin. The construct had 
a cytotoxic effect against cancer cell lines, includ-
ing multidrug resistant cells, but not towards 
healthy ones, showing a selective effect in vitro, 
probably owing to differences in membrane com-
position. The mechanism of action of this conju-

gate was directed against mitochondria, in 
particular damaging their metabolic activity, and 
it could bypass the apoptosis resistance becom-
ing an optimal alternative of synergistic strategy 
together with traditional chemotherapy. (Alves 
et al. 2014)

Nakase et al. used the CPP R8 again for con-
jugation with doxorubicin in order to prove the 
accumulation of the system in tumors. In this 
case the authors first prepared a doxorubicin- 
maleimide compound that was then coupled with 
R8 [(d-Arg)8-Gly-Cys-amide], leading to the for-
mation of a thioether bond. (Nakase et al. 2012)

The use of heterobifunctional crosslinkers 
was investigated by Lelle et al., who exploited a 
novel linking method containing a thiol and an 
aminooxy group. The CPPs used had two distinct 
sequences (R8 and a proline-rich amphipathic 
peptide), while the final conjugate contained both 
a cleavable disulfide bond that can be reduced 
inside the cell, and a stable oxime linkage to bind 
the drug doxorubicin. (Lelle et al. 2014)

Some other strategies like amide and ester 
coupling have also been applied. An example is 
the conjugation of taxol to a tumor homing CPP 
by a succinic acid linker, as described by Tian 
et al. Taxol has excellent self-assembly proper-
ties that permit the formation of a nanospherical 
construct. The taxol molecules are released by 
ester bond hydrolysis and can then exert the 
activity inside the cell. This system could be used 
for the co-delivery of other therapeutic molecules 
to cancer cells, like for example doxorubicin, in 
order to exhibit a synergistic effect (Tian et al. 
2015).

During the last years there emerged a steady 
increasing interest in the use of metal-containing 
drug molecules. One of the most prominent 
examples is cisplatin that is frequently used as 
anti-cancer drug in combination therapy, and one 
of the best therapeutics against glioblastoma. 
Notably, cisplatin and related compounds are 
often characterized by their high toxicity and sev-
eral side effects. Moreover, problems with solu-
bility and water stability of such metal-containing 
compounds limit the application of also novel 
developed compounds that show interesting new 
activity spectra. These drawbacks can be signifi-
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cantly reduced by the attachment to a CPP, as it 
has been shown in the work by Aroui et al. They 
synthesized a novel platinum-maurocalcine con-
jugate by using an amide bond linkage. The con-
jugate showed a higher activity in U87 cells than 
cisplatin itself by targeting the intracellular redox 
system at lower doses and inhibiting the activity 
of ERK and AKT cascades. These additional 
activities could be essential in the treatment of 
resistant cancer cells. (Aroui et al. 2015) Recently, 
we synthesized several cymantrene-peptide con-
jugates by coupling functionalized cymantrene 
complexes via amide bonds to the CPP. (Neundorf 
et al. 2008; Splith et al. 2012) Cymantrenes are 
cyclopentadienyl manganese tricarbonyl metal 
complexes that exert cytostatic effects when in 
combination to CPPs. (Splith et al. 2010a; Hu 
et al. 2012) The CPP used in this study was the 
sC18 peptide, previously developed in our group 
(Neundorf et al. 2009). In some cases, a cathep-
sin B sensitive cleavage site was also introduced 
between the peptide and the metal complex. 
(Splith et al. 2010b) Cathepsin B is known to be 
over- expressed in several cancer cells, and thus, 
the selective release of the drug inside the cells 
can be enhanced. In fact, our study demonstrated 
high activity of these CPP-conjugates even again 
drug-resistant cancer cells. (Splith et al. 2010b) 
Amide bond formation was also used for the con-
jugation of the CPP R8 with novel inhibitors of 
cyclinE/A-CDK (cyclin-dependent kinases) in 
order to analyze the activity of the constructs 
against cancer cells. In fact, the conjugation via 
an amide bond of this potent inhibitor resulted in 
an accumulation of tumor suppressor p27, block-
age of cell cycle progression and cell survival. 
Furthermore, the presence of the CPP allowed 
the inhibitor to easily permeate the cells reaching 
a promising activity in several tumor cell lines 
(Dai et al. 2013).

