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Abstract

The present PhD thesis is focused on the ‘Design and study of peptide composite
biomaterials”. Self-assembling peptides are supramolecular entities that spontaneously form
from elementary building blocks, held together with non-covalent interactions. Introduction
of biological self-assembly principles in the field of biomaterial and nanoscale engineering, is
relatively recent and many avenues still remain to be explored. A major advantage in the
assembly of biological materials is their self-assembly from building blocks, under non-
aggressive conditions such as ambient temperatures and aqueous environments, and the good
interface that exists between organic and inorganic phases. Another important feature in
biological materials and especially proteins is the possibility of tailor-made modifications that
can be enabled at the sequence level in order to confer functionalities on the self-assembled
scaffolds. These modifications cover a wide range and can include change of amino acids,
incorporation of non-natural amino acids, and chemical modifications.

The present thesis is focused on self-assembling octapeptides, made up from building
blocks found in natural proteins. The aim of the project is to investigate minimal amino acid
modifications for designing peptides that maintain their self-assembling ability intact and are
able to anchor inorganic materials on their surface.

The first part focuses on templating silica on the surface of the fibrils and the role of
serine (Ser (S)) residues is investigated in the templating of silica precursors. In the second
part two-dimensional films are constructed and through thiolated peptides, quantum dot
nanoparticles are deposited on the surface of the films. The third part reports the laser
photocrosslinking of the formed assemblies, mediated by the introduction of crosslinkable
aromatic residues. The final chapter focuses on a different self-assembling system and
describes the synthesis of peptide-porphyrin hybrid materials with photoelectronic properties.

Overall the thesis reports how a single self-assembling building block can be modified

by rational choice of amino acids in order to be targeted for different functionalities.



Iepiinyn

H mapodca Awaxtopikny Atatpipn eotialetal oty «XHvOeon kot perétn cuvletmv
TENTOIKOV ProdAkdvy. Ta avto-opyovopéva mentidia ival vIepLoplokes dOUES Ol Omoieg
aLTO-0pyavOVoVTOL avBdpUNTE Ao HIKPOVS ‘dopikovg ABovg’ ot omoiot cuvoéovTal Le Ui
OHOLOTOMKEG aAANAemOpAcelS. H elcaywyn Tov ovto-opyovorévev BLIOAOYIKOV apy®dV GTO
ed10 TG UNYAVIKNG TOV PLODAMK®V Kot TNG VOVOSOUNS, vl GYETIKA TPOGEATY Kot TOAAEG
KkatevBHvoelg pévooy va peretnBodv. MeydAo TAEOVEKTNLO GTNV 0PYAVOGT TOV PLOAOYIKAOV
VMKV amoTeLel 1 0VTO-0pYAvV®GT TOVG amd ‘dopkos AMBove” vd PLGLOAOYIKEG CLVOT|KEG
Beppokpaciog kot vodTvov TEPPAALOVTOG KaBDG emiong Kot 1 akping oAANAETidpacT Tov
VITAPYEL LETAED OPYOVIKAOV KOl avOpyovemv @dcemv. 'Eva moAd onuavtikd yopokTnplotikd
6T0 BroAoyKd LAIKA Kot 101KA GTIG TPMTEIVEG Evat 1 SLVATOTNTA TG TPOTOTOINONG TOVG GE
EMIMESO OAANAOVYIOG LE OKOTO TNV EVEOUATMGT AELTOVPYLDV GTIG OVTO-OPYOVOUEVEG OOUEG.
AvTég o1 adhayéc kaAvmTovy éva peydlo €0pog kot meptlappdvouy aAlayég oto apvotéa,
EI0QYMYY| - QUGIKOV OUVOEEDV Kol YNIKES TPOTOTOMGELC.

H mopodca dwtpify  eotdlete  ommv  avT0-0pYEVOOYT,  OKTO-TEMTIOI®V,
KOTOOKEVAGUEVO [LE ‘dopKoVg AMBOVG” TOV TPOEPYOVTAL OO PLGIKEG TPMTEIVEG. LKOTOG TNG
gpyociog elval va dlepevVvoeLl TIC EAAYIOTES aMVOEIKES aAlayég Tov ypetdlovTal Yo TovV
oYEOGUO TEMTIOIWV TOV KPATOLV TV 1010TNTO OLTO-0PYAVOCNG OVETAPT Kot Eival tKovA vol
TPOGOEGOVY AVOPYOVO VAIKE GTNV ETLPAVELL TOVG.

To mpdTO PEPOS TNG EPYUGING GTOYXEVEL GTNV TTPOGOEST PloTVPLTiOG GTNV EMPAVELL
TOV oV Kot eniong depevveitar o poAog tov KatdAoutov tng Xepivng (Ser, S) omv
TPOGOEST] TUPLTIKOV  TPOOPOUMV. XTO OEVTEPO  UEPOG KOATAOKELALOVTOL VLUEVIL OLO
dloTdoe®v Kol PEC® MEMTIOWV oL TEPLEYovy Belddec, yivere evamdbeon kPavtikdv
VOVOoOUOTWOIOV otV empdvelo. Tov vueviov. X1o Tpito péPOg YIveTe avoeopd GtV
OlIGVUVOEST OLTO-0PYOVOUEVOV doudVv pécw Tyng ¢oto¢ Laser, dopécov €16oymyNg
APOUATIKOV OopvoEémy. ZTO TEAELTOO HEPOC TEPLYPAPOLUE £€Vo. OLOPOPETIKO aVTO-
OPYOVAUEVO GUGTNUA Kol HEAETAUE TNV oOVOeon VPPWOIKOV VAIKOV ond mentidw-
TOPPUPIVES LE POTONAEKTPOVIKEG 1O1OTNTES

Fevikd M pekétn avodeikviel g €vag avtd-opyovapevog dopkog Abog pe

TPOEMAEYUEVT GEPA apvoEEmV pmopel va 6ToYeVGEL GE SLOPOPETIKES AELTOVPYIES.
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CHAPTER 1 INTRODUCTION

1.1 Top Down — Bottom Up

The field of science that is bridging the gap between Chemistry, Physics, Mathematics
and Biology is Materials Science. Materials Science is an interdisciplinary field, which
studies the fundamental properties of materials for applications in science and engineering.
Since scientists investigate the structure from atomic or molecular to macroscopic scale there
have been many branches of technology developed at the end of the 20" century. Around
1980 K. Eric Drexler described how conventional macro or micro machines could build even
smaller ones with final target to build up machines at the level of molecules. He used as an
example the biochemical systems, where those machines, such as ribosomes or bacterial
flagella, already exist at such scale (Drexler, 1981). Later on in his book “Engines of
Creation: The Coming Era of Nanotechnology”, he described a new type of technology
composed of molecules, whose dimensions are in nanoscale, and it was named
“Nanotechnology” (Drexler, 1986). His ideas were supported theoretically long time ago, at
1959, by the renowned physicist Richard Feynman, with the famous lecture “7There’s Plenty
of room at the Bottom. An Invitation to Enter a New Field of Physics” . Feynman mentioned
in his talk that: “What I want to talk about is the problem of manipulating and controlling
things on a small scale”. He described theoretically the problems and the challenges to
develop the field of nanotechnology and also the benefits of manipulating molecules in the
nanoworld such as the creation of nano machines, data storage, electron microscopy and fast
computers (Gazit, 2007).

For starting building up machines, motors or more complex 3D scaffolds we have to
understand “what are the basic units composing matter?” Biology and Biotechnology has
contributed a lot in understanding the interactions of living matter and how Nature fabricates
macromolecular structures using nanoscale “building block” molecules. The two new
emerging Nanotechnology branches are Bionanotechnology and Nanobiotechnology.
Bionanotechnology uses all the knowledge behind molecular recognition and assembly of
building blocks in order to fabricate nanostructured materials and Nanobiotechnology uses
nanostructured tools and principles for applications to biology. For mimicking Nature and
constructing materials for the nanoworld there are two main approaches: Top-down and

Bottom-up (Gazit, 2007).

14



Top-down approach uses various methods of modern and old lithography. Since the
word lithography is coming from the Greek word AwBoypagia (Lithografia), which contains
the word “Aifoc” meaning “Stone” and “I'pa¢1)” meaning “Writing”, top-down techniques
require a bulk material that is scaled down from macro to nano dimensions (Figure 1). The
most common used lithographic technique is Photolithography. This technique briefly
requires our substrate, a photosensitive material (negative or positive), a pattern mask and
UV radiation. The type of the photoresist and the mask give us the final pattern on the
substrate. The disadvantages of this technique are the high cost of the equipment, the limited
access to clean room facilities, required for the high quality of materials, the poor resolution

below ~20nm and the low biocompatibility of these structures in biomedical applications.

Figure 1 a) Bottom up and b) Top down construction of materials (Smith et al., 2011)

Bottom up process is developed mainly with self-assembly, the spontaneous
association of biological “building blocks” into highly organized structures. Nature has
developed the “Bottom-up” fabrication for millions of years using mainly as building blocks
the 20 natural amino acids, nucleotides, lipid molecules and sugars. In molecular assembly
the interactions are controlled by weak bonds such as a) hydrogen bonds, b) ionic bonds, c)
van der Waals interactions, d) hydrophobic interactions and e) water mediated hydrogen
bonds.

We have abundant examples of how nature uses the self-assembly process. Some
examples are self-organization of viruses, phospholipid membranes, intracellular and extra-
cellular fibrous assemblies, nucleic acids, biological motors, polysaccharides, amyloid fibrils
and silks (Gazit, 2007).

Tobacco Mosaic Virus (TMV) is an RNA virus that its capsid looks like a hollow
protein tube of 300x18nm in size and a 4nm-wide central channel (Figure 2a). The protein

case is composed of ~2130 identical protein subunits that self-assemble into a helical motif
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around the RNA (Schlick et al., 2005). The virus is stable in temperatures ~60° C and pH
solutions ranging from 2-10. The wild-type TMV virion capsid offers a great templating
surface through electrostatic interactions. The amino acids responsible for those interactions
are arginine (Arg (R)), Lysine (Lys (K)), aspartic acid (Asp (D)) and glutamic acid (Glu (E)).
Furthermore, novel types of interactions can be inserted through genetic engineering of the
virion.

The flagellum exists in prokaryotic and eukaryotic cells and provides sensing and
locomotion. The bacterial flagellum is composed from the protein flagellin. The size of the
filament is 20nm in width and can reach ~15um in length (Figure 2b). The flagellin protein
scaffold is composed of ~ 30.000 self-assembling subunits. Each subunit contains four
domains DO, D1, D2 and D3. D2 and D3 domains are solvent exposed and can be used,

through genetic engineering, for templating inorganic materials (Erhardt et al., 2010).

a) i & E97

2 TR <
ol N o L3 ~ (v}
Y139 M E106 A :‘;-
* <

PR 300 nm

> N
AN WY
LT AN A

DO {;’V

D3
D2

Flagellin

Escherichi coli

A 3 w7 b
-2 W TR
% I
Upper view of Side view of
the filament the filament

20 nm

Figure 2 a) Tobacco Mosaic Virus coat protein and its self-assembly structure, and b)

Flagellin protein, structural characteristics (Schlick et al., 2005), (Erhardt et al., 2010)
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1.2 Biological composite materials

Nature provides numerous examples of materials, which combine the assembly of
proteinaceous building blocks and inorganic materials. These materials adopt complex
hierarchical structures ranging from nano- to macroscopic scale. Characteristic examples of
these fascinating structures are Abalone shell and Marine sponges. The organic component,
mainly proteins, is endowed with specific amino acids that promote chemical, hydrophobic
and electrostatic interactions and acts as a template for the epitaxial organization of the
mineral component; this organization results in strong and tough composite materials
(Meyers et al., 2006).

Abalone shell or Nacre is a remarkable example of how nature can combine weak
constituents for fabrication of high performance materials (Figure 3). Nacre contains the
mineral phase, mainly aragonite (CaCOs) at ~95% and protein biopolymers, intercalating
between the building blocks at ~5%. Nacre is 3000 times tougher than aragonite. The nacre
structure is compared to “brick and mortar” which this gives the material its unique
mechanical properties. The “bricks” are flat polygonal crystals of aragonite and the “mortar”
is composed of polysaccharide and protein fibers. Inspired from its highly sophisticated
structure that has evolved over millions of years we can design new synthetic composite
materials (Espinosa et al., 2009).

Aragonite Tablet
diameter approx. 8 um

|<_ 20 cm _‘»|

Figure 3 Abalone shell internal organic and inorganic structure (Espinosa et al., 2009)

Tethya aurantia, which belongs to the demosponges family, is an orange puffball
sponge and its spicules (Figure 4a, b) have approximately 30um in diameter and 2mm in
length. They compose the 75% of the dry weight of the sponge. In situ identification and
manipulation is easy and Tethya aurantia is a useful model of silicon biotechnology research.
The axial channel (Figure 4c) of the spicule is composed of organic filament that consists of
three closely related protein subunits silicatein a,  and y (Shimizu et al., 1998). Natural and

recombinant silicatein subunits have been found to catalyze the formation of biosilica from
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various silica precursors such as Tetraethoxysilane (TEOS) (Cha et al., 1999). Silicatein has
homology to the Serine-type proteases due to the presence of a “catalytic triad” and a
strongly nucleophile Serine (Ser (S)) in the active site of the enzyme (Shimizu et al., 1998).
Knowledge of the mechanisms of biomineralization can lead to nanofabrication of artificial

building blocks that imitate similar biotemplating behavior.

Figure 4 a) Tethya aurantia marine demosponge (Brutchey and Morse, 2008) b) Optical
micrograph of sponge spicules c) Electron micrograph of one type of axial channel (Weaver

and Morse, 2003)
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CHAPTER 2 SELF-ASSEMBLY AND APPLICATIONS

2.1 Self-assembling peptides corresponding to natural sequences

The last two decades there are numerous discoveries of small proteins, or else
peptides, that self-assemble into various structures such as belts, tapes, tubes, vesicles, fibrils
or monolayers (Aggeli et al., 1997b) (Gazit, 2005; Toksoz and Guler, 2009; Zhang, 2003).

One of the pioneers for the discovery of self-assembling peptides was Shuguang
Zhang (MIT) (Zhang et al., 1993). While working on genetics and structural biology of yeast,
he serendipitously discovered that a fragment from the protein Zuotin, that binds left handed

Z-DNA, can assembly into well-ordered beta-sheet structures.
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Figure 5 EAK16 self-assembling peptide cross beta structure (Zhang et al., 1993)
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Named as peptide Lego®, the EAK16 peptide contains the repetitive motif of
alternating hydrophilic and hydrophobic residues, where every other residue in the peptide is
alanine (Ala (A)) (Ac-HN-Ala-Glu-Ala-Glu-Ala-Lys-Ala-Lys-Ala-Glu-Ala-Glu-Ala-Lys-
Ala-Lys-CONHo) (Figure 5). The peptide was shown to self assemble into cross-beta amyloid
fibrils in aqueous solutions and when salt was added, the assembly was changed to a
macroscopic membrane (Zhang et al., 1993). As shown in Figure 5 the alanine (Ala (A))
residues from one strand are interacting with the alanines of another strand via hydrophobic
interactions. When the peptide is at neutral pH the lysine (Lys (K)) and glutamic acid (Glu
(E)) residues are charged and interact via ionic bonds on the opposite side. Hydrophobic and
ionic interactions alternate along the z-axis and the final “cross-beta” structure is formed,
with beta-strands being perpendicular to the fibril axis. After this breakthrough, he followed a
unique de novo design of a self-assembling peptide library (Zhang, 2002) using different
types of self assembling peptides. These peptides can form various types of structures
(Vesicles, tubes, fibrils, hydrogels) and the applications can range from tissue engineering to
drug delivery and biological surface engineering (Zhao et al., 2010) (Yang et al., 2009).

Ehud Gazit (Tel-Aviv University) was investigating self-assembly mechanisms
derived from the AP (1-42) peptide involved in Alzheimer’s disease. While studying smaller
fragments of the AP (1-42) peptide, he discovered that a dipeptide composed of two
phenylalanines (Phe-Phe (F-F)) can self assemble into rigid hollow nanotubes. This building
block assembly is proposed to follow the m-m stacking interaction mechanism between the
aromatic residues of the phenylalanines. This peptide depending on the environment can self-
assemble into various structures, such as tubes, fibrils, and spheres as shown in Figure 6.

LT E

Stacking Interactions Two-dimensional Layer Closure Single-walled Peptide Nanotube Bundled Peptide Nanotubes

|

Multilwalled Peptide Nanotube

—

Figure 6 Self-Assembly Mechanism of the diphenylalanine peptide into various structures
(Reches and Gazit, 2006)



Aggeli and colleagues were investigating a peptide originating from the
transmembrane domain of IsK protein. The peptide has 24 amino acids (NH»-Lys-Leu-Glu-
Ala-Leu-Tyr-Val-Leu-GlyPhe-Phe-Gly-Phe-Phe-Thr-Leu-Gly-Jle-Met-Leu-Ser-Tyr-Jle-Arg-
COOH, termed K24) and forms hydrogels. These hydrogels consist of peptide fibril tapes in
beta-sheet conformation and this is mainly attributed to the amphiphilic character of the
peptide. One end, polar amino acids exist (Lys (K), Glu (E)) and provide coulomb
interactions and amphiphilicity to the molecule while aromatic residues (Tyr (Y), Phe (F))
provide intramolecular n-m interactions (Aggeli et al., 1997a). The design of a shorter new
peptide, which is endowed with polar and hydrophobic residues (CH3CO-GIn-Gln-Arg-Phe-
GlIn-Trp-Gln-Phe-Glu-GIn-GIn-NH,, termed DN1), confirmed the prediction of beta-stranded
structure and this peptide formed gels similar to K24 (Aggeli et al., 1997b). This design
technique contributed to the de novo design of short peptides with self-assembling abilities

and fascinating macromolecular structures.

2.2 Self-assembling peptides corresponding to non-natural

sequences

Following the previous examples of self-assembling peptides originating from natural
sequences, scientific groups moved on a new field, the “de novo” designed self-assembling
peptides. In this field all the possible interactions and conformations are taken into account in
order to construct a short peptide with a predicted structure of our need. A common used
building block conformation in that of beta-hairpin. The beta-hairpin is a protein motif of 2
beta-strands, anti-parallel to each other, joined with a turn of two to five amino acids.

A remarkable de novo designed self-assembling peptide is coming from the
pharmaceutical industry. The lanreotide cyclic peptide, which is used as a synthetic analogue
of somatostasin, a hormone inhibitor for treatment of acromegaly, has been studied
extensively from Artzner, Paternostre and colleagues. This peptide (NH,-(D)Naph-Cys-Tyr-
(D)Trp-Lys-Val-Cys-Thr-CONH;) follows the folding motif of beta-hairpin and the beta
strands are stabilized by a disulphide bridge. Figure 7 shows extensively the levels of the
peptide assembly and packing for the final formation of hexagonally packed nanotubes.
Figure 7a shows the disulphide bridge and the hydrogen bonds between the residues.
According to the molecular models there is clear separation of the aromatic (red color),
aliphatic (blue color) and hydrophilic residues (green color). The combination of dimers

(Figure 7b) makes filaments with hydrophilic inner and outer surface, stabilized with
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hydrogen bonds and hydrophobic interactions. 26 filaments are packed together to form the
nanotube (Figure 7c) and finally the nanotubes are arranged hexagonally to form a liquid

crystalline columnar phase structure (Figure 7d) (Valery et al., 2003).
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Figure 7 Self-assembling pathway of the lanreotide peptide (Valery et al., 2003)

Schneider and colleagues adopted also the beta-hairpin motif to construct self-
assembling peptides. The synthetic peptide termed MAX 1 (H,N-Val-Lys-Val-Lys-Val-Lys-
Val-Lys-Val-"Pro-Pro-Thr-Lys-Val-Lys-Val-Lys-Val-Lys-Val-CONH,). The design strategy
behind is divided into two parts: The composition of alternating polar (Lys (K)) and non
polar (Val (V)) amino acids helps in the adoption of beta-sheet conformation and the
tetrapeptide turn (Val-"Pro-Pro-Thr) helps in the formation of the beta turn. The D- and L-
proline are used because they do not induce steric interference between each other (Bean et
al., 1992). These two important parameters contribute to the formation of the final beta-
hairpin structure (Figure 8). The alteration of polar and non-polar residues allows the peptide
to self-assemble only in controlled pH environment. As shown in Figure 8, at basic pH
environment the lysine residues are not charged, hydrogen bonds are formed in the hairpin
structure and the peptide adopts a beta-sheet conformation. Valine residues interact via
hydrophobic forces with the adjacent peptides. When the pH is reduced to acidic the lysine
residues are charged and are being repulsed, so the peptide loses its beta-structure. These
alterations in the structure have been monitored by Circular Dichroism and Rheology studies.
The peptide forms responsive hydrogels useful for drug delivery and biomedical applications

(Schneider et al., 2002).
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2.3 Biological composite materials from  self-assembled

proteins/peptides and inorganic compounds

2.3.1 Natural self-assembling proteins

“Bottom up” approaches provide many advantages such as rational design and
synthesis of new peptide building blocks and controlled assembly below the limits of the
conventional lithographic techniques. The new challenge is how to template those highly
ordered nanostructures with inorganic materials (Dickerson et al., 2008) (Chen and Rosi,
2010). Following the literature of templating natural self-assembling proteins we distinguish
the examples of filamentous viruses (TMW, fd) and bacterial flagella protein, flagellin.

The tubular capsid surface of Tobacco Mosaic Virus (TMV) is rich in glutamic acid
(Glu (E)), aspartic acid (Asp (D)), lysine (Lys (K)) and arginine (Arg, (R)) residues. The
combination of these charges gives an overall negative charge above the isoelectric point (pl
3.0-3.5) and a positive below. The isoelectric point of silicic acid is around pI=2.1 (Minones
et al., 1984) so the templating can be performed between those values via electrostatic forces
(Shenton et al., 1999) (Royston et al., 2006). Similar method is followed for the deposition of
silica on the filamentous DNA fd virus. The pl of the virus is 4.2 so when the reaction pl is
around 3 electrostatic interactions can occur between the positively charged virus and the

negative silica precursors (Figure 9) (Grelet et al., 2011).
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Figure 9 a) Templating mechanism of silica on fd filamentous virus b) Optical image of the
silica coated virus (Grelet et al., 2011)

Shenton et al reported the templating of the Tobacco Mosaic Virus (TMV) with lead
sulfide (PbS) and cadmium sulfide (CdS) crystallites through the numerous glutamic acid
(Glu (E)) and aspartic acid (Asp (D)) residues exposed on the surface of the TMV virion
(Shenton et al., 1999).

Harris reported the insertion of thiol groups (through cysteine (Cys (C)), using genetic
engineering, on the TMV surface. These modifications seemed not to play a significant role
in the assembly and stability of the virus. These genetically modified scaffolds were used for
the deposition of gold (Au), silver (Ag) and palladium (Pd) nanoparticles and creation of
metallic biocomposite nanowires (Lee et al., 2005).

From various bacterial flagella the mostly investigated is E.coli flagellin protein,
FliTrx. As mentioned previously, the protein that composes the self-assembled structure
contains two domains (D2 and D3), which are solvent exposed, and through genetic
engineering modifications different functional residues can be displayed on the surface of the
flagellum. A loop peptide, which is composed of four times the peptide “Gly-His-His-His-
His-His-His (GHHHHHH)”, has been investigated for the templating of gold (Au), Cu
(copper), Co (Cobalt), Pd (Palladium) and Cd (Cadmium) nanoparticles (Kumara et al.,
2007b). The same year Kumara reported the templating of ZnS/Mn and cadmium telluride
(CdTe) quantum dots on the surface of bacterial flagella nanotubes carrying the same poly-
hystidine loop (Kumara et al., 2007a). Another loop which exposes one time the peptide
“Arg-Lys-Arg-Lys-Arg-Lys-Arg (RKRKRKR)” is used as a template for gold (Au)
nanoparticles and the final peptide with three times repeat of the sequence “His-Asp-Glu-
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Asp-Glu-Asp-Glu (HDEDEDE)” binds successfully cobalt (Co) and silver (Ag) nanoparticles
(Kumara et al., 2007b).
2.3.2 Self-assembling peptides

Templating of self-assembling peptides is a very challenging and interesting method
for the fabrication of biological composite materials because it gives us the possibility to
endow simple building blocks both with functional and structural characteristics. Some
paradigms of assembly and templating are given below, focusing on the previously discussed
self-assembling peptides.

Following the complete study of the self-assembling mechanism, Ehud Gazit’s group
decided to focus on applications by creating a peptide library of minor substitutions and
changes to the original building block in order to endow the structure with different
functionalities. The original building block itself can be used as mold for casting metallic
silver and crating silver nanowires with dimensions of ~20nm (Figure 10) (Reches and Gazit,
2003). Gazit moved one step further to the fabrication of coaxial metal/insulator/metal
nanowires. After introducing a thiol linker peptide to the original diphenylalanine peptide
nanotubes, the tubes were templated inside with silver nanoparticles as described above and
outside with gold nanoparticles that were attached to the thiol groups. (Carny et al., 2006).
This remarkable application opens new routes for the fabrication of coaxial metallic

nanowires for future integration into microelectronic devices.
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Figure 10 Nanowire fabrication from the diphenylalanine peptide nanotubes
(Reches and Gazit, 2003)
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Artzner and colleagues focused on the templating of the lanreotide nanotubes with
silica. Upon incubation with silica precursors double-walled silica nanotubes were observed.
The mechanism that is proposed is a “dynamic template model” in which the surface of the
lanreotide nanotube is positively charged and attracts the negatively charged hydrolysed
silica precursors through electrostatic interactions; at the same time, the negatively charged
precursors attract free lanreotide molecules for the neutralization of the system (Figure 11)
(Pouget et al., 2007). This mechanism can be used for the explanation of templating in other

biological systems and can exploited further for the synthesis of composite biomaterials.

A" A

Lanreotide + +  Lanreotide .
monomer + . + dimer A, " Si0RL0-
Figure 11 Silica dynamic templating model of the lanreotide nanotubes (Pouget et al., 2007)

Schneider and colleagues investigated the precise arrangement of nanoparticles
between the self-assembling structures of the MAX1 peptide variant. In contract with the
original Max1 peptide sequence the newly designed peptide has the two prolines, located in
the beta turn, both in L-conformation. The “Pro-"Pro instead of PPro-"Pro changes
completely the assembly pathway. The peptide has now the tendency to adopt an extended
conformation and assembles into laminated beta-sheet fibrils instead of beta-hairpins. After
the structural characterization the ribbon-like structures were templated with gold
nanoparticles through a bifunctional linker. The mercaptopropionate (MPA) attaches to the
gold particles through a gold-sulfur bond (Au-S) and to the peptide with its negatively
charged carboxyl group in aqueous solution (Figure 12) (Lamm et al., 2008).
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Figure 12 a) Templating of gold nanoparticles by laminated beta-sheet fibrils a) Peptide
(VK)4+VPPT-(KV)4, b) Hierarchical self assembly c) Templating with gold nanoparticles
(Lamm et al., 2008)
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CHAPTER 3 ADENOVIRUS FIBER AS A SELF-

ASSEMBLY SYSTEM

The work presented in this thesis is oriented towards the design and study of self-
assembled octa-peptides for the synthesis of composite biomaterials. For better understanding
the mechanisms of protein folding several studies have been carried out in models such as
smaller de novo designed peptides derived from natural self-assembled proteins. The
adenovirus fiber protein served as a source of inspiration for the study. The adenovirus capsid
is icosahedral and at each of the 12 vertices, trimeric fibers point out, used for attachment
with cells (Figure 13a, b). The crystal structure of the fiber shaft and head domain was solved
at 2.4 A resolution (van Raaij et al., 1999). Each fiber monomer contains 582 amino acids. In
the shaft we can clearly see that there is a repeating sequence motif with hydrophobic amino
acids (orange and green residues at Figure 13d) alternating with hydrophilic ones and glycine
(Gly (G)) or proline (Pro (P)) at conserved positions (purple residues at Figure 13d). The
basic repeat fold contains a beta-strand almost parallel to the axis of the fiber followed by a

beta turn and another beta strand which runs at an angle of 45° relative to the fiber axis.
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The repeats are joined together by a solvent accessible loop. The inter-repeat
displacement is 13A with a clockwise rotation (50°) between the repeats. The core of the
structure is stabilized by the contribution of hydrophobic interactions between the
hydrophobic amino acids (van Raaij et al., 1999).

The folding motif of the shaft was extensively studied with peptides lacking the head
part of the shaft. Various lengths of peptides from 4laa, 25aa, 12aa, 8aa and 6aa were
synthesized and shown to self assemble into stable fibrillar morphologies (Luckey et al.,
2000), (Papanikolopoulou et al., 2005). The fibrils showed green birefringence upon staining
with Congo red and had the amyloid —like morphology when studied with electron
microscopy. The fibrils were also characterized by X-ray fiber diffraction and showed a
characteristic amyloid like X-ray diffraction pattern (Papanikolopoulou et al., 2005). This
pattern is called cross-beta; it shows a strong meridional reflection at 4.8A that corresponds
to the hydrogen bonding distance between beta-strands and an equatorial reflection at 10-11A
that corresponds to the stacking distance between beta-sheets (Serpell and Smith, 2000).

We have chosen the octapeptide N-S-G-A-I-T-I-G (residues 385-392, Asparagine-
Serine-Glycine-Alanine-Isoleucine-Threonine-Isoleucine-Glycine) as the original building
block for this study. This peptide corresponds to a region in the adenovirus protein sequence,
which involves a loop and a B-strand (Figure 14 left). The peptide self-assembles into
amyloid -type fibrils with dimensions of 10nm in width and some microns in length (Figure
14 right). The peptide was characterized with Transmission Electron Microscopy (TEM),
Atomic Force Microscopy (AFM) and X-ray fiber diffraction.

A 7K

Figure 14 Left: Position of the original building block in the triple beta helix motif of the
fiber shaft structure — Right: Transmission Electron Microscopy image of the NSGATIG
peptide fibrils (Negative staining)
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Very important tool for the design of new self-assembling peptides and their
enrichment with functional groups is the crystal structure of the peptide in its final assembled
conformation. According to the crystal structure of the native protein the N-S-G residues are
located at the loop and the A-I-T-I-G residues at the beta-strand. Since it is difficult to
crystalize the amyloid fibrils the only technique for the analysis of structure is X-ray fiber
diffraction. This technique gives us the distances between the peptides along the axis of the
fibril but not the exact position of the exposed or hidden residues. This is the reason that
Molecular Dynamics Simulations (MDS) were performed in order to understand how the
peptides are arranged along the fibril. The MDS conditions were carried out in aqueous
solutions containing multiple copies of the peptide; they were run at different temperatures
(replica-exchange method) and using the solvent as a continuous medium (implicit solvent).
The simulations showed that the part of the peptide responsible for the cross beta amyloid
core was formed by the A-I-T-I (Ala-Ile-Thr-Ile) hydrophobic moiety (Figure 15). This part
adopts a beta-strand conformation and the N-S part (Asnl-Ser2), which remains out of the
fibril core, forms a type-II turn. The peptides were shown to prefer a parallel arrangement

along the axis of the fibril (Tamamis et al., 2009).

Parallel

Axis of the fibril

Anti-Parallel \ P —

Figure 15 Parallel and anti parallel self-assembly model of 3 stranded peptide sheets at
300K. Hydrogen bonds are shown in white dashed lines (Tamamis et al., 2009).

In the Master thesis “Design and study of composite biomaterials based on self-
assembling peptides from natural fibrous proteins’’ (2008), we investigated the design and
structural characterization of new self-assembling peptides, which form amyloid type fibrils

and were used as templates for metal binding and nanowire fabrication.
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In order to endow the new designed peptides with metal binding affinity we decided
to incorporate cysteine (Cys (C)) in the sequence of the original building blocks at positions 1
(Asn (N)) and/or 2 (Ser (S)), since cysteine is the most common metal binding amino acid. A
peptide library was created for studying first the capability of the new rationally designed
peptides to form self-assembling peptides, and second, the interactions with inorganic matter.

We started by replacing the serine (Ser (S)) residue from the original building block
sequence NSGAITIG to a cysteine residue since this is the minimal one to try. The new
peptide sequence was NCGAITIG. In case that there would be accessibility problems for the
thiol group of cysteines the two first amino acids of the new peptide were swapped, to give
the peptide CNGAITIG. Finally we substituted the asparagine for a cysteine at the original
NSGAITIG scaffold and the resulting peptide was CSGAITIG (Figure 16). All peptides self
assemble into amyloid type fibrils and were thoroughly characterized with Transmission

Electron Microscopy (TEM), Atomic Force Microscopy (AFM) and X-ray fiber diffraction.

1. N-S-G-A-I-T-I-G 2. N-C-G-A-I-T-I-G

3. C-N-G-A-I-T-I-G

4. C-S-G-A-I-T-1-G

Figure 16 Schematic representation of the design logic of the peptides

The metal binding ability of the peptides was tested using three different metal
colloidal nanoparticles: silver, gold and platinum. As shown in Figure 17 the NSGAITIG
peptide showed affinity only for gold and platinum and very low binding to silver; the
NCGAITIG peptide as well as the CNGAITIG peptide showed affinity to all metals and this
proved that the cysteine residues must be accessible at the outside of the amyloid fibril core
in order to serve as nucleation sites for the metals. To our surprise, the NSGAITIG peptide
even though it lacks the cysteine residue, binds gold and platinum colloidal particles very
well. This result was quite puzzling; however recent studies suggest that peptides with
hydroxyl-containing amino acids show high affinity for metals. In literature there are various

peptides, which contain Serine (Ser (S)) or Threonine (Thr, (T)) in their sequence and show
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affinity to gold and silver nanoparticles (Chiang et al., 2007). These findings are supported
theoretically by the work of Corni and colleagues. They studied theoretically the role of
Serine (Ser (S)) and Tyrosine (Tyr (Y)) amino acids in the reduction of chloroaurate (III)
(AuCly) ions. The hydroxyl group attaches to the gold ion, substituting one CI’, and the new
complexes are more thermodynamically favorable in the ionized form of AuCl; —Ser-O” and
AuCl; —Tyr-O". The two complexes show further probability for gold reduction, with higher
rates for the AuCl;—Tyr-O complex (Toroz and Corni, 2011).

Therefore, in order to test the hypothesis that the serine (Ser (S)) residue might be
responsible for the metal binding we designed the NAGAITIG peptide with a minimal
substitution of the serine (Ser (S)) to alanine (Ala (A)). The experimental results indeed

confirmed that the NAGAITIG peptide self-assembles into amyloid fibrils that do not bind
gold (Kasotakis et al., 2009).

Templating with Silver (Ag) Templating with Gold (Au)
nanoparticles nanoparticles
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Figure 17 Transmission Electron Micrographs of peptide fibrils incubated with metallic

nanoparticles solutions (Kasotakis et al., 2009)



The hypothesis of the contribution of serine (Ser (S)) to binding to metals is
corroborated by the fact that in the CSGAITIG peptide continuous metal coverage of the
amyloid fibril is observed. This can be attributed to the simultaneous presence of two

adjacent metal nucleating sites provided by both the cysteine and serine (Ser (S)) residues.
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CHAPTER 4 RATIONALE OF THESIS PROJECT

The aim of this PhD project is to investigate and develop a minimal self-assembling
peptide system that will be able to change functionality with minor amino acid substitutions
while keeping its self-assembling ability intact. The original system that will be used and
modified is the adenovirus derived self-assembling octapeptide NSGAITIG.

According to the model presented in Figure 18, this self-assembly system will have an
amino acid sequence “core” responsible for the scaffold formation (blue color) and each time
the design for the desired functionality will be done at the exposed residues of the scaffold
(red, green color). A functionality that has already been incorporated is the introduction of
thiol containing residues for the metallic nanoparticles attachment and the direct positioning
of the amyloid fibrils. These functions could also be combined for creating higher

macromolecular architectures.
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Figure 18 Cartoon representation of the de novo designed peptides, endowed with new
functionalities. Red triangles and green cylinders represent amino acid substitutions in the

original building block sequence that are exposed on the surface of the fibrils

The thesis is structured into three main chapters that are dealing with amino acid
substitutions on the original building block sequence, their self-assembling ability study and
the examination of the targeted functionality.

The first part (CHAPTER 6 ) of this work focuses on the ability of the original
building block (NSGAITIG) and derivatives to template silica. The objective was to
investigate the eventual role of the serine (Ser (S)) residue in the templating, as well as the

fabrication of silica nanotubes through templating and subsequent removal of the biological

34



materials. Transmission Electron Microscopy (TEM) and Energy-dispersive X-ray
spectroscopy (EDS) were the techniques used for our investigation.