In another study presented by Ueda et al. in 
2012, a multifunctional d-isomer peptide for the 
treatment of glioblastoma multiform (GBM) was 
designed. This was composed by a CPP (FHV, 
derived from flock house virus), a penetration 
accelerating sequence (Pas, derived from the 
retro sequence peptide of the cathepsin D cleav-
able sequence) and the C-terminus domain of 

p53, a biologically active tumor suppressor pro-
tein. The whole peptide was prepared by tradi-
tional solid phase peptide synthesis in line. As 
shown by in vivo studies it could inhibit the 
growth of GICs (glioma-initiating cells) and gli-
oma cell lines with no effect on normal cells 
(Ueda et al. 2012). In the same year, p53 being 
frequently mutated in various human cancer 
types, was studied by Suhorutsenko et al., too. 
The research group synthesized short p53 protein 
analogues, starting from their C-terminal domain, 
and varying them by using CPP prediction algo-
rithms. After modification with stearic acid to 
increase the transfection efficiency, they observed 
an increase in cellular uptake in vitro and certain 
selectivity in apoptotic activity against p53- 
mutant cells (Suhorutsenko et al. 2012). Not only 
had the protein p53 attracted the attention of sci-
entists involved in the search for new possible 
appealing targets in tumor therapy. Plk 1 (Polo- 
like kinase 1), for example, plays key roles in 
regulating cell cycle events and is over-expressed 
in many cancer cell lines. For instance Plk 1 is 
essential during mitosis and in the maintenance 
of genomic stability. Its inhibition by specific 
phosphopeptide sequences has been proposed as 
an interesting strategy to inhibit tumor growth. In 
this framework, Kim et al. synthesized by solid 
phase peptide synthesis a new delivery system by 
conjugating PLHSpT, the minimal sequence nec-
essary for the binding, to TAT peptide with the 
purpose of increasing the cell membrane penetra-
tion. In vitro studies showed inhibited cancer cell 
proliferation by blocking mitosis but also induc-
ing apoptosis. (Kim et al. 2014) In addition to 
these examples, also the steroid receptor coacti-
vator- 1 (SRC-1) could be included in this group 
of proteins over-expressed in cancer, especially 
in breast cancer cells. This cofactor is character-
ized by the presence of a recognition motif 
LXXLL that is directly responsible for the bind-
ing to nuclear receptors. In this view, Tints et al. 
synthesized one of these sequences, able to bind 
estrogen receptors, and conjugated it to a cell- 
penetrating peptide transportan 10 (TP10), as an 
effective vehicle for the delivery of the active 
peptide to cellular targets. In vitro studies 
revealed high cytotoxicity in breast cancer cells 
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with the induction of apoptosis. Importantly this 
effect was not affected by the estrogen receptors 
status, so that ER-negative breast cancer cells 
could be also treated by this strategy (Tints et al. 
2014). With this in mind, many other representa-
tive peptides exhibiting selectivity to attractive 
tumor targets could be found; among all the 
cases, we mention STAT3-binding peptides 
(Kim et al. 2014b), the voltage-dependent anion 
channel 1 (VDAC1) – based peptides (Prezma 
et al. 2013) and oligopeptides inhibiting auto- 
phosphorylation of EGFR (Kuroda et al. 2013). 
All these active peptides against tumor disease 
have a hydrophilic sequence and cannot easily 
permeate the cell membrane. In these circum-
stances, a covalently conjugated cell-penetrating 
peptide represents an efficient carrier to enhance 
the cellular uptake and to obtain a potent anti-
tumor activity. Within all of these studies dealing 
with cancer active peptides, the peptides were 
often simply attached to the CPP sequence by 
using solid phase peptide synthesis obtaining a 
final product without any inconvenient interme-
diate purification procedure.

One other important strategy for the delivery 
of proteins by the help of CPPs is the formation 
of fusion proteins generated by recombinant 
expression (see Table 13.2). As promising anti-
cancer treatment, Yeh et al. reinvented the already 
known arginine depletion strategy trying to over-
come the arginine deiminase (ADI) resistance in 
MDA-MB-231 cells. A pH-sensitive CPP-based 
fusion protein delivery system, which is able to 
carry ADI inside the cells, was constructed. The 
CPP HBHAc was incorporated with the pH- 
sensitive peptide HE and fused to ADI achieving 
tumor selective delivery in the mildly acidic 
tumor microenvironment of breast cancer cells 

(Yeh et al. 2016). In 2013, Lim et al. designed a 
new CPP starting from the sequence of the anti-
cancer peptide, buforin IIb. This CPP, named 
BR2, can efficiently enter cancer cells by endo-
cytosis thanks to the interaction with negatively 
charged gangliosides on the outer cell surface. 
Notably it shows no toxicity to normal cells. The 
ability of efficient drug delivery was proven by 
fusion to a single-chain variable fragment (scFv) 
antibody directed towards a mutated K-ras. The 
experiments were conducted with HCT116 cells 
causing a high level of apoptosis. This could be a 
useful and innovative drug delivery system with 
high selectivity toward cancer cells (Lim et al. 
2013). Antibody targeting strategy and geneti-
cally engineered fusion technique were also 
employed by Shin et al., who proposed a new 
method to fight colorectal cancer by fusing to the 
sequence of TAT a molecule of so called gelonin, 
a very potent toxin that inhibits protein synthesis, 
but with an extremely poor cellular uptake. In 
order to obtain selectivity for this compound, a 
heparin conjugated anti-carcinoembryonic anti-
gen (CEA) monoclonal antibody was associated 
via reversible electrostatic interaction. In this 
way, this CPP-fused chimeric protein was evalu-
ated and showed a significant therapeutic efficacy 
against colorectal cancer therapy with a reduced 
toxicity to healthy tissues. (Shin et al. 2014a) 
Additionally, in a recent study by Orzechowska 
et al., cells were sensitized to cytotoxic drugs by 
delivery of the apoptotic protein BID (BH3- 
interacting domain death agonist) fused to the 
CPP TAT. This method gave good results in pros-
tate and non-small human lung cancer cells pro-
viding a possible tool to improve the efficiency of 
therapeutic agents against this cancer cell types 
(Orzechowska et al. 2014).

Table 13.2 Examples of fusion proteins including a CPP. For more information refer to main text

CPP name Sequence Cargo References

HBHAc KKAAPAKKAAAKKAPAKKAAAKK Arginine deiminase Yeh et al. (2016)

BR2 RAGLQFPVGRLLRRLLR scFv ab against 
mutated K-ras

Lim et al. (2013)

TAT GRKKRRQRRRPQ Gelonin toxin Shin et al. (2014b)

Apoptotic protein BID Orzechowska et al. (2014)
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13.2.2  Generation of Non-covalent 
CPP-Cargo Complexes

Covalent linking methods are sometimes limited 
by the concern that the synthetic covalent bond 
between CPP and the active moiety may alter the 
biological activity of the latter. This is the reason 
why many systems are often planned as non- 
covalent complexes, where all the entities are 
independent but at the same time connected to 
each other. Nowadays, this strategy is often per-
formed with cell-penetrating peptides applied in 
gene therapy, e.g. for the delivery of genes, anti-
sense oligodeoxynucleotides (ODNs), or small 
interfering RNA (siRNA) (Hoyer and Neundorf 
2012; Margus et al. 2012). The negatively 
charged nucleic acids can in fact be easily com-
plexed by electrostatic interaction with the often 
positively charged CPP, forming a stable com-
plex. Frequently an excess of peptides is used 
that not only protects the nucleic acids from deg-
radation but also helps to improve distribution, 
targeting and penetration of the nucleic acid in 
cells or tissues. Examples of recent works show 
how the systematically degradation of siRNA 
molecules can be avoided and their intracellular 
delivery promoted (Tanaka et al. 2013; Wang 
et al. 2014a; Golan et al. 2016). Non-covalent 
complexes have been also used for the delivery of 
small molecule drugs, even if the covalent conju-
gation is prevalently employed (see above). Li 
et al. described the formation of a complex 
between the active molecule doxorubicin and a 
particular CPP called CADY-1 that is a self- 
assembled peptide. This stable complex led to a 
longer blood residence time of the construct and 
better permeability of the drug with the subse-
quent improvement in therapeutic index (Li et al. 
2012). Cyclic CPPs are known to be less suscep-
tible to degradation and in a work by Mandal 
et al. cyclic cell-penetrating nuclear-targeting 
sequences were complexed with doxorubicin 
leading to efficient and targeted molecular trans-
port (Mandal et al. 2011). Also we have recently 
investigated the impact of cyclization for the 
activity of CPPs. A shorter version of the CPP 
sC18 was cyclized using copper (I)-catalyzed 
alkyne-azide click reaction. The cyclized peptide 

exhibited increased proteolytic resistance and 
cytosolic cellular distribution. However, when 
complexed with plasmid DNA encoding for the 
enhanced green fluorescent protein (EGFP) the 
cyclized version demonstrated highly improved 
complexation and uptake of the plasmid in con-
trast to the linear CPP that was not able to trans-
fect the used cancer cells at all (Horn et al. 2016). 
In another study, such cyclized CPPs containing 
a triazole were used to complex the drug dauno-
rubicin in breast cancer MCF-7 cells. Also in this 
case the cyclization improved the transport effi-
ciency of the herein used CPP (Reichart et al. 
2016).

13.2.3  Generation of Multimodal 
Nanoparticles

Nanoparticles (NPs) are increasingly being stud-
ied as multimodal platforms for the grafting of 
bioactive molecules useful as diagnostic tools, or 
for therapeutic treatment. To get a deeper view 
into this emerging field and the use of NPs in 
anti-cancer therapy and diagnosis, the readers 
should refer to these excellent recent reviews 
(Sun et al. 2014; Bazak et al. 2015; Xu et al. 
2015; Ma et al. 2016). However, the inability to 
pass through the lipid membranes of cells greatly 
limits their in vitro and in vivo use. To bypass this 
pitfall, CPPs can be set on their surface to facili-
tate and accelerate the cellular uptake, and to 
reduce possible cytotoxic effects. Moreover, 
owing to their size several other ligands or func-
tionalities can be fixed on the same nanoparticle. 
Vehicles as polymeric nanoparticles or liposomes 
are typically used to develop a controlled release 
system. This approach can be used to improve the 
distribution, the absorption and the targeting of 
molecules, which otherwise would be quickly 
eliminated or would not be able to reach the tar-
get tissue (Koren and Torchilin 2012).