The second part (CHAPTER 7 ) reports on formation of two-dimensional peptide
films in the water/chloroform interface and their subsequent templating with preformed
TOPO- capped CdSe/ZnS Quantum dots. The peptides used are the previously studied
CSGALITIG that contains a thiol for specific attachment to the quantum dots, and the original
building block NSGAITIG as a negative control. Transmission Electron Microscopy (TEM),
and Photoluminescence (PL) reveal the fabrication of highly ordered arrays of quantum dots
on the two dimensional films and the changes in the photoluminescent properties of the
quantum dots depending on their size.

The third part (CHAPTER 8 ) reports on the formation of cross-linked amyloid fibril
networks using a UV LASER source. The peptide used is a new derivative of the original
building block that contains a tyrosine (Tyr (Y)) residue. The peptide is able to self-assemble
into amyloid type ribbons and form cross-links through the dityrosine bond formation using
the UV radiation as an energy source for the beginning of the reaction. The samples were
analyzed using Mass Spectrometry (MS), Matrix-Assisted Laser Desorption lonization
(MALDI) and optical microscopy. Such a cross-linking material can be used in biomedical
applications.

Finally, in the fourth part (CHAPTER 9 ) another commercially available self-
assembling system is used for the fabrication of hybrid materials with photoelectronic
properties. The self-assembling system in the diphenylalanine peptide mentioned in the
introduction, and its derivatives, which was covalently conjugated with porphyrin molecules.
The self-assembly of this system was tested in various concentrations and solvents. To our
surprise the diphenylalanine-porphyrin hybrids do not self-assemble into nanotubes and form
nanospheres of various sizes depending on the solvent. The samples were analyzed using
Scanning Electron Microscopy (SEM) and Photoluminescence (PL). These materials can be

proposed for the fabrication of new type of solar cells.
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CHAPTER S TECHNIQUES

51  Transmission Electron Microscopy (TEM)

Transmission Electron Microscopy (TEM) is a powerful technique for imaging
materials at the resolution of atoms. The first electron microscope was build by Knoll &
Ruska at 1931 and it became commercially available at 1939. Since then there is an
exponential evolution on the power and the resolution that microscopes can reach. Nowadays
electron microscopy is used for polymers, inorganic materials and biological proteins or
tissues. The most important part of this experimental technique is the sample preparation.
Each class of materials requires different techniques in order to make the material thin and
transparent but also electron dense for imaging in TEM. Biological materials since they are
transparent, they require additional contrast, which is provided by specific stains described
below. Looking closer to the microscope setup, it consists of an electron source, the
electromagnetic lenses, the specimen area and the viewing screen (Figure 19). The
electromagnetic lenses in combination with apertures are used to guide the electron beam in

order to be coherent and give us the best resolution that we can have.
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Figure 19 JEOL JEM-2100 Transmission Electron Microscope (JEOL)
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Also the electron source plays a very important role for the quality of image that we
obtain. The electrons are generated through thermionic emission from a filament, usually
tungsten or a single crystal such as Lanthanum Hexaboride LaB¢ (Figure 20). The image that
is generated from LaBg crystal is almost 10 times brighter than the image we get from

tungsten and the life of the filament is 4 times more (~ 400-600hr).

Mounting/Coupling connector

\\A Coupling/Mouting legs
‘/

~__

Insulation

\‘f— Support

\ Single crystal
LaB Filament
____Tungsten

Filament

Figure 20 (Left) Tungsten Filament, (Right) Single Crystal LaBg filament (wikipedia)

The electrons are accelerated using high voltage, usually 80kV. After the beam passes
through the sample is collected again with electromagnetic lenses and it is guided to a
fluorescent screen. Modern technologies have introduced high quality cameras for real time
observation on computers and high quality pictures.

Biological samples comparing to the inorganic ones are easier to perform and require
less time and effort. Our sample is usually on a grid, which is made from copper or nickel and
is covered with a very thin film of formvar or carbon membrane, which keeps the sample in
place (Figure 21 right). The grid has 300 areas of observation of approximately 60x60 pm
area. In order to observe biological samples specific staining techniques are required to
improve the contrast of the samples, since biological samples are transparent. This method is
called negative staining; a heavy metal solution such as Uranyl acetate is embedded on the
grid with the sample, in order to be deposited around the molecule or structure and provide

contrast for better visualization (Figure 21 left).

37



wow BT B X RS

Figure 21 Left: Negative staining protocol, Right: Electron microscopy grid

The negative staining protocol usually depends on the pH of the sample. The Figure

22 below summarizes the stains used according to the pH we have.

Stain Normal pH range for use
Sodium phosphotungstate (PTA) 5-8
Uranyl acetate 4-6
Sodium silicotungstate 5-8
Ammonium molybdate 5-7
Methylamine tungstate 6-7

Figure 22 Stains for Transmission Electron Microscopy

5.2  Energy-Dispersive X-ray Spectroscopy (EDS)

In this technique X-rays are not used for structure determination but for elemental
analysis. When the sample contains information of various types of particles the elemental
identity cannot be proved with imaging techniques. EDS analysis can be used to certify the
existence of certain elements. The principle is based on the unique atomic structure of each
element and the specific interaction between each one and the beam of X-rays. EDS is
applied when TEM analysis is performed and focusing on the sample we can get information
in detail. The X-ray beam is focused on the desired area and is causing excitation of some
electrons that are located in the inner energy shells of the atoms. Then an electron from outer
shells is filling the gap and the difference in energy is released as X-ray. All these X-rays are

characteristic of each transition and of each atomic structure that they are emitted from. The
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setup is composed from the source of the X-ray beam, the X-ray detector, the pulse processor
and the analyzer. The pulse processor is measuring the outcoming signal and transfers it to

the analyzer which most of the times is connected to a computer for real time measurement.

5.3 Photoluminescence Spectroscopy (PL)

Photoluminescence spectroscopy is a useful method for studying the electronic
structure of materials. The technique is causing no damage to the sample and the materials
can be retrieved back easily from their dry or liquid state. Semiconductor materials are
mostly investigated for the determination of their energy band gap; however impurity levels
and defect detection can be studied as well as recombination mechanisms and material
quality.

According to Figure 23b the energy difference between the valence band and the
conduction band is called energy band gap (Eg). The basis of this method can be described as
follows: Photons of energy greater than the band gap energy are directed to the sample, they
are absorbed and raise an electron from the valence band up to the conduction band across the
forbidden energy gap. This process is called photo-excitation. The electron loses part of the
energy under nonradiative relaxation upon arriving to the conduction band and finally falls
back to the valence band, converting the energy into a luminescent photon, which is emitted
from the material. Thus the energy of the emitted photon is a direct measure of the band gap
energy, Eg. The process of photon excitation followed by photon emission is called
photoluminescence.

Figure 23a shows the experimental setup where light, generated in various
wavelengths, is focused on the sample and the radiation is absorbed. The photo excitation of
the electronic structure and the relaxation process is followed by the emission of photons of
specific energy and wavelength. Through collection lenses the information is analyzed by a
detector. We usually record the Intensity of the photons (counts) versus the wavelength (A,

nm).
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Figure 23 a) Photoluminescence Spectroscopy experimental setup

5.4  Mass Spectrometry (MS) - Matrix-Assisted Laser Desorption —
Ionization (MALDI)

The MALDI technique is an analytical technique of Mass spectrometry. Biomolecules
and large organic molecules can be analyzed with this technique. It is based on the following
protocol. The sample (e.g. protein) is deposited in a specific matrix solution, which is
composed of crystallized molecules and solvents that allow the sample to dissolve. Since the
solvents evaporate the sample is co-crystallized with the matrix. This step is very important
for the quality of the Mass spectrum. The sample is applied on a metallic plate and is ionized
by applying a laser beam. After the generation of ions, an electric field is applied in order to
accelerate the ions. They travel through the “flight tube” and depending on their mass they
travel to the detector in different times (Figure 24). The Time of Flight (TOF) is the measure

of mass of the sample.

b) Photoluminescence process
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Figure 24 MALDI-TOF mass spectrometry (Biochemistry, Stryer)

5.5 Dityrosine formation through Laser-Induced Fluorescence
(LIF)

Laser-induced fluorescence (LIF) is a spectroscopic method for the analysis of the
structures of molecules, detection of certain chemical reactions and real time visualization of
reactions. This method uses two pulses, a strong pump and a weak probe. The pump pulse
excites our sample and triggers the process under investigation. A second delayed pulse, the
probe, monitors the reaction products formed.

One way to form covalent crosslinking between two tyrosines (Dityrosine) is using
Ultraviolet laser radiation (Giulivi et al., 2003). In our experiment the “pumping” is realized
with a nanosecond excimer laser KrF UV excimer Laser (25ns) operating at 248nm. The
beam is guided through mirrors to a quartz cuvette, where the sample is deposited. Irradiation
is performed at ambient atmosphere. The output fluence of the “pump” beam was Fm~ 64
mJ cm . The probe fluence was Fpope~ 5 mJ cm °. Both laser beams are focused
perpendicularly onto the sample. The induced emission is collected by an optical fiber
oriented nearly perpendicularly to the sample, at ~2 cm away from its surface. It is spectrally
analyzed in a spectrograph and the spectrum is recorded on an ICCD camera interfaced to a
computer. Cut-off filters (>290nm) are used for blocking any probe beam scattered light
(Figure 25) (Bounos et al., 2006).
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Figure 25 Experimental setup for the formation of Dityrosine

5.6 Experimental contributions - collaborations

Fast Fourier Transform analysis and modeling of Qdot 2D arrangement templated on
peptide films was performed by PhD student Athanasia Kostopoulou, in Dr. Alexandros
Lappas laboratory, at IESL-FORTH in Heraklion, Crete. Dr. Miguel Spuch synthesized the
quantum dots during his post-doc in Dr. Alexandros Lappas laboratory. Atomic absorption
spectroscopy measurements were performed by Dr. M. Mitraka at the University of
Thessaloniki, Department of Chemical Engineering.

Photoluminescence spectroscopy was performed in the Microelectronics Research
Group of IESL-FORTH based at the Department of Physics, under the scientific and
technical assistance of Professor Nikos Pelekanos, Dr. Rahul Jayaprakash and Dr. Maria
Androulidaki.

LIF experiments were performed at IESL-FORTH in Heraklion, Crete, under the
scientific and technical assistance of Dr. Alexandros Selimis and MSc. Maria Sygletou. Mass
Spectrometry was performed by Dr. Jana Alonso in the Proteomics Unit-Fundacion
IDICHUS, Hospital Clinico Universitario de Santiago de Compostela,

Molecular dynamics simulations were performed by Dr. Phanourios Tamamis and

Prof. Georgios Archontis from the Department of Physics at the University of Cyprus.
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CHAPTER 6 SILICA NANOPARTICLE

TEMPLATING BY THE SELF-ASSEMBLED

PEPTIDE FIBRILS

6.1 Background and state of the art

Biogenic oxides and especially silica is one of the most investigated minerals in
nature. Earth’s crust is composed of almost 30% from Silicon and it is rarely found as a
single element. It is usually in its stable form of silicon dioxide SiO, or metal silicates.
Industrial chemical synthesis of silica-based materials requires extreme conditions
(temperature, pH, pressure) (Foo et al., 2004) and does not possess close analogies to the
biosilification synthesis in Nature. There has been an extensive literature on the isolation and
study of the proteins and peptides that are involved in biosilica formation. The proteins
function under ambient temperatures, pressures and at neutral pH. However there are reports
that biosilification can also occur at pH ~5.4 (Kroger et al., 2000). The organisms that contain

those proteins are the frustules of diatoms and the spicules of marine sponges.

6.1.1 Family of Silaffin proteins

Diatoms are types of phytoplankton and belong to the group of algae. They are
unicellular organisms and each cell is surrounded by a cell wall called frustule. This cell wall
is composed of amorphous silica (Si0;). The frustule provides access and protection from the
environment. Diatoms have been studied extensively because the process of controlled silica
formation and deposition was enigmatic. Cylindrotheca fusiformis has been a good model of

study (Figure 26).

Figure 26 Transmission electron image of Cylindrotheca fusiformis diatom

(Kroger et al., 1999)
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Three families of proteins were identified in the C. fusiformis cell wall: frustulins,
pleuralins and silaffins (Foo et al., 2004). The silaffins are mainly three proteins: natSil-1A,
natSil-1B and natSil-2. The gene, sil/, which encodes the polypeptide that contains the
previously mentioned proteins has been analyzed and it was found to contain seven repeated

sequences, termed R1-R7 (shown in Figure 27).

MKLTAIFPLLFT 12

AVGYCAAQS I ADLAAANLS 31
TEDSKSAQLISADSSDDAS 50
DSSVESVDAASSDVSGSSYvV 69
ESVDVSGSSLESVDVSGSS 88
LESVDDSSEDSEEEELRIL 107

R1 ssﬂﬂsesvvsvsrxx 122
sGSYSGYSTLHds AS[RRlI L 140

Rz SSP¥3scsYSGYSTLIASGSIRR|I L 162
Ra SsfddsGcsYSsGS[icS[dRR]I L 181
Ré SSPH4sGSYSGSELGSEIRRINL 200
Rs SSPd4sGSYSGSEAGSEARR]!I L 219
Re SSEd4sGSYSGSEIGSIARRINL 238
R7 SSEd4sGSYSGSEIGS[ARR]I L 257
SGGLRGSM 265

Figure 27 Amino acid sequence of the nat-Sill A protein (Kroger et al., 1999)

The R3-R7 region corresponds to the silaffin precursor natSil-1A. Kroger and
Sumper, following the difficult but successful extraction of silaffins from the organic matrix,
proved that they contain many post-translationally modified lysine and serine (Ser (S))
residues (Kroger et al., 1999) (Kroger et al., 2002). They showed that the post-translationally
modified protein has silica precipitation activity (condensating of an orthosilicic acid
precursor) even around pH 4 whereas a synthetic part of the protein (the R5 peptide
corresponding to the amino acids shown in Figure 27) without any modified residues showed
silica-precipitating activity only above pH=7 (Kroger et al., 1999). Stone and colleagues
further showed that the synthetic peptide based on the R5 region of the Sill protein catalyzes
silica formation from Tetramethoxysilane (TMOS) and creates remarkable morphologies of
silica particles at the nanoscale (Naik et al., 2003). Knecht and Wright studied a series of
peptides based on the RS peptide (H,N-SSKKSGSYSGSKGSKRRIL-CO,H) and suggested
that the C-terminus RRIL motif serves as an organizing element that enables the formation of
a supramolecular assembly of peptides creating locally a high concentration of amine -

containing residues that promote in vitro silica precipitation (Knecht and Wright, 2003). The
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same group reported the formation of TiO, particles from the non-natural precursor Titanium
(IV) bis(ammonium lactato)-dihydroxide (TBALDH) and the role of RS peptide variants in
particle formation (Sewell and Wright, 2006).

6.1.2 Family of Silicatein proteins

Apart from the silaffin templating mechanism, which is mediated by the electrostatic
interactions between the polycationic amino acids and the negatively charged precursors,
there is another catalytic mechanism originating from proteins found in the spicules of marine
sponges. Their axial filament consists of a family of proteins, named silicateins. The silicatein
structure is homologous to the human cysteine protease, Cathepsin-L (Shimizu et al., 1998).
In the silicatein structure there is a site that contains a catalytic triad composed of the amino
acids “Serine-Histidine-Aspartic acid” which exists also in serine proteases. Morse and
colleagues demonstrated that silicatein filaments catalyze silica formation. After the isolation
of the protein filaments from the spicules they dissolved the protein together with
unhydrolyzed silica precursor (Tetraethoxysilane Si(OC,Hs)s , (TEOS)) around neutral pH.
The pH of the environment plays a critical role in the rate of TEOS and other silica alkoxide
hydrolysis. It has been shown (Figure 28) that the rate of hydrolysis is faster on acidic and

basic environments whereas near neutral pH the rate is very slow (Brinker, 1988).
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Figure 28 Hydolysis rate of y-glycidoxypropyltrialkoxysilane
in aqueous solution as a function of the pH (Brinker, 1988)
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Figure 29 Proposed TEOS polycondensation pathway from silicatein-enzyme active site
(Cha et al., 1999)

The polycondensation pathway is described in Figure 29. The nucleophilicity of the
serine oxygen is increased because of the hydrogen bond between the hydroxyl of the serine
and the hystidine’s nitrogen. The oxygen attacks on the silicon and displaces an ethanol
molecule. A water molecule assists in in the hydrolysis of the Ser-Si(OC,Hs); bond. The
hydroxyl of the HO-Si(OC,Hs); intermediate, starts a new nucleophilic attack to another
TEOS molecule, resulting in the condensation of the first disiloxane product. The
polycondensation continues to happen and the silicatein filaments after some hours become
completely coated with silica particles.

Morse and colleagues inspired by this templating mechanism synthesized small
bifunctional molecules that mimic the silicatein enzymatic active site and promote the silica
condensation (Roth et al., 2005). Among these molecules the cysteamine and ethanolamine
molecules are candidates for high catalytic activity towards tetraethoxysilane (TEOS) at
neutral pH.

Later on, the same group decided to synthesize a novel system of diblock copolymers
that mimic the serine (Ser (S)) and histidine residues located in the silicatein active site. The
two polymers were hydroxylated poly(1,2 Butadiene) to mimic the role of serine (Ser (S))
and poly(2-vinylpyridine) to mimic the role of histidine (Adamson et al., 2007). The
polymers showed high rates of catalysis, using TEOS silica precursor, and it was the first

time that such a bioinspired synthetic system was reported.
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6.1.3 De novo designed self-assembling peptides that template biosilica

Self-assembling peptides have also been used as model for templating biosilica.
Aggeli and colleagues have chosen the 11 amino acid peptide DN1, (CH3CO-GIn-Gln-Arg-
Phe-GIn-Trp-Gln-Phe-Glu-GIn-GIn-NH,), which self-assembles into amyloid type tapes. The
peptide contains an arginine residue (Arg, (R)) that provides positive charge to the peptide
and attracts the negatively charged silica precursors. Following the complete coating of the
fibrils with silica, the sample was treated with calcination that removes the biological
material and leaves the silica nanotube intact (Meegan et al., 2004). This technique opens a
new field for post-modification and handling of the silica nanotubes (Yang et al., 2011b).

Pochan and Schneider reported the use of the previously reported MAX1 (H,N-Val-
Lys-Val-Lys-Val-Lys-Val-Lys-Val-"Pro-Pro-Thr-Lys-Val-Lys-Val-Lys-Val-Lys-Val
CONHy,) and its derivative MAX 8 (H,N-Val-Lys-Val-Lys-Val-Lys-Val-Lys-Val-"Pro-Pro-
Thr-Lys-Val-Glu-Val-Lys-Val-Lys-Val-CONH;) to study the interaction of the peptide
hydrogels with silica. Polycondensation of the silica precursor follows on the surface of the
fibrils due to the high number of lysines (Lys (K)) and a silica layer is formed around the
fibrils. Through rheological studies, the peptide-silica gels acquire stiffer hydrogel structure
upon increasing the concentration of silica precursor. This control of the elasticity has
promising applications for multifunctional biomaterials (Altunbas et al., 2010).

The lanreotide peptide was described previously in chapter 2.3.2, in which positively
charged surface of the nanotubes attracts the negatively charged silica precursors and at the
same time the precursors help in the elongation of the nano scaffold. Following silica
templating on the surface of the nanotubes, calcination of the sample was performed for the
removal of the biological template and bundles of millimetre-sized nanotubes were fabricated

(Pouget et al., 2007).

47



6.2 Methodology

6.2.1 In vitro silification protocol

Lyophilized peptide powders with purity >95% (were purchased from Eurogentec,
Belgium) were dissolved and studied in aqueous Tris-HCI buffer (25 mM, pH 8) at 6mg/ml
concentration.

For the in vitro silification protocol the peptides were diluted at 1.5mg/ml final
concentration in Tris-HCI buffer (0.56ml, 25 mM, pH 8) and Tetraethoxysilane (TEOS) (1ml,
4.5mmol), purchased from Sigma, was added to the solution. A biphasic solution was formed
and the reaction was performed with gentle shaking for 15 hours.

For testing the interaction of peptide fibrils with Sodium silicate (NaSiO3x5H,0), 50
microliters of stock solution of peptide 3mg/ml was mixed with 50 microliters of Sodium
silicate (100mM, Tris-HCI buffer, 25 mM, pH 8) and was left 3 days for incubation.

For imaging peptide fibrils all the samples were placed on a 300 mesh formvar coated
copper grid, purchased from BAL-TEC, and after 2 min the excess of the fluid was removed
with a filter paper. Then 8 microliters of Phosphotungstic acid 1% was added on top and after
2 min the excess of the fluid was removed with a filter paper.

For imaging the silica containing samples all the samples (8 microliters) were placed
on a 300 mesh carbon coated nickel grid, purchased from BAL-TEC, and after 2 min the
excess of the fluid was removed with a filter paper and directly observed without any
additional staining.

The identity of Silicon element was confirmed by energy dispersive X-ray
spectroscopy (EDS).

For calcination the samples were incubated in an oven 3 h at 600° C at room

atmosphere.
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6.3 Results and Discussion

While investigating the mechanism of the binding of gold and platinum nanoparticles
to the original building block NSGAITIG (Figure 17) it became interesting to see if serine
(Ser (S)), in position 2, (Figure 30) could behave as an active nucleophilic residue. For this
reason the in vitro silification templating was tested following the in vitro silification protocol
of Morse and colleagues (Cha et al., 1999). According to this protocol silica tetraecthoxysilane
(TEOS) is used as a precursor and the pH of the solution should be around 7, in order to
avoid the fast hydrolysis of TEOS at basic environments (Figure 28). According to

https://www.genscript.com/ssl-bin/site2/peptide calculation.cgi the isoelectric point of all the

peptides studied was calculated around 7 to 7,5. It should be noted that the peptides have the
C-terminal group amidated. The pK of the N-terminal amino group in single aminoacids is
around 9. However, in peptides and proteins the pK of the N-terminal amino group ranges
from 7 to 8. (Pace et al., 2009) (Thurlkill et al., 2006) (Tanford, 1962).

For this reason we have chosen to work at pH 8, above the isoelectric point of the
peptides in order to have the amino-terminal group uncharged. Under these conditions, there

should be no templating contribution due to positively charged N-termini.

N-S-G-A-I-T-I-
Position: 1 2 3 4 5 6 7 8

H>N-Asn — Ser — - —Ile - —Ile - - CONH:

Figure 30 Peptide sequence of the original building block: the positions of amino acid

substitutions are marked in red

The self-assembly of the NSGAITIG peptide was studied first in the prerequisite
solvent. Figure 31 shows the negative staining TEM images before the in vitro silification
process in order to confirm that the peptides are able to self-assemble into amyloid type
fibrils in Tris pH 8 buffers. The dimensions of the fibrils are around 10nm in width and
several microns in length. These dimensions are typical for this peptide and generally for
amyloid type peptides with cross beta-sheet structure (Papanikolopoulou et al., 2005)
(Kasotakis et al., 2009) (Sedman et al., 2011).

Following the formation of the amyloid type fibrils the in vitro silification protocol
was tested. At the same time a control solution without peptides in it was tested as well. As

shown in Figure 32 the formation of silica particles is observed after 15h. The peptide is fully
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coated with spherical silica particles of 9nm regularly positioned on the surface. A possible
explanation might be that the silica precursors attach to the nucleophilic serine (Ser (S))
residues and start the nucleation of silica. This hypothesis will be tested extensively through

the chapter.

Figure 32 Peptide fibrils after in vitro silification for 15h. No negative staining was used, so
the contrast afforded is only due to the silica nanoparticles. The NSGAITIG peptide fibrils

nucleate the formation of silica particles on their surface (Scale bar: 100nm)
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In the control solution without peptides, formation of spherical silica particles is
observed as well (Figure 33). This happens normally because the hydrolysis of TEOS occurs
inevitably at solutions with acidic or basic pH, and much more slowly around neutrality
(Brinker, 1988).

A very important question that has emerged is weather the fibrils bind to silica

precursors and start nucleation of silica or silica particles form first and then bind to them.

Figure 33 TEOS hydrolysis and formation of particles in the absence of peptides
(Scale bar: 100nm)

Testing the post nucleation of silica particles on the surface of the peptide fibrils, the
control solution with the silica particles was incubated for several days. After extensive
washing, in order to eliminate free silica precursors, silica particles (50 microliters) (Figure
34) were mixed with a fresh stock solution of NSGAITIG peptide fibrils (50 microliters,
3mg/ml). Figure 35 shows that the fibrils cannot template preformed silica particles, which
are mainly in the form of SiO,. This result suggests that the TEOS hydrolysis should be
initiated on the fibrils, followed by polycondensation and formation of the silica particles on

the surface of the fibrils.
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Figure 35 NSGAITIG peptide fibrils incubated with preformed silica particles

(without negative staining)

Another interesting control was to test the nucleation of silica from another precursor,
sodium silicate. 50 microliters of 100mM stock solution in Tris buffer pH 8 were mixed with
50 microliters of preformed NS peptide fibril solution in the same buffer. The condensation
reaction proceeds according to the following steps: i) (HO)3;Si-OH + OH- - (HO);SiO-
+H20 ii) (HO);SiO- + (HO);Si-OH - (HO);3Si-O-Si-(OH); + OH. As shown in (Figure
36), there is formation of silica particles (corresponding to the high electron density
aggregates in the figure), but these are segregated from the peptide fibrils and are not attached
to them. This experiment suggests that the templating of silica is not mediated by electrostatic

interactions between the negatively charged silica precursors and the amyloid fibrils.
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Figure 36 NSGAITIG peptide fibrils with silica particles derived from sodium silicate

(without negative staining)

We subsequently checked the stability of the particles on the surface of the fibrils. A
washing protocol was followed; spinning the silica coated samples (10.000 rpm for 5min),
removing the supernatant and re-suspension in water (with additional sonication). This
protocol was repeated 3 times. After the washing procedure was performed, the background
particles were eliminated and the NS peptide silica particles remained attached on its surface

(Figure 37).
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Figure 37 TEM micrographs of the NSGAITIG peptide fibrils after the solution has been
washed 3 times with water. No negative stain was used, so the contrast afforded is only due

to the silica nanoparticles

Presumably, the in vitro silification process can continue until the entire silica
precursor is consumed. The silica precursor was incubated with the peptides for longer times
and the reaction was continued for 15 days. Figure 38a shows that the diameter of the
peptide-silica fibers has increased from 23 +/-2.5nm to 65 +/-3.3nm. After imaging the
sample that was incubated for 15 days we performed calcination at 600 C, to remove the
biological template and keep the silica nanotube. Figure 38b shows the hollow silica tubes

that are not destroyed by the high temperature and they keep a uniform inner diameter.
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Figure 38 a) NSGAITIG fibrils after incubating for 15 days in TEOS solution (Scale bar:
100nm). The diameter has increased from 23nm to 65nm as the in vitro silification continues.
The inset in (a) shows the uniform size of the silica-coated fibrils. (Scale bar: 100nm). b)

Silica nanotubes after calcination of fibers (Scale bar: 100nm)

Finally EDS analysis was performed in order to test the composition of the inorganic
phase on the surface of the fibril. Figure 39a shows the image where the EDS was taken and
Figure 39b shows the intensive peaks of silicon (Si) and oxygen (O) elements that compose
the inorganic phase. Nickel (Ni) and Carbon (C) peaks are coming form the carbon-nickel

grid used for imaging our sample.

Figure 39 a) Area of EDS analysis of NSGAITIG peptide fibrils after incubating for 15 days
with TEOS solution (Scale bar: 100nm). b) EDS analysis spectrum
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In order to test an eventual role of the serine (Ser (S)) residue in the templating
process we designed the NH,-NAGAITIG-CONH, peptide in which serine (Ser (S)) is
substituted with an alanine (Ala (A)). Figure 40 shows that the modification does not alter the
final amyloid type structure for the peptide; however, this peptide does not nucleate silica

particles on its surface.

Figure 40 (Left) The N-A-G-A-I-T-1-G peptide fibrils (Negative staining with
Phosphotungstic acid 1%), (Right) In vitro silification for 15h. No negative staining was

used, so the contrast afforded is only due to the silica nanoparticles (Scale bar: 300nm)

We subsequently studied the N-terminal acetylated original building block, Ac-
NSGAITIG-CONHa. As shown in Figure 41, the Ac-NSGAITIG-CONH; self-assembles into
fibrils that do not attach silica particles. Therefore, silica templating necessitates 1) the
hydroxyl group of a serine (Ser (S)), and 2) a free amino terminal group. In the event of a
nucleophilic character of the serine (Ser (S)), the free amino terminal group might be a

possible candidate for abstracting the serine (Ser (S)) proton and making it nucleophilic.
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Figure 41 (Left) The Ac-N-S-G-A-I-T-1-G peptide fibrils (Negative staining with
Phosphotungstic acid 1%), (Right) In vitro silification for 15h. No negative staining was

used, so the contrast afforded is only due to the silica nanoparticles (Scale bar: 100nm)

We further tested the role of another hydroxyl-containing amino acid, threonine (Thr
(T)) in the second position of the peptide sequence as well as the role of Cysteine (Cys (C)) in
this position. Both cysteine and threonine can play the role of a nucleophilic residue in
unconventional catalytic triad proteases (Oinonen and Rouvinen, 2000). The two peptides
NCGAITIG and NTGAITIG were tested first for their self-assembly. The peptides, according
to Figure 42, form amyloid type fibrils.

Figure 42 Negative staining with Phosphotungstic acid 1% of (Left) the NCGAITIG and
(right) the NTGAITIG peptide fibrils
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Then the in vitro silification protocol was tested and the peptides attach silica

nanoparticles (Figure 43).

Figure 43 Peptide fibrils after In vitro silification for 15h. No negative staining was used, so
the contrast afforded is only due to the silica nanoparticles. (Left) The NCGAITIG and
(Right) the NTGAITIG

Finally the substitutions in the first residue position of the octapeptide were tested as
well. First we designed the NH,-ASGAITIG-CONH, peptide where Asparagine (N) is
substituted with an alanine, the simplest and non-reactive amino acid. Secondly NH,-
FSGAITIG-CONH; was studied in order to evaluate the eventual interference of a bulky
amino acid and finally, NH,-HSGAITIG-CONH, to mimic the catalytic center of classical
Serine proteases (Fairhead et al., 2008).

In Figure 44— 46 (left) the self-assembly of the peptides is shown. All peptides self-
assemble into amyloid fibrils. In Figure 44— 45 (right) the silica nanoparticle attachment it is
illustrated. All peptides show silica templating activity: we can therefore conclude that the
residue in the first position does not play a critical role in the templating mechanism.
Additionally the HSGAITIG peptide shows complete coating; one possible explanation is
that the (His (H)) residue might provide extra attraction for making the serine highly

nucleophilic.
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Figure 44 (Left) Negative staining of ASGAITIG peptide fibrils and (Right) In vitro
silification for 15h

Figure 45 (Left) Negative staining of FSGAITIG peptide fibrils and (Right) In vitro
silification for 15h

Figure 46 (Left) Negative staining of HSGAITIG peptide fibrils and (Right) In vitro
silification for 15h
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6.4 Conclusions

In this chapter, amyloid peptide fibrils have been used as scaffolds for the templating
of silica precursors, demonstrating another biomimetic system for silica templating (Coradin
and Lopez, 2003).

As we discussed in CHAPTER 3 molecular dynamics simulations provide an
approximate position of the residues relative to the fibril axis. Looking at the model structure
of the NSGAITIG (Tamamis et al., 2009), the position of the N-terminal a-amino group of
the peptide is located very close to the Serine (Ser (S)) residue. This is reminiscent of the
active site arrangement of certain enzymes, termed N-terminal hydrolases, where the
presence of an amino terminal group close to Serine/Threonine/Cysteine activates the residue
and makes it highly nucleophilic for the hydrolysis of peptide bond (Oinonen and Rouvinen,
2000) (Brannigan et al., 1995) (Chilov et al., 2007).

Summarizing all the previous data a possible templating mechanism can be suggested
for the role of the NSGAITIG peptide and its derivatives in the biosilica formation. The
mechanism works as follows: A hydrogen bond is formed between the a-amino group of the
first residue of the peptide and the Serine hydroxyl group. The Serine oxygen increases its
nucleophilicity and attacks the silicon atom of TEOS. An ethanol molecule is eliminated and
a tetrahedral intermediate is formed. Addition of a water molecule completes the hydrolysis
of TEOS. The disiloxane product is formed after the attack of the (CH3)3Si-OH to the second
TEOS molecule (Figure 47). The condensation further continues at the surface of the fibrils

to give silica nanoparticles.
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Figure 47 Proposed catalytic pathway of TEOS, from self-assembling peptides. (Inspired by
the mechanism proposed by (Cha et al., 1999))

A schematic representation of the mechanism of silica templating on the fibril surface
is shown in Figure 48. Initially the TEOS silica precursors are hydrolyzed at the vicinity of
the fibrils by the serine residues. Partially hydrolyzed molecules would first aggregate into
oligomers and then crosslink at the immediate vicinity of the fibril, forming seeds that further

promote the deposition of a solid silica sheath.
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. Tetraethoxysilane TEOS
Si-OH
. Silica (SiO,) particles

o
o . :
Sle® @
% :. :
ol % ®
0 ®

Figure 48 Silica templating proposed mechanism (inspired by the mechanism proposed by
(Adamson et al., 2007)
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Another important outcome of this work is the biotemplated fabrication of silica
nanotubes. Silica nanotubes have been synthesized using inorganic and organic templates
(Yang et al., 2011b). One key parameter, after the selection and the successful templating of
silica to the desired scaffolds, is the mold scaffold to be easily removed without damaging the
silica nanostructure. Carbon nanotubes can be used as mold scaffolds. The chemistry
involved for silica deposition is considered toxic and requires high temperatures (Kim et al.,
2008). On the contrary peptide based mold scaffolds require ambient temperatures and
aqueous based solvents.

To our knowledge, this is the first time that a self-assembling peptide fibril mimics
the templating mechanism of silicateins and is able to template silica nanotubes. Previous
attempts are based on cationic interactions with negatively charged silica precursors and
calcination of hybrid structure for obtaining the inorganic silica nanotube (Acar et al., 2011)
(Yuwono and Hartgerink, 2007) (Meegan et al., 2004; Pouget et al., 2007) (Wang et al.,
2011).

Apart from silica, it is reasonable to hypothesize that these self-assembling peptides
could template other non-biogenic oxides through the same templating mechanism. Silicatein
filaments were found to template titanium dioxide (TiO,) at neutral pH, as well as barium
titanate (BaTiO3) starting from barium fluorotitanate (BaTiFs) (Sumerel et al., 2003),
(Brutchey et al., 2006). Silicatein filaments are also capable of hydrolysis and condensation
of a precursor of gallium oxide (Kisailus et al., 2005). Finally, Dickerson reported the
successful germanium oxide (GeO,, germania) precipitation from peptides that are endowed

with hydroxyl and imidazole containing amino acids (Dickerson et al., 2004).
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CHAPTER 7 2D SELF-ASSEMBLY OF PEPTIDE
FIBRIL FILMS TEMPLATED WITH QUANTUM

DOTS

7.1  Background and state of the art

Materials science has shown great attention to the synthesis and templating of various
types of nanoparticles. The physical and chemical properties make them potential candidates
for applications in medicine (Chan et al., 2002; Juzenas et al., 2008; Klostranec and Chan,
2006), photovoltaics (Sengul and Theis, 2011), electronics (Beaulac et al., 2008) and
catalysis (Ratanatawanate et al., 2009). In Medicine and mainly in Biology, there is always
the need of labeling cells or single proteins in order to study interactions or attachment in vivo
or in vitro. So far the use of conventional genetically encoded fluorophores (e.g. GFP) or
organic dyes (e.g. Rhodamine) has been proved useful but the problems of broad
emission/absorption profiles and limited effectiveness of imaging in longer times has placed

some limitation in use.
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Figure 49 Semiconductor nanoparticles as a function of their emission wavelength (Modified

from (Medintz et al., 2005))
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Quantum dot fluorophores have entered the molecular labeling, bringing a large
amount of advantages (Medintz et al., 2005). As shown in Figure 49 they cover broader
emissions from far Ultraviolet (UV) to far Infrared (IR) radiation, compared to the areas of
interest. Some of their unique properties are the high quantum yield, narrow symmetric
photoluminescence (PL), high resistance to photo-bleaching and resistance to photo- and
chemical degradation.

Quantum dots are zero-dimensional semiconductor crystals with their properties to
differ from the same bulk semiconductor material. The bulk material has a fixed band gap
depending on the nature of the semiconductor (Figure 50a). Scaling down the semiconductor
material and reaching to dimensions that are smaller than the separation of an electron and
hole in the material, known as exciton Bohr radius, quantum confinement effects happen. The
equation between the energy band gap and the radius of the nanocrystal is given by the

formula shown in Figure 50b.