Among the simplest polymeric systems on the 
market, the classic example is the combination of 
liposomes with doxorubicin. Since the applica-
tion of doxorubicin as anti-cancer drug may 
cause cardiac toxicity problems, researchers try 
to find solutions to circumvent these side effects. 
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By releasing the drug more slowly, a lower dose 
can be used and global toxicity can be reduced. 
These systems, however, after a certain time 
become ineffective because doxorubicin is a sub-
strate for Pgp (glycoprotein P, an efflux pump) 
and the affected cells become resistant (Kopecka 
et al. 2014). Beside the addition of Pgp inhibi-
tors, (Gao et al. 2014) the use of CPPs can be 
essential to overcome this resistance. In this con-
text, mesoporous silica nanoparticles derivatized 
with an activatable CPP polyarginine and doxo-
rubicin were synthesized by Liu et al. and the 
activity was efficiently demonstrated in vivo 
proving no side effects and tumor growth inhibi-
tion (Liu et al. 2015). In another study conducted 
by Wang et al. against multi drug resistance, low 
molecular weight protamine was used as CPP 
connected with poly(lactic-co-glycolic acid) 
(PLGA) nanoparticles additionally loaded with 
doxorubicin. The presented data suggest that this 
system could actually act against upcoming resis-
tance by various mechanisms, like enhanced cel-
lular uptake, accumulation in nuclei and 
diminished efflux (Wang et al. 2014c). Low 
molecular weight protamine with MMP2 cleav-
age site was also connected to paclitaxel-loaded 
PEG-co- PCL nanoparticles for targeted glioblas-
toma therapy inducing enhanced selectivity, 
cytotoxicity and cellular uptake in C6 glioma 
cells (Gu et al. 2013).

13.3  Different Strategies 
for Targeted CPP-Cargo 
Delivery

One of the main problems when using CPPs is 
their lacking target specificity. Avoiding unspe-
cific uptake is mandatory to limit and exclude 
loading of healthy cells with CPP-drug conju-
gates. During the last years, different strategies 
have been described to obtain more selective 
CPPs in order to circumvent pathological changes 
in particular tissues provoked by the unspecific 
distribution of CPP-cargo conjugates. To circum-
vent such unspecific CPP uptake, also masking of 
the positive charges of the CPPs might be neces-
sary and can be realized by the formation of so 

called activatable cell-penetrating peptides 
(ACPPs). Here, the CPPs are often fused to a 
polyanionic sequence, pH-sensitive polyethylene 
glycol (PEG) chains, or proteins.

13.3.1  Active Delivery Strategies

Changes in the local environment typically seen 
in cancer tissues can be used to actively deliver 
CPPs to the tumor tissue avoiding cellular uptake 
to normal cells. The following conditions may 
count to this, as reduced pH, presence of over- 
expressed metalloproteinases, and the accumula-
tion of particular receptors on cell surfaces. 
However, also external triggers like heat, ultra-
sound and magnetic field can be used for a tar-
geted drug uptake. Systems that combine both 
concepts of active and passive addressing of 
tumors are more and more popular, and in the fol-
lowing paragraphs some of these methods are 
taken into account.