Conduction
Band

E

9QD 9o

—
Ty
—
=)
—
—

2
h O 1
8m? meth

Valence Eg (QD) e Eg.O -+

Band

Figure 50 a) Energy gap of Semiconductor nanoparticle according to its size

b) Energy gap equation (Klimov, 2003)

The parameters of the equation are E,o: Energy bandgap of bulk semiconductor, o:
atomic orbitals, men: effective mass of electron-hole pair, R: radius of nanocrystal. It
describes that when the semiconductor material is getting smaller in size the energy bandgap
is increasing. This explains the different color of the quantum dots when they are irradiated
with high energies (UV radiation). When the quantum dots absorb light they emit photons in
a specific wavelength. The bigger the gap the smaller the emission wavelength and the light
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emitted goes toward blue. Figure 51a shows the emission wavelength of quantum dots

according to their size (Figure 51b).
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Figure 51 a) Emission of six different quantum dots b) Fluorescent properties of the quantum

dots according to their size (Medintz et al., 2005).

7.1.1 Synthesis of quantum dot nanoparticles

Most of the quantum dots are synthesized using a three-component system composed
of precursors, organic surfactants, and solvents (Dabbousi et al., 1997). This method is
considered toxic due to the precursors (Cadmium (Cd), Lead (Pb)), the solvents and the high
temperatures used. Figure 52 shows a typical example of CdSe quantum dot nanoparticle
synthesis, where the nucleation and growth is happening after a quick injection of metal and
chalcogenide precursors into the hot, strongly coordinating solvent (360° C). This solvent is a
mixture of hydrophobic surfactants, trioctylphosphine (TOP) and trioctylphosphine oxide
(TOPO), in order to keep the quantum dots in a high monodisperse level. The different size of
the quantum dots is achieved by stopping the reaction, which happens when we remove the

heat source (Klimov, 2003).

(@) Me,Cd + Se(TOP) (b) TOPO ligand

in TOP
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Figure 52 Synthesis of CdSe (TOPO capped) quantum dots (Klimov, 2003)
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However there are some drawbacks that material scientists are trying to overcome in
order to make quantum dots ideal nanoparticles for the applications mentioned above. The
synthesis of Qdots requires toxic components and high temperature and there are some
attempts to use better environmental friendly techniques (Yu and Peng, 2002). Quantum dots
can be toxic for cells if they start to aggregate inside the cell. Finally the “coating” of the
quantum dots and the transfer into aqueous solutions is compulsory for further
functionalization and deposition. Since there is a diversity of quantum dots the capping of the
surface can be performed with various types of techniques such as: Monothiolated caps,
silane shell, hydrophobic interactions, copolymer interactions and direct attachment of
protein or peptide to the quantum dot surface (Medintz et al., 2005). In Figure 53 below we
can see the common method to functionalize the quantum dots with mercaptoacetic acid for

subsequently transferring them to aqueous buffer.
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Figure 53 CdSe/ZnS quantum dots functionalized with Mercaptoacetic acid
(Medintz et al., 2005)

7.1.2 Core-shell Quantum dots

After the synthesis of the quantum dots one critical step is the modification and
protection of their surface. A great percentage of atoms (~80%) reside on the surface of the
dot and this fact is affecting in a great extent the optical and structural properties of the
particles (Reiss et al., 2009). The organic ligands we mentioned before (TOP, TOPO) they
passivate to some extent the surface, but the protection is not sufficient. In order to passivate
better the surface of the particles there is the need to grow epitaxially another semiconductor
(shell) that surrounds the core particle. There are different types or core/shell particles and
each type has to do with the differences in the band gap of the semiconductors used.
CdSe/ZnS core shell particles belong to the Type I systems were the shell material has a
higher band gap than the core. More specifically the energy band gap (Eg) of ZnS is 3.61eV
and for CdSe 1.74eV. The properties of Type-I core-shell system are a) increasing
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fluorescence quantum yield by passivating the surface of the core and b) isolating the core

from the environment and reducing degradation.

7.1.3 Templating of quantum dots on natural proteins

During the last decade extensive research was carried out on the controlled and
specific organization of semiconductor nanoparticles (Dong et al., 2010) (Dong et al., 2010)
(Ithurria et al., 2011). The optical, electrical, mechanical and magnetic properties of the
ordered nanoparticles most of the times differ substantially from those in solution and this
opens a new field for the investigation of the inter-particle interactions. In a recent review
Kumacheva and colleagues (Nie et al., 2010) addressed the importance of self-assembly as a
simple and low cost method for the controlled assembly of nanocrystals and categorized the
processes into four domains:

a) Self-assembly in solution

b) Self-assembly using templating methods

c) Self-assembly at interfaces

d) Assisted self-assembly

Kotov and colleagues reported the self-assembly of CdTe nanoparticles in two-
dimensional free-floating sheets in bulk solution. The particles were stabilized with 2-
(dimethylamino) ethanethiol, and the combination of electrostatic and hydrophobic
interactions contributed to the stability of the structures (Tang et al., 2006). Combining the
principles of non-covalent interactions and assembly at the air-water interface, various
scientific groups are trying to advance the single crystal superlattices to ones with binary
components (Dong et al., 2010). Some remarkable examples have been reported from Talapin
and colleagues, where they investigated a long range of binary crystal superlattices and they
found that the forces contributing for the assembly (Coulomb, van der Waals, charge-dipole,
dipole-dipole) play crucial role in the crystallization of the binary components (Shevchenko
et al., 2006). The properties of single crystals comparing to the situation that they are in close
proximity differ.

Templating semiconductor nanoparticles on the surface of biological self-assembling
molecules such as proteins and peptides has been shown to break the limitations that “top-
down” techniques have for the fabrication of electronic devices. Bottom-up proteinaceous

scaffolds can provide high selectivity, direction of crystal morphology and reproducibility at
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the molecular level. There are many examples in literature about templating of self-
assembling proteins with quantum dot nanoparticles.

The most common method to anchor nanoparticles on the surface of a biological
scaffold is to introduce residues that are positively charged (Lysine (Lys (K)), Arginine (Arg
(R)), Histidine (His (H))), negatively charged (Aspartic acid (Asp (D)), Glutamic acid (Glu
(E))), incorporate thiols (Cysteine) or hydroxyl groups (Serine (Ser (S)), Threonine (Thr
(T)).

Characteristic examples are the bacterial flagella nanotubes. Kumara reported the
templating of ZnS/Mn and cadmium telluride (CdTe) quantum dots on the surface of
bacterial flagella nanotubes. The protein that composes the self-assembled structure contains
two domains (D2 and D3), which are solvent exposed, and through genetic engineering a
loop of histidines was inserted for the successful binding of the nanoparticles (Kumara et al.,
2007a).

Shenton reported the templating of the Tobacco Mosaic Virus (TMV) with lead
sulfide (PbS) and cadmium sulfide (CdS) crystallites by the numerous glutamic acid (Glu
(E)) and aspartic acid (Asp (D)) residues exposed on the surface of the TMV virion (Shenton
et al., 1999).

Sone fabricated semiconductor nanowires using nanofibrils of self-assembled peptide
amphiphiles and CdS crystallites. The successful templating was achieved through the
aspartic acid (Asp (D)) residues exposed on the surface of the fibrils (Sone and Stupp, 2004).

7.1.4 1D, 2D & 3D Assembly of quantum dots

Yang reported the one-dimensional (1D) assembly of CdTe quantum dots on the
surface of polymer nanofibers in the liquid-liquid interphase. The two solvents were water
and chloroform. The quantum dots were dispersed in water after their surface modification
with carboxyl groups and the polymer nanofibers, composed of poly(N-vinylcarbazole-
coglycidylmethacrylate) (PVK-co-PGMA), were dissolved in the chloroform phase. The
templating reaction was performed between epoxy groups of the polymers and the carboxyl
groups of the quantum dots (Yang et al., 2011a) (Reis et al., 2009). The high uniformity of
the quantum dots on the surface of the nanofibers is very important for optoelectronic and
sensor devices.

The two-dimensional assembly (2D) of TOPO capped CdSe/ZnS quantum dots have
studied extensively by Gattas-Asfura using the Langmuir-Blodgett deposition method.
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Langmuir films were utilized to determine the molar absorptivity of CdSe QDs and to study
the capacity for manipulating the 2D organization of the QDs. Various parameters such as
surface modification, particle size, surface pressure, influence the self-assembly of the QDs at
the air-water interface (Gattas-Asfura et al., 2005), (Ji et al., 2005).

Henry reported the templating of three-dimensional (3D) self-assembled scaffold,
composed of helical actin protein filaments and lipid bilayers, with peptide capped CdSe/ZnS
quantum dots. The cysteines of the heptapeptide (Cys-Cys-Cys-Ser-Ser-Ser-Asp) bind
through disulfide bonds to the ZnS shell and the aspartic acid (Asp (D)) coats the quantum
dots with negatively charges; these along with the anionic actin filaments, attach to the
surface of the cationic lipidic membranes. This new method puts forward the construction of

novel 3D arrays of nanoparticles with modified properties (Henry et al., 2011).
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7.2  Methodology

7.2.1 Peptide two dimensional (2D) film formation

The peptides (free N-termini, amidated C-termini) were purchased from Eurogentec
(Belgium) and had a degree of purity higher than 95%. Lyophilized peptide powders were
dissolved in chloroform at 2mg/ml concentration. Then 80 microliters were added to a 4ml
vial and 1ml of chloroform was added extra. Finally 1ml of double distilled water was added

and left to incubation for 24 hours.

7.2.2 Synthesis of TOPO-Capped CdSe/ZnS quantum dots

Chemicals: Cadmium oxide (CdO), oleic acid (OA), selenium (Se), trioctylphosphine
(TOP), octadecene (ODE), TBP (tri-butyl phosphine), Zn(Et), diethylzinc,
hexamethyldisilathiane ((TMS),S), trioctylphosphine oxide (TOPO).

A mixture of 20mL of ODE, 6.3mL of OA and 0.064g of CdO was added in a 50mL
3-neck flask. The reaction was stirred and heated to 120°C under vacuum over 30min to
eliminate the water. Stock solution of Se/TOP/ODE was prepared as follows: 0.148g of Se
was dissolved in 9.482g of TOP in a 20mL vial under stirring conditions (this solution can be
stored in the fridge of the glovebox for a long time). 195 microliters of Se/TOP mixture and
300 microliters of ODE were potted in a vial, using a syringe. The reaction temperature was
raised to 300°C (225°C for slower reaction) under Ar. When the solution reached the desired
temperature the Se/TOP/ODE solution was added fast. The color of the reaction has to
change to dark-red in minutes. The reaction time will define the size of the particles, i.e., the
wavelength of the emission desired. The cleaning process of the particles is carried out by
placing a mixture of QD solution/2-propanol in a ratio of 2:10, in a centrifuge tube and

centrifugation during 40min at 6000rpm. The solids are redispersed in toluene or chloroform.

70



7.2.3 ZnS coating of the CdSe quantum dots

ZnS stock solution was prepared as follows: 4.1g of TBP with 0.63g of Zn(Et), in
heptane and 160mg of (TMS),S. In a 5S0mL 3-neck-flask 10g of TOPO was heated to 120°C
for 30min under vacuum while stirring. Then it was left to cool to 60°C under Ar. 1g of TBP
was added by syringe and also 2mL of the previously formed CdSe Qdots in chloroform. The
vacuum was switched on to eliminate the chloroform. The reaction was heated it up till
100°C slowly. The ZnS stock solution was added dropwise. Equal amount of ZnS stock
solution was added for each qdot sample. Following the addition of this stock solution an
increase in the intensity of the fluorescence is observed. 5 ml of anhydrous butanol was added
at 60°C to prevent solidification. The particles were cleaned placing 2mL of QDs with 10mL
of methanol in a centrifuge tube. This mix is centrifuged during 40min at 6000rpm. The

solids were stored at room temperature in TOPO/butanol 2:1.

7.2.4 Templating of 2D self-assembled fibril films with Qdots

Lyophilized peptide powders were dissolved in chloroform at 2mg/ml concentration.
Then 80 microliters were added to a 4ml vial and 1ml of chloroform was added extra. 80
microliters of quantum dots stock solution (CdSe/ZnS) was added. Atomic absorption
spectroscopy (AAS) was performed to the quantum dot samples for the determination of the
concentration (0.22 mg/ml for the green and 0.53 mg/ml for the red sample). Finally 1ml of
double distilled water was added and let for incubation for 1 day. After 24h a “membrane”

was formed at the water-chloroform interface.

7.2.5 Transmission electron Microscopy (TEM) analysis

TEM experiments were performed at the Department of Biology of the University of
Crete using a JEOL JEM-2100, High Resolution, microscope, operating at 80 kV. For
imaging the amyloid fibril films, 8 microliters from the interface were placed on a 300 mesh
formvar-coated grid and after 2 minutes the excess of the fluid was removed with a filter
paper. Finally the samples were negatively stained with 8 microliters uranyl acetate 1% for 2
min. For imaging amyloid fibril films templated with quantum dots, 8 microliters from the

interface were placed on a 300 mesh carbon coated nickel grid, purchased from BAL-TEC,
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and after 2 min the excess of the fluid was removed with a filter paper and directly observed
without any additional staining.

7.2.6 Optical characterization

UV-Vis absorption spectra of the diluted solutions of the dots in chloroform placed in
quartz cuvette were obtained on a Perkin Elmer LAMBDA 950, UV— NIR spectrophotometer
equipped with an integrated sphere. At the same time the fluorescence was measured on a
Fluoromax® -P Phosphorimeter. For the sample excitation a, 150-W xenon continuous output
ozone free, lamp was used. The spectra were measured at 300 K with a grating for emission
1200 grooves/mm in front face collection mode and an emission detector R928P for high
sensitivity in photon -counting mode.

Solid-state samples were prepared after drying a small volume of the corresponding
colloidal solution on a piece (10x10 mm?) of a single-crystalline silicon <100> wafer.
Photoluminescence (PL) experiments were performed with a He-Cd CW laser operating at a
wavelength of 325nm, with 35 mW power. The PL spectra were measured at 300 K and
resolved by using a UV grating, with 600 grooves/mm and a sensitive, calibrated liquid

nitrogen-cooled CCD camera.
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7.3  Results and Discussion

The purpose of this study was to template the self-assembling peptide fibril films with
quantum dots nanoparticles using thiol chemistry. The thiol chemistry is derived from the
cysteine containing peptides; it is known that in the presence of thiols the TOPO molecules
are displaced from the surface of the quantum dots and are replaced by thiols. Two different
sizes of TOPO capped CdSe/ZnS quantum dots (Qdots) were used. The resulting structures
were characterized using Transmission Electron Microscopy (TEM) and Photoluminescence
analysis (PL).

Figure 54 shows the UV-Vis absorption and emission spectrums of TOPO capped
CdSe/ZnS Qdots with two different particle sizes. The approximate mean diameter of the
Qdots was calculated using the empirical fit developed by Yu et al (Yu et al., 2003) and
confirmed using high resolution TEM. From the absorbance maximum the sizes of the
quantum dots were calculated as follows: 2.6nm (As=526nm) and 3.95nm (A,=584 nm)
respectively. The red shift in the absorption is attributed to the bigger size of the nanoparticle.
The emission wavelength of the particles determines the color of the particle under UV light.
The one with emission at 548nm has a green color and the other at 610nm has a red color

under UV light.
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Figure 54 Photoluminescence (PL) spectra of the CdSe/ZnS nanocrystals (At room

temperature) with average diameter a) 2.6nm and b) 3.96nm
The peptide used was the cysteine-containing NH,-CSGAITIG-CONH, that was

previously demonstrated to bind silver, gold and platinum nanoparticles (Kasotakis et al.,

2009).
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Before the interaction with the quantum dots the peptides were studied for their self-
assembling ability at the water/chloroform interface. The two-dimensional assembly at the
air-water interface of a twelve amino acid peptide (LSFDNSGAITIG-NH2, termed LSFD)
has been previously studied by using the Langmuir-Blodgett film deposition method. The
peptide is proposed to form flat beta-sheets at the air-water interface with the peptide
adopting a fully extended conformation. The estimated experimental area per molecule for
the beta sheets approaches the theoretical one which is calculated using the repeat distances
of ~4.7 A between beta-strands and ~3.5 A per residue (Lepere et al., 2007). Moreover, our
collaborating group at the University of Nottingham studied the assembly of the original
building block NSGAITIG and its derivatives on mica and Highly Ordered Pyrolytic
Graphite (HOPG) surfaces and confirmed the “film” like assembly of the peptides in the
solid/liquid interface (Sedman et al., 2011).

Figure 55a shows a TEM image from the CS self-assembling peptide fibril film. The
size of the film can reach up to 2x10 um. Closer image of the peptide fibril film shows a high
regular structure. Fast Fourier Transform Analysis (FFT) (Figure 55b upper left) reveals a
regular spacing of 28 A between the fibrils. This fact suggests that the octapeptide is in the
fully extended conformation within the fibril lying at the water/chloroform interface (Lepere

et al., 2007).

Figure 55 Transmission electron microscopy images of a) Peptide fibril film at the

water/chloroform interface b) Closer magnification of the film. Upper left: Fast Fourier
Transform analysis (FFT) of the parallel-stacked fibrils. Upper right: Magnified image
showing the 2.8nm distance between the fibrils.
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Following the complete characterization of the self-assembling peptide fibril film,
formed by both CS and NS peptides we proceeded to the templating of the surface of the
film, exposed in the chloroform phase, with the previously formed TOPO capped CdSe/ZnS
Qdots. Figure 56 shows the schematic preparation of the amyloid type fibril films templated
with quantum dots. For each peptide the same procedure was followed. The peptide was
dissolved first in chloroform. Under these conditions, the peptide does not stay in the
monomeric form and self-assembles into fibrils, as checked by electron microscopy. In
separate vials the two different Qdots were dissolved in chloroform as well. The samples
were mixed for 30 min under gentle shake. The cysteine containing peptide (CS) will
participate in the ligand-exchange reaction whereas the control peptide (NS) will not show
any binding ability to the Qdots surface. Water was subsequently added on top the solution
and was left to relax for 24h. Figure 57 shows optical images of the vials under UV light
lamp, after 24h. In the vials containing the CS peptide almost all the Qdots are seen visually
to have been transferred to the water/chloroform interface (Figure 57 a, b left). This is due to
the successful attachment of the largest percentage of the Qdots to the peptide fibril film.
There is a part of Qdots that still remain in the chloroform phase. In the case of the control
peptide NS, the Qdots largely remain in the chloroform with only the peptide fibril film being
formed at the interface (Figure 57 a, b right).
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Figure 56 Schematic representation of the self-assembled fibril films templated with quantum

dots.
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Figure 57 Optical images, after the 24h incubation of the peptide fibril films with the Qdots,
under UV light. In both images CS and NS peptide fibril films were incubated with a) Green
and b) Red quantum dots

All the samples were characterized using transmission electron microscopy. Figure 58
a, b shows the control peptide NS, to exhibit no oriented templating of the green and red
Qdots on the surface of the amyloid fibril film respectively. This result was expected since
there is no ligand-exchange effect between the NS peptide and the TOPO capped quantum
dots. Some Qdots remain in the surface of the film since the sample for TEM analysis is lifted
from the interface and takes along some part of the unbound Qdots from the chloroform

phase.
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Figure 58 Transmission electron microscopy images of the control NS peptide a) with green
Qdots and b) with red Qdots. No particular oriented arrangement was observed since the

peptide is not attaching covalently the Qdots.