A possible strategy that is often followed by 
researchers in order to obtain a selective CPP that 
can target tumor tissue without involving normal 
cells is the insertion of particular cleavage sites to 
the sequence of the CPP. These can be cleaved 
e.g. by metalloproteinases like MMP-2/-9, which 
play an important role in angiogenesis and metas-
tasis of tumors, and are frequently over-expressed 
in cancer tissues. Another possibility is to make 
advantage of pH change in cancer tissue, which is 
normally characterized by mildly acidic condi-
tions, differently from the neutral pH of the rest 
of the cells. For instance, an MMP-2 cleavage 
site was introduced by Li et al. between a CPP 
and a polyanionic peptide in order to block the 
penetration in normal tissue building an activat-
able pro-form. The ACPP was conjugated to pro-
toporphyrin IX, a light-sensitive molecule, 
therefore utilized as therapy against different 
forms of cancer by photodynamic therapy. After 
cleavage and activation of the CPP in cancer tis-
sue, this photosensitizer could be introduced 
inside the cells generating by irradiation reactive 
oxygen species. Tumor size was decreased with-
out any systemic toxicity (Li et al. 2015a). Many 
other examples of similar ACPPs, containing a 
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metalloproteinase cleavage site, describe the con-
jugation to different cargoes like methotrexate 
(Mae et al. 2012) and hTERT siRNA (Li et al. 
2015b). Moreover, this method can also be used 
in order to control drug delivery and precisely 
track drug release in living cells. For example, 
Cheng et al. designed a novel drug delivery sys-
tem made of three different components, in par-
ticular a fluorophor, a functionalized CPP with a 
cleavable site for metalloproteinase MMP-2 and 
the active drug doxorubicin. In the cancer tissue 
the structure is cleaved and the drug can easily 
pass through the cell membrane thanks to the 
activity of the CPP. Meanwhile the fluorophore 
will self- aggregate because of hydrophobic inter-
actions, and turn on yellow fluorescence. By 
means of that, they could observe real time in 
vivo delivery of the drug (Cheng et al. 2016). 
Similarly, Savarian et al. projected an ACPP in 
order to evaluate the presence of metastases by 
means of Cy5 that is quenched by Cy7 till the 
linker between the two fluorophores is cut by 
MMP-2 and -9 in tumor tissues. The fluorescence 
emission is increased and the presence of the 
tumor and corresponding metastases can be eas-
ily detected. (Savariar et al. 2013) The same rati-
ometric activatable CPP system was also used by 
Hauff et al. in order to improve tumor identifica-
tion (Hauff et al. 2014).

Not only metalloproteinases can be involved 
in the selective cleavage of CPPs in cancer tissue 
as was shown in the work by Liu et al., where 
TAT-liposomes loaded with doxorubicin were 
activated by the endoprotease legumain. This is a 
lysosomal cystein protein, whose expression 
directly corresponds to the malignancy of the 
tumor itself. Furthermore, the legumain, nor-
mally present in the cellular plasma, moves to the 
cell surface if conditions like starvation or 
hypoxia occur. The CPP TAT loses some of the 
permeation ability when conjugated to the legu-
main cleavage site, but this capacity is restored 
when in contact with this enzyme so that the CPP 
can enter efficiently and selectively in tumor cells 
but not in normal cells (Liu et al. 2014a).

As already mentioned, also the difference in 
environmental pH between normal and tumor tis-
sue can be exploited to favor the selective therapeu-

tic delivery. In fact, the tumor tissue is characterized 
by a slightly lower pH and many acid-labile sys-
tems have been designed in the last years (MacEwan 
and Chilkoti 2013). In this work by Fei et al., a 
(HE)10 peptide was combined to the CPP MAP to 
mask the positive charges till reaching the tumor 
tissue. At this point, the lower pH would in fact 
protonate the histidine residues and allows the CPP 
to express its positive charges and the ability to 
pass over the cell membrane (Fei et al. 2014).

Another approach is to combine CPPs with 
receptor targeting moieties. Indeed, a great num-
ber of receptors are over-expressed in tumor 
cells, and can be targeted with extremely diverse 
ligands. Regarding their size as well as chemical 
structure these molecules are characterized by a 
very high heterogeneity. For instance, drug con-
jugates of the glycoprotein transferrin enable an 
efficient accumulation of drugs in cancer cells. Li 
et al. synthesized lipid nanoparticles for the 
delivery of siRNA loaded with the CPP R8 and 
the targeting ligand transferrin (Li et al. 2016), 
showing excellent gene silencing activity in vitro 
and in vivo. Transferrin can also be targeted by 
receptor-targeting sequences directly located 
within the CPP sequence, as shown by Youn et al. 
in a work about neuro-targeted siRNA delivery 
(Youn et al. 2014). Folic acid receptor is overex-
pressed in a variety of malignant cells. Vitamin 
folic acid can bind to this receptor with a high 
affinity and thus makes it an attractive target for 
the targeted drug delivery in tumors. Gao et al. 
used a combination of folate targeting and tumor 
microenvironment-sensitive polypeptides (with 
the presence of metalloproteinases cleavage 
sites) to deliver docetaxel loaded nanoparticles to 
tumor cells. The enhanced cellular uptake was 
caused by both the folate receptor and MMP-2 
over-expression in tumor tissue (Gao et al. 2013).

On the other hand, another possible approach 
could be to address tumoral endothelial cells by 
targeting receptors, such as integrins. Integrins are 
one of the major families of transmembrane cell 
adhesion receptors; they are overexpressed on the 
surface of cancer cells and they are involved in 
tumor angiogenesis, progression and metastasis. 
In particular, they can be selectively targeted with 
cyclic and linear RGD peptide sequences. By 
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inhibiting the endothelial cell proliferation, vital 
nutrients and oxygen will be no longer adequately 
provided from the tumor blood vessel system. In 
this way, the tumor growth and the formation of 
metastases would be suppressed. Many research-
ers are working in this field, and the interest in syn-
thesizing different variables of RGD increased 
more and more since the development of cilengit-
ide by Kessler et al. that failed in the phase III in 
the clinical development (Mas- Moruno et al. 
2010). Chen et al. developed albumin- based 
nanoparticles composed of a CPP moiety, a target-
ing moiety (cRGD) and the active drug doxorubi-
cin with pH dependent self- assembly behavior. 
After coming in contact with the endosomal envi-
ronment the drug could be easily released and 
accumulated inside the nuclei (Chen et al. 2015). 
Liposomes were also loaded with paclitaxel and 
selectively targeted to tumor cells by a multifunc-
tional CPP with a targeting moiety cyclic RGD 
showing selectivity to integrin receptors. This 
strategy was then applied in glioma cells inducing 
the strongest inhibition and apoptosis (Liu et al. 
2014b). The targeting of integrin αvβ3 by the ligand 
cRGD was connected by Crisp et al. to the use of 
MMP-2 cleavage site in the CPP sequence to 
deliver the chemotherapeutic monomethylau-
ristatin E (Crisp et al. 2014). Moreover, a dual tar-
geting strategy was used to deliver paclitaxel 
loaded liposomes. The two targeting ligands were 
selective towards integrin and neuropilin I recep-
tors, having a synergistic action and increasing the 
selectivity for glioma cells (Liu et al. 2016).

NGR was also used as a ligand for the delivery 
of doxorubicin by thermosensitive pegylated 
liposomes. In this work the drug delivery system 
was selectively targeted to tumor cells by the 
double action of NGR and thermosensitive lipo-
somes that hinder the action of the CPPs till 
reaching the tumor tissue, where the temperature 
is a bit higher (Yang et al. 2014).

As another example of targeting ligands, a 
breast tumor homing cell-penetrating peptide was 
used for the selective delivery of the drug (-)-epi-
gallocatechin-3-gallate. Silica nanoparticles were 
used as vectors in this case (Ding et al. 2015).

Since already used in prostate cancer detec-
tion, the two receptor prostate-specific antigen 

(PSA) and prostate specific membrane antigen 
(PSMA) can be utilized in the targeted delivery 
of anticancer drugs, in this case for the delivery 
of siRNA. Xiang et al. designed liposomes expos-
ing an activatable CPP, which can be activated by 
PSA cleavage in the tumor tissue, and a folate 
moiety, selective to PSMA receptors. When the 
folate moiety attracts the liposome to the cancer 
cell surface, the CPP is activated and the system 
is taken up (Xiang et al. 2013).

During the last years, photosensitive 
approaches have gained increasing interest 
among researchers. In particular Yang et al. pub-
lished some interesting work about this subject. 
siRNA molecules were delivered by cationic 
liposomes bearing an NGR peptide as targeting 
ligand and a CPP, shielded by photolabile groups 
able to neutralize its positive charges. In this 
study, they used NIR illumination, because of its 
characteristics of deep tissue penetration and 
being less harmful to cells. After light treatment, 
the CPP was exposed and its functionality 
restored allowing cellular penetration (Yang et al. 
2015). The year after, the same group published 
another work in the same direction but this time 
adding a pH-responsive polypeptide. The de- 
shielding of the CPP occurred in this case through 
the double action of intrinsic lowered pH in 
tumor tissue and external NIR illumination (Yang 
et al. 2016a). The same research group synthe-
sized thermal and magnetic dual-responsive lipo-
somes for siRNA delivery, too. In particular, 
magnetic fluid Fe3O4 was combined with thermo-
sensitive lipids; the liposomes would accumulate 
at the tumor site by a magnetic force, replaced 
then by an alternating current magnetic field that 
induced the iron nanoparticles to produce heat. 
By this heat the thermosensitive lipids could 
undergo to a gel to liquid phase transition and the 
CPP-siRNA conjugate could pass inside the cell. 
Arriving in the cytosol the disulfide bond between 
CPP and nucleic acid would be reduced and the 
siRNA could silence the corresponding mRNA in 
the cytosol (Yang et al. 2016b). Hyperthermia 
was also employed by Ryu et al. in an experiment 
consisting in the synthesis of a construct based on 
an elastin-like polypeptide (ELP), a CPP named 
Bac and the C-terminal domain of the p21 pep-
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tide. Upon external application of localized mild 
hyperthermia, the ELP aggregates and accumu-
lates in tumor tissue (Ryu and Raucher 2014).