The TEM analysis of the cysteine containing peptide, CS, with the two different sizes
of Qdots was followed. Figure 59 a shows regular arrangement of the 2.6nm sized, Qdots on
the surface of the self-assembled peptide fibril film. There is a remarkable alignment of the
Qdots on the surface of the film. Figure 59b shows a low magnification image for
representation the size of the film. Figure 61a shows regular arrangement of the 4nm sized
Qdots on the surface of the self-assembled peptide fibril film, showing similar ordering on
the surface of the film. Figure 61b shows a low magnification image for representation the
size of the film.

Figure 59¢ and Figure 61c shows a schematic arrangement of the Qdots on the surface
of the film. The scheme is up to scale with the width of the fibril to be 2.8nm (Figure 55b),
the size of the dots 2.6nm for the green and 4nm for the red Qdots respectively, and the
TOPO layer thickness to be approximately 1nm (Ji et al., 2005). The shell thickness of the
green Qdots is similar in both samples.

In Figure 59c the measured distances between the Qdots are a=6.5 £0.6nm between
the centers of the Qdots perpendicular to the axis of the fibril and 5=5.9+0.6nm between the
centers of the Qdots along the axis of the fibril. Those measurements derive from the
Gaussian fitting of approximately 50 measurements of each distance (a, b) shown in Figure
60. According to these measurements there is space for only one more dot (dashed circle) to

fit between the four.
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Figure 59 Transmission electron microscopy images of the thiol containing CS peptide with
green Qdots a) fibril film with oriented templating of the Qdots b) Low magnification image
of the film c) Schematic representation of the Qdot average local structural arrangement

templated by the fibril film.
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Figure 60 a) Distance between the between the centers of the Qdots perpendicular to the axis
of the fibril and b) Distance between the centers of the Qdots along the axis of the fibril, for
the green Qdots
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In Figure 61c the measured distances between the Qdots are a=14.4 +1.7nm between
the centers of the Qdots perpendicular to the axis of the fibril and b=13.14+1.3nm between the
centers of the Qdots along the axis of the fibril. Those measurements derive from the
Gaussian fitting of approximately 50 measurements of each distance (a, b) shown in Figure
62. According to these measurements there is space for another dot (dashed circle) to fit
between the four.

Although there are several binding sites on the surface of the fibrils it may not be
possible to be occupied all at the same time, due to steric hindrance amongst the Qdots (Bui
et al., 2010). This could be a reasonable explanation for the non- canonical and parallel

ordering of the quantum dots between the fibrils.

Figure 61 Transmission electron microscopy images of the thiol containing “CS” peptide
with red Qdots a) fibril film with oriented templating of the Qdots b) Low magnification
image of the film c) Schematic representation of the Qdot average local structural

arrangement templated by the fibril film.
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Figure 62 a) Distance between the between the centers of the Qdots perpendicular to the axis
of the fibril and b) Distance between the centers of the Qdots along the axis of the fibril, for
the red Qdots

Finally the peptide fibril films templated with Qdots have been characterized with
Photoluminescence analysis. Three different types of samples were prepared for each Qdot
size, 2.6nm (Ax=526nm) for the green and 3.95nm (Ax=584nm) for the red. The first was
solely the preformed Qdots (Solid lines, Figure 64). The second was the Qdots conjugated
with the CS peptide before the addition of the aqueous phase (Dashed lines, Figure 64). The
third sample was the film templated with the Qdots after the 24h incubation (Dashed dot
lines, Figure 64).

Both green and red dots show the same emission peak before and after conjugation
with the peptide. When the dots are ordered on the surface of the self-assembled fibril film
the emission peaks exhibit a red shift. In Figure 64a, the green quantum dots show a 12nm
red-shift whereas in Figure 64b the red quantum dots show an 8nm red-shift. This red shift
has been previously reported in the literature and is attributed to long-range resonance
transfer or else Forster resonance energy transfer (FRET) (Kagan et al., 1996) (Piston and
Rizzo, 2008).

According to FRET theory when two luminescent molecules (dyes, quantum
nanocrystals) are within a certain distance (maximum 10nm) and are being excited by
radiation, then energy transfer occurs upon relaxation from the molecule with the higher
energy band gap (E,) to the one with lower energy band gap (Ey). The molecule with the

higher E, is termed as donor and the other as acceptor (Figure 63).
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Figure 63 Forster Resonance Energy Transfer process

(http://www.ncl.ac.uk/bioimaging/techniques/fret/)

In our case the quantum dot solutions are not monodisperse and they contain smaller
and bigger particles relative to their average size. The smaller particles could behave as
donors and the bigger as acceptors (see equation Figure 50). The amount of energy transfer
(Et) depends on the distance (R) between the donor and acceptor and according to theory
(Dollefeld et al., 2002) the Et follows the equation (E~ 1/R®). This means that the closer the
molecules are, the bigger the energy transfer. This relationship is in agreement by our results
since the green quantum dots are more closely packed (Figure 59¢) than the red quantum dots
(Figure 61c) and the shift is larger than the former. The templated arrangement may offer a

way of controlling the photoluminescent properties of quantum dot nanofilms.
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7.4 Conclusions

In summary, we have used the principles of self-assembly and thiol chemistry to
achieve the fabrication of 2D quantum dots templated on fibril films. For this purpose we
have used a self-assembling octapeptide, which is endowed with a cysteine that provides the
thiol anchoring point. The peptide was studied in the interface between two non-miscible
solvents, water and chloroform. It was found that the peptide forms well-ordered fibril films
after the characterization with electron microscopy. The post- templating of preformed
CdSe/ZnS quantum dots was achieved by mixing the peptide and the quantum nanoparticles
in one phase, deposit the second solvent phase and letting the system to equilibrate.

The ordering of the Qdots on the surface of the fibrils induces a red shift in their
emission peaks relative to their solution state. The importance of ordering and the changes in
properties of the nanoparticles when they are into closed packed assembly has been addressed
many years ago (Murray et al., 2000).

The properties of the final ensembled structures differ from the individual molecules
and this new field is still unexplored. Focussing on quantum dot nanoparticles and their
assemblies many groups have confirmed the changes in photoluminescent properties when
the particles are arranged in close proximity (Galeotti et al., 2011) (Dollefeld et al., 2002)
(Babayan et al., 2004) (Kumara et al., 2007a) (Gattas-Asfura et al., 2005). All these efforts to
combine different interaction principles for the stability of the assembled nanocrystals have
as an ultimate target the fabrication of novel materials for applications mainly in
optoelectronics (by reducing the size of the devices), in light generation and optical switches,
in data storage (through the assembly of ferromagnetic particles), in sensing purposes
(through changes in physical properties such as photoluminescence or magnetic relaxation)
and in imaging of biological components (Nie et al., 2010).

In this work an amphiphilic peptide was used both as ligand exchange element (via its
cysteine residues) and at the same time as structural scaffold for the ordering of Qdots. The
scaffolding properties are mediated by the ability of the amphiphilic peptide to self-assemble
into films at the air-water interface. We believe that this protocol makes proof-of-principle
for the 2D templating of Qdots on a self-assembled peptide film. It could be generally applied
for other amphiphilic peptides with functional groups on their sequence and with various

types of particles.
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CHAPTER 8 CROSS-LINKING OF SELF-

ASSEMBLING PEPTIDES

8.1 Background and state of the art

Fabricating complex structures with both stability and elasticity has been a
challenging issue for biomaterials science. One of the strategies that Nature uses for the
reinforcement of natural fibrous proteins is covalent crosslinking. In insects elastic proteins
such as resilin are located at the joins and tendons and they are crosslinked with tyrosine
residues creating dityrosine or trityrosine (Neff et al., 2000). Resilin gives a characteristic
strong blue fluorescence under UV light with an emission maximum at 420nm, which is
attributed to dityrosine. Tyrosine has an emission around 310nm (Figure 66¢). This type of
crosslinks confers to the material high rubber efficiency (resilience) and a very high fatigue
lifetime. After the in vitro recombinant synthesis of resilin protein and insertion into a mold
scientists formed dityrosine crosslinks through enzymatic process and finally created a rubber
like material for biomedical applications (Figure 66) (Elvin et al., 2005).

Dityrosine crosslinks were identified approximately 50 years ago and they are located
in proteins connected with age and oxidative stress (DiMarco and Giulivi, 2007). The

dityrosine bond is not reversible, compared to the disulphide bond (Figure 65).
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Figure 65 Dityrosine and Disulfide bridges (Yoburn et al., 2003).
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Figure 66 a) Part of the tendon from adult dragonfly (Zyxomma sp.) c¢) Fluorescence of
resilin in the tendon wing under white light and ultraviolet light b) Fluorescence of a molded

rod with recombinant resilin protein under white light and d) ultraviolet light

(Elvin et al., 2005)

In vitro dityrosine crosslinks are created mainly by three methods. The first is through
enzymatic process with peroxidase enzymes (Malencik and Anderson, 1996), the second is
with photogenerated oxidants (Fancy and Kodadek, 1999) and the last using ultraviolet
radiation of specific energy. The third method is more instant and it does not involve the
presence of other molecules in the solution. The mechanism in both cases follows the path

shown in Figure 67.
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Figure 67 Dityrosine formation scheme: (1) Tyrosine and radical formation by UV (2)

radical recombination (3) dityrosine isomerization and formation.

Initially the mechanism shows the formation of tyrosyl radicals after the UV light
excitation. Then two of these radicals are combined together creating a dityrosine dimer.
Finally after enolization the dityrosine crosslink is formed. Dityrosine can be detected by its
fluorescent emission at 420nm upon excitation at 315nm (alkaline solutions) or 284nm
(acidic solutions) (Giulivi et al., 2003). Lazare and colleagues reported for the first time the
laser induced irradiation (Laser-Induced fluorescence (LIF)) of collagen matrix, with a
specific energy, and the formation of a micro-foam structure (Lazare et al., 2005). After the
spectroscopic study of the structure it was found that new type of cross-links were formed
(Wisniewski et al., 2007). These cross-links were among tyrosine residues resulting in the
formation of dityrosine. The same group developed nanofoaming structure by changing the
frequency of the laser pulses and those scaffolds can be used for cell attachment and
proliferation (Gaspard et al., 2007).

Self-assembling amyloid fibrils as described tin previous chapters offer great
advantages of templating their structures with materials after minor modifications to the
native peptide sequence. In addition to templating with metal, quantum dot and silica
nanoparticles, one more application that we can impose to the fibrous network is to create
covalent crosslinks between the fibrils. The crosslinking enhances the stability of the
structure and could provide new properties for cell and drug delivery applications to the

material. Using the original building block as our starting model we substituted the
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asparagine (Asn (N)) in the first position with a tyrosine (Tyr (Y)) residue and the resulting
peptide was the NH,-YSGAITIG-CONH,. Following the self-assembly of the peptide in
aqueous environment irradiation with specific energy was performed and dityrosine

crosslinking was detected and analyzed.

8.2 Methodology

8.2.1 Stock solutions

Lyophilized peptide powder was dissolved in double distilled water at 10mg/ml
concentration. 500 microliters were added in a quartz cuvette (Hellma 110-QS). For pumping
and probing we used a fluence of Fpump=66 mJ/cm” and Fprope= 5 mJ/cm” respectively.

Tyrosine amino acid, (purchased from Sigma) was dissolved into 0.34 mg/ml. 500
microliters were added in a quartz cuvette (Hellma 110-QS) and were irradiated with the

same energies mentioned above.
8.2.2 Mass spectrometric analysis protocol

Non-irradiated and irradiated peptides were resuspended in H,O at a final
concentration of 10mg/ml. 1 pL of each were mixed with 4 pL of 50% ACN (acetonitrile,
HPLC grade, Scharlau) in 0.1% TFA (trifluoroacetic acid, Merck, Germany), and equal
volumes (0.5 pL) of peptide and matrix solution, consisted of 3 mg of alpha-cyano-4-
hydroxycinnamic acid dissolved in 1 mL of 50% ACN in 0.1% TFA were deposited using
thin layer method, onto a 384 Opti-TOF MALDI plate (Applied Biosystems, Framingham,
MA). Mass spectrometric data were obtained using a 4800 MALDI-TOF/TOF analyzer
(Applied Biosystems, Framingham, MA). MS spectra were acquired in reflector positive-ion
mode with a Nd:YAG, 355nm wavelength laser, averaging 1000 laser shots and using a mix
of peptides, bradykinin 1-7, angiotensin II, angiotensin I, substance P, bombesin, renin
substrate, ACTH clip 1-17, ACTH clip 18-39, and somatostatin 28 (Bruker Daltonics,
Bremen, Germany) as external calibration. The comparison of both samples was performed

using the Data Explorer v4.9 software (Applied Biosystems, Framingham, MA).
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8.3  Results and Discussion

Before any experimental trial for cross-linking of the peptide YSGAITIG peptide, the
self-assembly amyloid fibril formation was checked. Transmission electron microscopy
shows (Figure 68) that the peptide self-assembles into amyloid fibrils coexisting with tapes.

The amyloid architecture was confirmed by X-ray fiber diffraction.

Figure 68 Self-assembling peptide ribbons (Scale bar: 140nm)

Following TEM characterization, irradiation of the solution using the LIF technique
(described in Methods) was performed. The spectrum was acquired in real time and it is
shown in Figure 69. The tyrosine residue fluoresces at 310nm and dityrosine molecule
fluoresces at 420nm. It is clear that before any number of pulses (Probe method), tyrosine is
detected. After a certain amount of pulses the tyrosine intensity is decreased while the
dityrosine intensity is increased. As the sample continues to be irradiated with more pulses

the intensity of dityrosine is increased.
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Figure 69 Fluorescence spectrum of dityrosine formation in the peptide solution

Observing the cuvette under a UV optical microscope the sample shows the
characteristic blue color comparing with irradiated H20 solution. This is an optical evidence

for the dityrosine presence in the solution (Figure 70).
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Figure 70 Cuvettes under the UV microscope of a) irradiated peptide solution and b)

irradiated water solution

In order to test the non-destructive dityrosine formation in the isolated tyrosine amino

acid, a single tyrosine solution was irradiated as well. The fluorescent spectrum shows the
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absence of dityrosine before irradiation and the continuous formation of dityrosine due to the

increased number of pulses (Figure 71).
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Figure 71 Fluorescent spectrum of dityrosine formation in the tyrosine residue solution

Mass spectrometry analysis was performed to the YSGAITIG, in the irradiated and
non-irradiated peptide in order to detect the molecular weight of the product. The peptide has
a molecular mass of 780 Da. In the first part of the mass spectrum (400-1000) (Figure 72), at
the non-irradiated sample the peak of 780 is detected corresponding to the peptide monomer.
After the irradiation of the sample the intensity of the peak at 780 in the spectrum (400-1000)
is decreased and the dityrosine peptide dimer, which has a molecular mass of 1558, is

detected in the second part of the spectrum (1400-1700) (Figure 73).
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8.4 Conclusions

Cross-linking through laser-induced irradiation was successfully performed in the
YSGAITIG self-assembling peptide system. The cross-linking network is attributed to
dityrosine formation, which was confirmed with spectroscopy and mass analysis. This is
therefore a direct technique allowing the creation of covalent crosslinks between amyloid
fibrils network. This technique can be used for enhancing the elastic properties of self-
assembling protein or peptide self-assembled materials without the addition of any other
crosslinking factor. Of particular interest, is the possibility of hydrogel formation in higher
peptide concentrations and various environments. Indeed, self-assembling peptide hydrogel
matrices can be used as scaffolds for mineralization, drug delivery and cell attachment.
(Branco et al., 2009). Creating covalent cross-links can confer improved physical properties

to this type of self-assembling scaffolds.
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CHAPTER 9 HYBRID PEPTIDE-PORPHYRIN SELF-

ASSEMBLING MATERIALS

9.1 Background and state of the art

The novel synthesis of light-harvesting materials at the nanoscale has been the center
of attention for energy conversion and storage devices. Nature with photosynthesis has
already developed such systems and uses natural pigments (Caple et al., 1978) at certain
intramolecular distances in order to optimize energy transfer, photon capture and electronic
coupling. Materials Science has developed new hybrid materials for energy purposes, which
consist of organic and inorganic (usually semiconducting) materials. Those materials are
applied into the new type of solar cells, the Dye-sensitized solar cells (DSSCs) (Gratzel,
2003). In contrast to the common solar cells where the semiconductor has a double function
of light absorption and charge carrier transport, in DSSCs systems light is absorbed by a
specific dye that functions as a sensitizer, which is anchored in a semiconductor. This gives
the ability to use dyes with a wide absorption spectrum and finally harvest more fraction of
sunlight.

For the synthesis of new materials two important parameters have to be considered.
First a synthetic analogue of natural pigments has to be used for converting sunlight into
electric current and second a biological scaffold is prerequisite for the ordered intramolecular
deposition of the pigment (Dunetz et al., 2005; Konovalova et al., 2001).

Porphyrins are natural organic aromatic compounds (Figure 74 c) that occur in
Nature. A characteristic example is Heme (Figure 74 a), which facilitates in the oxygen
transport in red blood cells. Porphyrins have been explored a lot as photosensitizers in

different types of solar cells (Imahori et al., 2009) (Bessho et al., 2010).
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Figure 74 a) Hemoglobin b) Iron containing heme group c) Structure of the simplest

por, phyl" in (http://legacy.owensboro.kctcs.edu/gcaplan/anat2/notes/APIINotes6%20Blood%20RBC.htm)

There are a number of reports on porphyrin molecules attached to self-assembling
peptides. Kokona reported the non covalent interactions of a negatively charged porphyrin
molecule with the basic residues of the peptide “Ac-Ile-GIn-Gln-Leu-Lys-Asn-Gln-Ile-Lys-
Gln-Leu-Leu-Lys-GIn-CONH2”, termed Cp3K-N (Kokona et al., 2009). The peptide self-
assembles into a helical structure; it was found that the structure of the conjugate is retained
as the peptide without the porphyrin molecule. Dunetz reported the attachment of two
porphyrin molecules to the decapeptide CH;CONH-Asn-Ala-Glu-Ala-Ser-Ala-Glu-Ser-Ala-
Tyr-CONH; via amide coupling with the two negatively charged glutamic acid residues
(Dunetz et al., 2005). The group was among the first that demonstrated such a hybrid system
of self-assembly. The new building block has been studied among various parameters such as
pH, concentration and temperature and has been found that it self-assembles into a helix.

The previously adopted strategy for the design of novel functional nano materials, as
we mentioned in all chapters, consisted in the predesign of the building block with functional
groups and the post templating/modification of it. An alternative strategy consists in the
chemical pre-functionalization of the peptide followed by the self-assembly of the hybrid
building block. In this chapter, we describe the covalent attachment of porphyrin molecules
to a peptide building block and the study of its self-assembling properties.

Within the framework of the functionalization of adenovirus-derived self-assembling
peptides (Ad-SAPs), we sought to form conjugates with porphyrin molecules for the
fabrication of hybrid amyloid fibrils with photoelectronic properties. However, the quantities
of the peptides needed for this type of experiments imposed a severe limitation since Ad-
SAPs are not a commercially available system. Another limitation was that the adenovirus

peptides have side chains, which can interfere when the chemical coupling of the porphyrin
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molecule at one unique position is wanted. Keeping our experimental idea intact, another
well-studied self-assembling system was selected for creating hybrid peptide-porphyrins,
testing their self-assembling ability, and subsequently their photoelectronic properties

Gazit’s diphenylalanine self-assembling peptide system was selected since this system
is commercially available in large quantities, has two non- reactive side chains and offers
many possibilities of modifications (Reches and Gazit, 2003). The diphenylalanine peptide
self assembles into well -structured nanotubes. Upon changing the protection group on the N-
terminus of the peptide with a Boc or Fmoc group and using binary solvent systems, the
peptides can form nanospheres or hydrogels instead of nanotubes (Adler-Abramovich and
Gazit, 2008) (Mabhler et al., 2006). The original hypothesis was to decorate the nanotubes
with well-ordered porphyrin molecules. If the FF peptides nanotubes could maintain the
ability to self-assemble into nanotubes within the hybrid construct, then they could guide the

nanoscale organization of the porphyrin moiety.

9.2 Methodology

This work was carried out in collaboration with Prof. Athanassios Coutsolelos, Dr.
Georgios Charalambidis and Dr. Theodore Lazaridis from the Department of Chemistry and
was recently published. My contribution consisted in the study of the self-assembling
properties of all the conjugates synthesized by the Chemistry group. In addition, they carried
out the spectroscopic and electrochemical characterization of the conjugates (Charalambidis
etal., 2011).

The diphenylalanine (F-F) peptide is known to self-assemble into nanotubes after
dissolving in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) and subsequent dilution in water
(Reches and Gazit, 2003). Five different hybrid derivatives were synthesized:
monoaminoporphyrin conjugated with F-F, unprotected and protected with Boc and Fmoc
groups and, for comparison, the single phenylalanine—porphyrin hybrid compound with and
without Fmoc protection (Figure 75). The phenylalanine amino acid by itself has not been

reported to form any self-assembled structures.

95



A // ~ ) o

0 \ | 0 \ [ 3~ \
o~ ~ O ~ “ b 't
NH O NH Y [ [o\( N NH
~NH]| ~NH)| _ &

7\ NH HN —A\

NH HN i\ ‘ NH HN '\ 3 N I
d N | — =0 (N
N/ Y/ 0 \ /L\v)\
) \//‘-\;‘K 0] N /

/ / /

/ // //

A B c

Figure 75 The five hybrid coupled derivatives: monoaminoporphyrin-FF-Boc (Boc-FF-P)
(A), monoaminoporphyrin-FF-Fmoc (Fmoc-FF-P) (B), monoaminoporphyrin-F-Fmoc
(Fmoc-F-P (C), monoaminoporphyrin-FF (FF-P) (D) and monoaminoporphyrin-F (F-P) (E).

All the hybrid peptides were studied following a similar protocol to the F-F nanotube
formation and the solvents used were water, methanol, ethanol, acetonitrile and THF. The
proportion of solvent to HFIP was 80/20 and the concentration was kept constant at 7mM. All
the peptides (protected or not) and the monoaminoporphyrin molecule were tested as well as
control samples. Only the studies with methanol and THF are shown extensively in the

following chapters.
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9.2.1 Peptide-porphyrin hybrids studied in methanol

15kV X450  50um

10kV  X11,000 . 1pm

Figure 76 Scanning electron microscopy analysis of the peptide-porphyrin conjugates (7mM
concentration), prepared in 20% HFIP and 80% methanol and subsequent dried on glass
slides after one day of incubation a) Boc-FF-P, b) Fmoc-FF-P, c¢) FF-P, d) Fmoc-F-P,

e) F-P
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9.2.2 Peptide controls studied in methanol
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Figure 77 Scanning electron microscopy analysis of the control peptides and the porphyrin
molecule (7mM concentration), prepared in 20% HFIP and 80% methanol and subsequent
dried on glass slides after one day of incubation. a) Boc-FF, b) Fmoc-FF, c) FF, d) Fmoc-F,

e) Porphyrin molecule
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9.2.3 Peptide-porphyrin hybrids studied in THF

15kV  _%1,300

Figure 78 Scanning electron microscopy analysis of the peptide-porphyrin conjugates (7mM
concentration), prepared in 20% HFIP and 80% THF and subsequent dried on glass slides
after one day of incubation. a) Boc-FF-P, b) Fmoc-FF-P, c¢) FF-P, d) Fmoc-F-P, e) F-P
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9.2.4 Peptide controls studied in THF
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Figure 79 Scanning electron microscopy analysis of the control peptides and porphyrin
molecule, (7mM concentration), prepared in 20% HFIP and 80% THF and subsequent dried
on glass slides after one day of incubation a) Boc-FF, b) Fmoc-FF, c) FF, d) Fmoc-F, e)

Porphyrin molecule
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9.3 Results and Discussion

After dissolving in methanol and THF solvents the samples were let for incubation for
24h and then 8 microliters were dried on glass slides. After sputtering with 10nm gold the
samples were viewed in Scanning Electron Microscope using a JEOL JSM-6390LV
operating at 10 and 15 kV (Department of Biology of the University of Crete).

The hybrids afforded regular spherical shapes with solvent- and time-dependent sizes.
Sphere formation was not observed in all the control samples. In the case of methanol the
spheres were polydisperse and their diameter was ranging from 3 to 20 micrometers. In the
case of THF the spheres are less polydisperse with a diameter around one micrometer.

The nanotube formation from the peptide F-F in methanol (Figure 77¢) is eliminated
when the monoaminoporphyrin molecule is attached to the peptide (Figure 76c). The
difference in the structure comparing to the nanotubes can be attributed to the stacking
interactions, which are considered to be a major driving force in the assembly of these
aromatic dipeptides, in addition to the hydrogen bonding between the peptide backbone and
other weak interactions. (Gazit, 2002). For the dipeptide-porphyrin and even the
phenylalanine-porphyrin conjugates, stacking interactions between the porphyrin ring and the
dipeptide (or amino acid) side-chain may also play a critical role in determining the outcome
of the self-assembly.

Closer examination of the surfaces of the sphere in Scanning Electron Microscopy
(SEM) revealed a rough texture, which suggests a porous nature. To gain further insight into
the structures of the spheres, we examined thin sections by TEM after embedding a pellet of
the sample in resin. The sections confirmed a porous architecture (Figure 80). This result is
even more interesting given that the self-assembly of the porphyrin—peptide hybrids is
completely reversible when they are dissolved in common solvents.

N

h

Figure 80 High-Resolution TEM (HRTEM) of sections of the spheres embedded in resin
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For structural and mass characterization the samples were examined with Nuclear
Magnetic Resonance spectroscopy (NMR) and MALDI-TOF mass spectroscopy. A
comparative study of the samples in liquid and solid state was performed with fluorescence
spectroscopy. The indications showed that the porphyrin units are involved in excited-state
interactions in the solid state. Additionally UV/Vis spectroscopy has allowed to further
confirm a regular arrangement due to the self-assembling and supramolecular structure of the
dipeptide-porphyrin conjugates. Finally in order to assess the potential importance of a hybrid
material as a sensitizer in a TiO,-based DSSC, it is essential to study its electrochemical
behavior. For this reason the redox properties of all the samples were studied by cyclic and
squarewave voltammetry. According to the oxidation potentials the hybrid materials record
values that are favorable for electron transfer to the conduction band of TiO,.

Summarizing the properties of the above mentioned novel hybrid complexes; it is
obvious that they are categorized as mesoporous materials that combine high surface area
with optically and electrochemically active molecules. These materials are the subject of
intense research for application in optoelectronic devices (Hauser and Zhang, 2010) and also
can contribute to the fabrication of photovoltaic and photo-therapeutical devices, molecular

sensors and biosensors (Filatov et al., 2010) (Sol et al., 1997).
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Self-Assembly Into Spheres of a Hybrid Diphenylalanine—Porphyrin:
Increased Fluorescence Lifetime and Conserved Electronic Properties
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Abstract: A series of protected phenylalanine and diphenylalanine derivatives

have been coupled through a peptide bond to a monoaminoporphyrin to form new
materials. A comparative study in solution and in the solid state has been per-
formed and confirmed new and interesting properties for the self-assembled
hybrid materials while conserving the electronic properties of the chromophore.
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Thus, they are powerful candidates for use in dye-sensitized solar cells.

Introduction

The most efficient energy-harvesting mechanism in nature is
the conversion of solar photons into electrons and further
into chemical energy through photosynthesis.) Harnessing
the energy produced by the sun is therefore a promising
avenue for the development of novel energy sources.
Functional hybrid materials consisting of semiconductors
and organic components form an exciting new area of re-
search in modern materials science.l”’ The finest application
of such hybrid materials is the conversion of sunlight into
electric current. Since the development of dye-sensitized
solar cells (DSSCs), research into organic—inorganic photo-
voltaic devices has increased enormously. In addition, por-
phyrin molecules have long been explored for use as photo-
sensitizers in different types of solar cell.’)

Self-assembled biological structures (viruses, proteins,
peptides) can serve as templates guiding the nanoscale or-
ganization of porphyrins to facilitate long-range electron
and energy transfer in solution.) Furthermore, they offer
the advantage of precise spatial control by introduction of
site-specific changes at the sequence level. Covalent cou-
pling of porphyrins to form a short decapeptide designed to
fold into a helical structure has been previously reported to
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result in extended self-assembled arrays.? a-Helical pep-
tides can also be designed to form extended coil structures
and to bind porphyrins through noncovalent interactions.!*’
However, a fundamental question remains: could these
supramolecular structures also serve as solid-state electronic
conductors? Answering this question requires simple meth-
ods to study the conductivity of the “dry” system (which can
only contain an oligopeptide scaffold with structured elec-
tron donors) sandwiched between two electronic conductors
in a solid-state-type configuration. If successful, such sys-
tems could serve as the basis for future, bioinspired elec-
tronic device technology for dye sensitizer solar cells. Short
peptide building blocks that self-assemble into fibers, tubes,
or spheres are resistant to harsh conditions and coupling
porphyrins to them can be a beneficial approach. It has re-
cently been shown that organic solar cells composed of a
series of porphyrin—peptide oligomers show enhanced pho-
toelectrochemical performance Among self-assembling
peptide systems, diphenylalanine peptides (FF) have recent-
ly emerged as a well-studied system with open-ended appli-
cations, for example, as templates for casting metals and in-
organic compounds, for integration into nanofabricated de-
vices, or as biosensing platforms.” These peptides self-as-
semble into hollow tubes after dissolving in 1,1,1,3,3,3-hexa-
fluoro-2-propanol (HFIP) and subsequent dilution in water.
Furthermore, upon evaporation of HFIP on siliconized glass
surfaces they form nanoforests of vertically aligned nano-
tubes."” The FF nanotubes can withstand extreme condi-
tions, such as standard autoclaving conditions and dry heat
up to 150°C. The FF peptide powders can even withstand
vapor deposition conditions; heating on a 200°C stage and
subsequent evaporation on a surface placed 2 cm above the
heating stage results in coating of the surface with vertically
aligned nanotubes.') Given the physical strength and chemi-
cal resistance of the peptide nanotubes (PNTs), the possibil-
ity of using them as supports functionalized with porphyrin
moieties seemed very attractive. We therefore sought to
couple porphyrin moieties to FF peptides and to study the

FWILEY i
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self-assembly properties of the hybrids. If the FF peptides
could maintain the ability to self-assemble into nanotubes
within the hybrid construct, then they could template the
nanoscale organization of the porphyrin moiety.

Results and Discussion

We therefore proceeded to synthesize five different hybrid
derivatives of monoaminoporphyrin by using FF protected
with Boc and Fmoc or unprotected in various solvents. For
comparison, the single phenylalanine—porphyrin hybrid com-
pound (the phenylalanine amino acid by itself has not been
reported to form any self-assembled structures) was synthe-
sized (Scheme 1).

‘We report herein the unanticipated formation of spheres
by the hybrid derivatives. After dissolving in various sol-
vents and drying on glass slides, the hybrids afforded regular
spherical shapes with solvent- and time-dependent sizes. We
also report on their electrochemical behavior and fluores-
cence emission properties in the dry state.

Studies in solution: In our design, the 5-(4-aminophenyl)-
10,15,20-triphenylporphyrin is covalently attached in an
amide coupling reaction to the free carboxylate terminal of
Boc-diphenylalanine, Fmoc-diphenylalanine, and Fmoc-phe-
nylalanine, giving rise to derivatives A, B, and C in very
high yields (~98%). The deprotection of the Fmoc groups
in B and C after the addition of piperidine gave rise, respec-
tively, to derivatives D and E quantitatively (Scheme 2).
The UV/Vis spectrum of the initial monoaminoporphyrin
was not affected by the coupling, and the hybrid materials

NH
SO
o
/
A

NH

. 2
{ /NH HN Q
y 7
{ ©

D

HoN

presented characteristic UV/Vis spectra that correspond to
the porphyrin ring in respect of the wavelengths of the Soret
bands, as well as the annex bands. The molecular ions
[M+H]* were detected for all of the hybrid materials by
MALDI-TOF mass spectroscopy and this clearly confirms
the expected molecular formulae. A complete and compara-
tive study was performed by 'H and *C NMR spectroscopy
and two-dimensional experiments on the five hybrids and
their precursors to complete the study in solution. All of the
signals have been attributed to the corresponding protons in
each material (see the Supporting Information for the 'H
and ®C NMR spectra of all five derivatives).

A study by fluorescence spectroscopy was also performed.
For experiments in solution, a typical spectrum, which corre-
sponds to the monoaminoporphyrin, was observed for all
the studied hybrid derivatives. However, this was not the
case in the solid state, as will be discussed below.

In a TiO,-based DSSC, the oxidation potential of the first
excited state of the photosensitizer has to be favorable for
the injection of electrons into the conduction band of the
semiconductor. Therefore, to assess the potential importance
of a hybrid material as a sensitizer in a DSSC, it is essential
to study its electrochemical behavior. For this reason the
redox properties of A-E were studied by cyclic and square-
wave voltammetry in dichloromethane by using ferrocene as
the internal standard.

The redox data for A-E versus Fc/Fct are shown in
Table 1. All of the compounds show two sequential reversi-
ble oxidation processes and two reversible reductions, as ex-
pected for porphyrin derivatives.'? The first excited state
oxidation potentials, E®¥, for A-E can be estimated by using

ox ?

Equation (1), in which EJ is the potential of the first oxida-

Scheme 1. The five hybrid coupled derivatives: monoaminoporphyrin-FF-Boc {A), monoaminoporphyrin-FF-Fmoc (B}, monoaminoporphyrin-F-Fmoc

{C), monoaminoporphyrin-FF {D)} and monoaminoporphyrin-F (E).
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Self-Assembly of a Hybrid Diphenylalanine-Porphyrin

Scheme 2. Synthetic approach to the various FF moieties.

Table 1. Redox data for compounds A-E in dichloromethane versus Fc/
Fct.

Compound Reduction E [V]¥! Oxidation E [V]*!
A —2.08 -1.70 0.83 0.52
B —2.04 —1.67 0.82 051
C —2.06 —1.68 0.83 0.52
D —2.09 —1.70 0.81 0.51
E —2.08 —1.68 0.82 0.51

[a] All redox potentials are quoted vs. Fc/Fe*,

tion (ca. 0.51 V from Table 1) and E,, is the energy of either
the first excited singlet or the first triplet state (1.92 and
1.43 eV, respectively, for TPP derivatives!™). According to
the above, the oxidation potentials of the first singlet excited
states and the first triplet states are approximately —1.41
and —0.92 V versus Fc/Fct, respectively, in both cases favor-
able for electron transfer to the conduction band of TiO,.*”

Egt = Eo — En @

Studies in the solid state: The diphenylalanine—porphyrin
and phenylalanine—porphyrin conjugates were dissolved in
various solvents, as described in the Experimental Section,
dried on glass slides, and studied by scanning electron mi-
croscopy (SEM). Sphere formation was a consistent pattern
observed for the conjugates in almost all of the solvents
(Figure 1a and Figures S2 and S4 of the Supporting Infor-
mation show two of the five solvent conditions studied:
methanol and THF).

Tubes or other high aspect ratio morphologies were not
observed. Sphere formation was not observed in the control

Chem. Eur. J. 2011, 17, 72137219
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samples, that is, the dipeptide (protected or not), the phenyl-
alanine amino acid, and the porphyrin moiety alone (Fig-

15kV | X3,300

Figure 1. SEM and TEM analyses of sections of the Boc-FF-P peptide—
porphyrin complex. a) SEM of the spheres (scale bar=5 um). Insert:
Close-up image of the spheres (scale bar -2 um). b) HRTEM of sections
of the spheres embedded in resin (scale bar =2 pm).
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ures S3 and S5 of the Supporting Information). Under some
conditions, dipeptide nanotubes were observed, for example,
the FF peptide forms nanotubes in 20 % HFIP/80 % metha-
nol (Figure S3c¢). The same peptide forms microscale plate-
like structures in 20 % HFIP/80 % THF (Figure S5¢). Under
these two conditions, the porphyrin moiety forms plate- or
needle-like structures on the microscale (Figure S3e and
S5e). However, the corresponding conjugate (FFP) forms
spheres under both conditions (Figure S2¢ and S4c). This
suggests that the self-assembly properties are inherent to
the peptide—porphyrin conjugates and not a sum of the as-
sembly properties of both constituents. Closer examination
of the surfaces of the sphere in SEM revealed a rough tex-
ture (Figure 1a, insert), which suggests a porous nature. To
gain further insight into the structures of the spheres, we ex-
amined thin sections by TEM after embedding a pellet of
the sample in resin. The sections confirm an intricate, yet
porous architecture (Figure 1b).