13.3.2  Taking Advantage 
of the Enhanced Permeability 
and Retention Effect

Typically, tumors are characterized by strongly 
increased angiogenesis, which means that the 
new formation of blood vessels around the malig-
nant tissue increases in order to satisfy the 
enhanced nutrient requirement of the cancer 
cells. However, these vascular systems signifi-
cantly differ from the healthy one since the endo-
thelium has a series of defects that make it 
permeable. Furthermore, the pressure of the 
interstitial tissue fluid of tumors is increased, 
with the result that the efficiency of small drug 
molecules is dramatically reduced, since these 
are easily eliminated. Nevertheless, precisely 
these two factors provide the solution approach 
for a possible targeted addressing of tumors. In 
fact, the principle of passive addressing of tumors 
with nanotherapeutics that are able to passively 
and selectively accumulate in the permeable 
tumor tissue has become the gold standard in our 
time and is often used with the term established 
by Matsumura and Maeda “enhanced permeabil-
ity and retention (EPR)” effect (Matsumura and 
Maeda 1986).

For instance, PEG has the ability to shelter 
complexes that consist of CPPs and active mole-
cules until they reach the tumor tissue, thereby 
prolonging their half-life in the blood circulation 
and avoiding unwanted metabolism. In addition, 
PEG induced steric hindrance may favor the 
accumulation in tumor tissue by the above- 
mentioned EPR effect. In a work by Veiman et al. 
the MMP cleavage site was introduced between a 
CPP molecule, complexed with a plasmid DNA, 
and a PEG molecule. As soon as the nanoparti-
cles passively accumulated in the tumor environ-
ment through the EPR effect, the metalloproteases 
would cleave the substrate and the PEG would 
finally allow the CPP to come in contact with the 
cell surface. Then the CPP would penetrate 

inside, while transporting the gene inside the cell 
interior (Veiman et al. 2015). Recently, Wang 
et al. followed the same strategy for the delivery 
of siRNA targeting Plk1 (polo-like kinase 1) 
mRNA (Wang et al. 2014b). Also the work of 
Zhu et al. went in the same direction: here the 
nanoparticles were composed by self-assembling 
PEG and the active drug was paclitaxel, but the 
high tumor accumulation of the system was, here 
again, the result of the combined EPR effect with 
the up-regulated MMP-2 in the tumor (Zhu 
et al. 2013). Koren et al., on the contrary, investi-
gated PEGylated liposomes containing doxorubi-
cin, TAT and a targeting ligand mAb. The carried 
PEG molecules are characterized by different 
lengths and were conjugated by a pH-sensitive 
hydrazone bond. When liposomes accumulated 
in tumor tissue by the EPR effect and mAb active 
targeting, the mildly acidic environment led to 
the cleavage of the degradable bond and exposi-
tion of the CPP to the cell surface, enhancing cel-
lular uptake of the small molecule drug (Koren 
et al. 2012).

In summary, all these examples show that par-
ticularly during the last years a multimodal 
approach is more and more used. Combination of 
a delivery unit, with a cytotoxic payload and a 
targeting sequence may be the right way to create 
a successful and efficient therapeutic strategy.

13.4  Concluding Remarks

One can observe that many recent publications 
are including in vivo experiments with CPPs, 
both for imaging or therapeutic applications. This 
fact highlights the increasing interest in develop-
ing peptide-based delivery vectors. Anyway, still 
many problems are connected with this kind of 
strategy. It is important to understand all the 
 disadvantages and side effects in order to over-
come them and synthesize a new effective drug 
delivery system that is active also in vivo. In fact, 
although many CPPs are being tested, only one 
CPP, called p28, has reached phase I in clinical 
trial in the context of cancer treatment, in particu-
lar against solid tumors expressing p53, as well 
as for CNS malignancies (Warso et al. 2013).
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Problems connected with the use of CPPs 
include upcoming immunogenicity, since the 
sequences are novel to the organism to which 
they are being administered, as well as cytotoxic-
ity, caused by the perturbation of plasma mem-
brane dynamics (Dinca et al. 2016). Both side 
effects are deeply related to the particular 
sequences; for this reason, one cannot talk about 
a general problem of this class of peptides, since 
each CPP is defined by a distinct amino acid 
composition. Many studies have been recently 
done to establish a possible action on the immune 
system and a consequent immunological reaction 
in the organism, but no general immune response 
was observed. About toxicity one can state that in 
general cationic CPPs are less toxic than 
amphipathic CPPs, even if in vivo studies show 
positive results about the safety at the employed 
doses. Nevertheless, it is important to always 
analyze both immunogenicity and toxicity since, 
as already mentioned, every CPP is different 
from the others and their effect can also change in 
the presence of a cargo.

Another issue is the lack of selectivity, as 
already described in the previous paragraphs. 
Many are the strategies adopted, but sometimes 
the penetrating activity of the CPP is so strong 
that the targeting ability of the specific targeting 
moieties used can be completely hidden, and no 
positive result in selectivity to cancer tissue 
would be gained. (Shin et al. 2014a) Together 
with the use of targeting molecules, the ability of 
CPPs should be shielded by using pro-drug strat-
egies based on electrostatic interactions or PEG 
systems that could block penetration by steric 
hindrance (Huang et al. 2013).

Blood stability is also a very important attri-
bute that a drug should possess in order to reach 
the target without being destroyed by blood pro-
teases before arriving to the tissue (Rizzuti et al. 
2015). This obstacle can be circumvented apply-
ing different shielding strategies in order to pro-
tect the structure of the CPPs till reaching the 
desired tissue, utilizing for instance more stable 
d-amino acid configurations, (Jarver et al. 2010) 
backbone cyclization (Shirazi et al. 2013; Horn 
et al. 2016; Reichart et al. 2016) or, finally, backbone 

stabilization through β- and γ-peptoids inside the 
sequence. (Kristensen et al. 2016) In a recent 
study, Shen et al. tried to overcome all the prob-
lems connected with the systemic administration 
of CPPs, proposing a more favorable cell- based 
platform for local peptide or protein production 
within the target tissue. To improve the intercel-
lular transport, they designed a new CPP based 
on a triple repeat of modified TAT and a secretory 
signal peptide, with improved transduction activ-
ity and secretion efficacy. This is still a develop-
ing method, but it can lead to a big improvement 
in cell-based delivery of CPPs precluding degra-
dation by proteases in the blood, metabolism and 
too early excretion (Shen et al. 2014).

Endosomal escape is also a decisive concern, 
since for many CPPs the main entry pathways 
proceeds via endocytotic mechanisms. In fact, 
the CPP construct must be taken up by cells, but 
more importantly, cargoes have to be released 
and to reach their extra-endosomal targets in the 
cytosol or in the nucleus. This could be made by 
using endosomolytic sequences or fusogenic 
compounds (Farkhani et al. 2014; Reissmann 
2014; Zaro and Shen 2015). It is also true that, 
even if the majority of the active molecules 
remain inside the lysosomes, the small quantity 
that succeeds in escaping and gets to the cytosol 
can be sufficient for the biological activity 
(Skotland et al. 2015).

Specific attention should be also paid on small 
molecule drug delivery with the aim to overcome 
the problem of multidrug resistance (MDR) that 
develops in tumor cells after repeated exposures 
to the same drugs. MDR can often be attributed 
to the up-regulation of efflux pumps, particularly 
active with lipophilic drugs inserted in the mem-
brane. CPPs could help in this sense by changing 
the solubility properties of the drugs, favoring 
their entrance in the cytosol and releasing them 
by different mechanisms (Vargas et al. 2014; 
Zheng et al. 2010; Regberg et al. 2012). Such 
CPP-conjugates were also designed to promote 
some particular routes of administration. In the 
context of small molecule drug delivery, 
docetaxel cyclodextrin inclusion-loaded PLGA 
nanoparticles were administrated with CPPs to 
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enhance its oral bioavailability. Bu et al. demon-
strated how this system displayed the maximal 
cytotoxicity against breast cancer MCF-7 cells, 
enhancing absorption and bioavailability of the 
drug itself as a promising oral delivery carrier 
(Bu et al. 2015). Oral administration by new for-
mulation approaches has been also studied in 
recent works even if this field is still growing and 
many more experiments have to be done (Khafagy 
el and Morishita 2012) (Kristensen and Nielsen 
2016). Transdermal delivery capability could be 
also enhanced by cell-penetrating peptides. The 
pro-apoptotic peptide KLA, for example, was 
delivered by Gautam et al. to different cancer 
cells in vitro and into the skin in vivo by a new 
CPP IMT-P8. After internalization, the construct, 
containing a compartment-specific localization 
sequence, could localize to mitochondria causing 
cell death thanks to the peptide ability of disrupt-
ing the mitochondrial membrane. These results 
suggest that this could actually be used as topical 
delivery vehicle in dermal diseases (Gautam 
et al. 2016).

In general, cell-penetrating peptides offer a 
number of distinctive merits and can be involved 
in many strategies for the delivery of anticancer 
active drugs, the latter being easily conjugated in 
many different ways via either chemical or 
genetic engineering method without affecting 
their intrinsic activity. Furthermore, they can effi-
ciently transport attached cargos into almost all 
types of cells and this property makes cell- 
penetrating peptides a very eclectic element in 
the design of new drug delivery systems. CPPs 
will be used to revolutionize drug design and 
development by providing better bioavailability 
of the traditional chemotherapeutics at a much 
earlier stage of drug development, facilitating 
effective transition from preclinical to clinical 
phase in drug development. The research is still 
increasing and many pitfalls are being overcome 
and solved by new strategies; so, very soon con-
jugation of old and new active drugs to cell- 
penetrating peptides will become a more widely 
established clinical modality for the treatment of 
those malignancies for which there currently are 
no good treatment options.
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