The emission properties of the spherical assemblies were
studied by steady-state and time-resolved luminescence
spectroscopy under ambient conditions and compared with
those of regular microcrystalline samples and with the lumi-
nescence shown by TPP derivatives in dichloromethane. As
shown in Figure 2a, the fluorescence of a dry sample of
spheres of A, assembled from a mixture of ethanol and
HFIP, is slightly broadened and redshifted compared with
that of a microcrystalline sample, prepared from the evapo-
ration of a solution of A in dichloromethane. Both solid-
state emission spectra are broadened and redshifted relative
to the emission spectrum of A in dichloromethane. This ob-
servation is consistent with the results of Hasobe and co-
workersl'¥ in their study of porphyrin-based nanoassemblies
and indicates that the porphyrin units are involved in excit-
ed-state interactions in the solid state.']

The UV/Vis spectrum of the spheres in the solid state was
recorded to compare their properties with the ground solid
form. Hydrosoluble TPPS porphyrin is a well-investigated
dye due to its ability to self-aggregate noncovalently to form
H-aggrepates (face-to-face) or J-aggregates (side-by-side)
under certain concentrations, pH, and ionic strength” de-
pending on the electronic and stereochemical properties of
the porphyrin. J- and H-aggregation is indicated by the ap-
pearance of sharp and narrow absorption bands that are
shifted to the red or blue, respectively, with respect to the
monomeric Soret band. In our case, a comparison was made
between the self-assembled spheres of the hybrid derivatives
and the ground solid. As we can observe in Figure 2b, the
self-assembling derivative presents a blueshift of 5 nm com-
pared with the ground solid, which is a characteristic of H-
aggregation and suggests a face-to-face arrangement of the
porphyrin rings. Furthermore, in the Q-band region several
changes can be observed for all four bands in addition to
the blueshift: relative to the spectrum of the ground solid
sample (which is similar to the one in solution), the spec-
trum of the spheres possesses much broader Q-bands with a
different relative absorbance between them. Thus, UV/Vis
spectroscopy has allowed us to further confirm a regular ar-
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Figure 2. a) Emission spectrum, b) UV/Vis transmission behavior, and
c) the corresponding lifetimes of spheres and the ground solid of com-
pound A.

rangement due to the self-assembling and supramolecular
structure of the dipeptide—porphyrin conjugates.
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A time-resolved emission measurement of the microcrys-
talline sample of A revealed a fluorescence lifetime 7,4, of
2.2 ns, whereas the self-assembled spheres have a lifetime
Topheres Of 9.3 ns (Figure 2c), which is comparable to the life-
time of A in dichloromethane. The short lifetime of the mi-
crocrystalline sample is a result of quenching due to inter-
molecular interactions between porphyrin units giving rise
to energy transfer and singlet-singlet annihilation.! The
relatively long lifetime measured for the self-assembled
sample further supports that within the spheres, the porphy-
rin units mainly exist either as H aggregates!™] or isolated
monomers arranged in a way that prevents interactions be-
tween them. These results are consistent with the results of
all the self-assembled spheres regardless of the protecting
group. Thus, in the solid state the spherical assemblies pro-
vide structural control of the porphyrin—diphenylalanine
hybrid material and consequently of their lifetime.

Thus, the conjugation of a porphyrin moiety to diphenyl-
alanine dipeptides, protected or not, and to the single amino
acid phenylalanine has been achieved. The conjugates were
structurally and electrochemically characterized. Also, the
conjugates self-assembled into microscale spheres upon
drying from a variety of solvents, such as methanol, ethanol,
acetonitrile, and THF.

Under the same conditions, none of the constituent parts
of the conjugates were found to adopt a spherical morpholo-
gy. Stacking interactions are considered to be a major driv-
ing force in the assembly of these aromatic dipeptides'® in
addition to the hydrogen bonding between the peptide back-
bone and other weak interactions. For the dipeptide—por-
phyrin and even the phenylalanine—porphyrin conjugates,
stacking interactions between the porphyrin ring and the di-
peptide (or amino acid) side-chain may also play a critical
role in determining the outcome of the self-assembly. From
the solvent conditions studied, the most homogeneous
spheres, with diameters on the microscale, are formed in
THEF. The spheres formed are porous, as revealed by TEM
examination of thin sections of the samples embedded in
resin. This result is even more interesting given that the self-
assembly of the porphyrin—peptide hybrids is completely re-
versible when they are dissolved in common solvents. Meso-
porous materials that combine high surface area with opti-
cally and electrochemically active molecules are the subject
of intense research for application in optoelectronic devi-
ces.l Photovoltaic devices, molecular sensors, and biosen-
sors are some of the very recent examples," and finally,
photodynamic therapy may be another area of application
for these porous spherical materials"!

Conclusion
We have reported herein peptide—porphyrin and amino
acid—porphyrin conjugates that self-assemble upon drying
into porous spheres with tunable size dependent on the sol-

vent conditions. Within the spherical self-assemblies, the
porphyrin units change their fluorescence behavior and their
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lifetime values; however, they maintain their ability for elec-
tron transfer. These novel hybrid materials may find uses in
solar cell technologies and biomedical applications.

Experimental Section

"H NMR spectra were recorded on Bruker AMX-500 MHz and Bruker
DPX-300 MHz spectrometers as solutions in deuteriochloroform by using
the solvent peak as the internal standard. UV/Vis spectra were recorded
on a Shimadzu UV-1700 PharmaSpec instrument. High-resolution mass
spectra were performed on a Bruker ultrafleXtreme MALDI-TOF/TOF
spectrometer. Redox potentials were determined by cyclic voltammetry
on a EG&G potensiostat PGSTA20 Autolab instrument at room temper-
ature in dry and deoxygenated CH,Cl, containing 0.1m tetrabutylammo-
nium hexafluorophosphate as the supporting electrolyte with a solute
concentration in the range of 1.5x10 M. A saturated calomel electrode
(SCE) was used as the reference. Under these conditions, the reversible
oxidation of ferrocene was Ei;p.= 4 0.47 V. The error in the reported po-
tentials is +0.01 V. Lifetime measurements were performed on a mini T
(Edinburgh Instruments) equipped with an EPL 405 nm laser. The emis-
sion spectra were measured on a JASCO FP-6500 fluorescence spectro-
photometer equipped with a red-sensitive WRE-343 photomultiplier tube
{wavelength range: 200-850 nm).

Peptides and amino acids were purchased from Bachem. Following the
conjugation reactions of peptides with the porphyrin moieties the prod-
ucts were dried and resuspended in chloroform as stock solutions. Ali-
quots of the stock solution were dried in Eppendorf tubes in air. They
were then redissolved in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) and
water, methanol, ethanol, acetonitrile, or THF were added to give a sol-
vent mixture of 20% HFIP/80% solvent. The final concentration of each
conjugate was kept constant at 7 mm.

All samples were observed by scanning electron microscopy following in-
cubation for 24h. A sample solution {8 pl} was deposited on a glass
slide and left to dry in air. Samples were subsequently covered with
10 nm gold sputtering and observed directly. SEM experiments were per-
formed at the Department of Biology of the University of Crete by using
a JEOL JSM-6390LV microscope operating at 10 and 15 kV. For TEM
analysis of sections, the sample was centrifuged and the supernatant
liquid was removed. The pellet was embedded directly in the epoxy resin
Durcupan™ {ACM Fluka) for 48 h. Sections were cut with a microtome
and deposited on a 300 mesh carbon-coated copper grip for TEM analy-
sis. TEM experiments were performed at the Department of Biology of
the University of Crete by using a JEOL HR-TEM JEM-2100 micro-
scope operating at 80 kV.

General procedure for the coupling of the peptides with the porphyrin:
The Boc- or Fmoc-protected diphenylalanine {1 equiv) or the Fmoc-pro-
tected phenylalanine {1 equiv) was dissolved in dichloromethane. The so-
lution was cooled to 0°C in an ice bath and N,N'-dicyclohexylcarbodii-
mide (DCC; 12equiv) and 1-hydroxybenzotriazole hydrate (HOBt;
12 equiv) were added. The reaction mixture was stirred at 0°C for
30 min and the monoaminoporphyrin {1 equiv) was added. The resulting
solution was stirred at 5°C for 48 h, after which time CH,Cl, was added
and the solution washed once with water. The organic layer was dried
with Na,SO,, filtered, concentrated, and the residue was purified by chro-
matography on a silica gel column.

Monoaminoporphyrin-FF-Boc (A): The general procedure was used to
couple monoaminoporphyrin (61 mg, 0.097 mmol) with Boc-diphenylala-
nine {40mg, 0.097 mmol) by using DCC (24 mg, 0.12 mmol) and HOBt
{16 mg, 0.12 mmol) in CH,Cl, (5 mL}. The title compound was isolated
by column chromatography (silica gel, CH,Cl/EtOH, 100:1 v/v) as a
purple solid (94 mg, 95%). 'THNMR (500 MHz, CDCly): 6=8.87 (m,
8H), 8.61 (brs, 1H), 822 {(d, J=6.5Hz, 6H), 816 (d, /=85 Hz, 2H),
7.99 {m, 2H)}, 7.77 {m, 9H), 7.36 (m, 6H), 7.26 (m, 2H), 7.16 (brs, 2H),
6.49 (m, 1H), 5.01 (m, 1H)}, 4.90 (brs, 1H), 441 (m, 1H), 3.52 (m, 1H),
315 (m, 3H), 1.28 (s, 9H), -2.76 ppm (s, 2H); *CNMR (75 MHz,
CDClL): 6=171.3, 169.2, 1562, 1423, 1383, 137.6, 136.3, 135.9, 135.1,
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1347, 1312, 1295, 1294, 1292, 1291, 1278, 127.7, 1275, 126.8, 120.3,
119.9, 1185, 8.5, 567, 54.2, 37.5, 372, 283 ppm; UV/Vis (CHyCL): Ay
(e)=418 (5034), 515 (18.9), 550 (92), 590 (5.6), 646 nm (4.5M~'cm™);
HRMS (MALDI-TOF): m/z caled for CoHgN,O,: 10244550 [M-+H]*;
found: 1024.4562.

Monoaminoporphyrin-FF-Fmoc (B): The general procedure was used to
couple monoaminoporphyrin {100 mg, 0.16 mmol) with Fmoc-diphenyl-
alanine {85 mg, 0.16 mmol) by using DCC (39 mg, 0.19 mmol) and HOBt
{26 mg, 0.19 mmol) in CH,Cl, {10 mL). The title compound was isolated
by column chromatography (silica gel, CH,Cl,/EtOH, 100:4 v/v) as a
purple solid {175mg, 95%). 'HNMR (500 MHz, CDCL): =885 (s,
8H), 836 (brs, 1H), 822 (m, 6H), 8.15 (d, /=8.0Hz, 2H), 7.89 (brs,
2H), 7.77 {m, 11H), 7.51 {(m, 2H), 7.34 (m, 10H), 7.23 (m, 4H), 6.54
(brs, TH), 5.17 (brs, 1H), 4.94 (brs, 1H), 447 (m, 2H), 439 (brs, 1 H),
417 (t, F=65Hz, 1H), 329 (m, 2H), 3.17 (brs, 1H), 2.99 (brs, 1H),
—2.77ppm (s, 2H); *CNMR (75 MHz, CDCL): 6=1713, 169.0, 156.6,
143.6, 142.3, 141.4, 1384, 1374, 136.5, 135.9, 1352, 1347, 1312, 1294,
1293, 1292, 129.1, 1280, 127.8, 127.6, 1274, 127.3, 126.8, 125.1, 125.0,
1203, 1202, 119.7, 1184, 67.5, 56.8, 55.2, 47.2, 38.0, 37.6 ppm; UV/Vis
{CH,Cl): Ay (£)=418 (525.9), 515 (19.3), 550 (9.3), 590 {5.8), 646 nm
{(48M'em™); HRMS (MALDI-TOF): m/z caled for C,HgN,0,:
1146.4707 [M+H]*; found: 1146.4718.

Monoaminoporphyrin-F-Fmoc (C): The general procedure was used to
couple monoaminoporphyrin (44 mg, 0.07 mmol) with Fmoc-phenylala-
nine {27 mg, 0.07 mmol) by using DCC {17 mg, 0.08 mmol) and HOBt
{11 mg, 0.08 mmol} in CH,Cl, {4 mL). The title compound was isolated
by column chromatography (silica gel, CH,Cl,/EtOH, 100:1 v/v) as a
purple solid (65 mg, 93%). "H NMR (500 MHz, CDCL): 6=885 (s, 8H),
8.22 {m, 6H}, 8.15 (d, /=8.0 Hz, 2H), 8.06 {brs, 1H)}, 7.76 {m, 13H}), 7.61
{t, /=80 Hz, 2H), 7.40 (m, 9H), 5.61 (brs, 1H), 473 {brs, 1H)}, 4.54 (m,
2H), 428 (t, J=65Hz, 1H), 332 (brs, 2H), -277ppm (s, 2H);
BCNMR {75 MHz, CDCL): 6=169.5, 1565, 143.8, 1423, 141.5, 1387,
137.0, 136.5, 1352, 1347, 131.3, 129.6, 129.2, 128.0, 127.9, 127.6, 127.3,
126.8,125.1, 1203, 120.2, 119.5, 118.5, 67.5, 57.5, 47.3, 38.7 ppm; UV/Vis
{CH,Cly): Ay (£)=418 (516.1), 514 (19.0), 550 (9.0}, 590 {5.7), 645 nm
(45M'em™); HRMS (MALDI-TOF): m/z caled for CeHsNOs:
999.4023 [M+H]*; found: 999.4018.

Monoaminoporphyrin-FF (D): Piperidine {0.6 mL, 6.0 mmol} was added
to a solution of porphyrin A {55 mg, 0.05 mmol) in DMF (3mL) and the
solution was stirred at room temperature for 2 h. The solvent was then
removed under vacuum and the solid was dissolved in CH,Cl, (50 mL)
and extracted with water {2x50 mL}, dried with Na,SO,, filtered, and
concentrated under vacuum. The title compound was isolated by column
chromatography (silica gel, CH,Cl,/EtOH, 100:6 v/v} as a purple solid
(43 mg, 93%). "HNMR (500 MHz, CDCL): 6=883 (s, 8H), 818 (m,
OH), 7.87 {d, J=7.5 Hz, 2H), 7.74 {m, 9H}, 7.34 (m, 7H), 7.23 (m, 3H),
4.96 (d, J=7.0 Hz, 1H), 4.05 (m, 1H}), 3.91 {brs, 1H}, 3.47 {m, 1H}, 3.39
{m, 1H), 324 {m, 2H}, 2.64 {brs, 2H}, -2.78 ppm (s, 2H}); *C NMR
{75 MHz, CDCl,): 6=169.5, 142.3, 138 4, 137.5, 1372, 136.9, 1352, 1347,
1312, 129.6, 1294, 129.0, 127.8, 127.3, 126.8, 120.3, 119.6, 1184, 564,
55.7, 40.5, 37.5 ppm; UV/Vis (CHyCL): Ay, () =418 (458.2), 515 (17.4),
550 {8.4), 590 (5.2}, 646 ppm {42m'cm™); HRMS (MALDI-TOF): m/z
caled for CHoN;O,: 924.4026 [M+H]*; found: 924.4031.
Monoaminoporphyrin-F (E): Piperidine {0.3 mL, 3.0 mmol) was added to
a solution of porphyrin C {25 mg, 0.025 mmol) in DMF (1.5 mL}) and the
solution was stirred at room temperature for 2 h. The solvent was then
removed under vacuum and the solid was dissolved in CH,Cl, {30 mL}
and extracted with water {2x30mL)}, dried with Na,SO,, filtered, and
concentrated under vacuum. The title compound was isolated by column
chromatography (silica gel, CH,Cl,/EtOH, 100:2 v/v} as a purple solid
(18 mg, 93% ). "HNMR (500 MHz, CDCl;): 6=9.86 (brs, 1H), 8.86 (m,
8H), 821 {m, 8H), 8.01 {d, J/=8.0Hz, 2H}), 7.76 (m, 9H), 7.37 (m, 5H),
3.97 (brs, 1H), 3.55 {d, /=13.5Hz, 1H), 2.98 (m, 2H), —2.76 ppm (s,
2H); BCNMR (75MHz, CDCL): §=172.7, 1423, 1382, 137.6, 135.3,
134.7, 1313, 129.6, 129.1, 127.8, 1273, 1268, 120.3, 119.8, 117.9, 57.1,
40.8 ppm; UV/Vis (CHyCl): Any, {£)=418 (497.0), 514 (18.9), 550 (9.1),
590 (5.6), 646 nm (4.6mM~'em™); HRMS (MALDI-TOF): m/z caled for
CoH,NO: 777.3342 [M+H]*; found: 777.3350.
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CHAPTER 10 GENERAL CONCLUSIONS AND

OUTLOOK

The present study demonstrated the possibility of construction of a minimal self-
assembling system with various and tunable functionalities. The first part of the design
consisted in choosing the minimal self-assembly peptide sequence for obtaining amyloid type
fibrils. The second part consisted in the choice of the environment where the assembly of the
peptide will be initiated (single or binary solvent system). Each of the two gives fibrils or
fibril films respectively. Both cases are based on “bottom up” approach since they start from
single peptide building blocks. The third part consisted in the proper choice of the functional
residue that will be incorporated in the sequence.

Within the framework of this thesis the following steps were taken:

1) The original, serine-containing octapeptide was found to template the formation of
silica nanoparticles starting from the TEOS precursor. The mechanism of silica templating
was deciphered and was attributed to the serine (Ser (S)) residue that is rendered nucleophilic
by the N-terminal amino group of the peptide. The in vitro silification reaction and the
templating of silica on amyloid fibrils can be further used for the fabrication of silica
nanotubes of variable sizes, depending of the internal biological template and the reaction
time. The silica nanotubes can be further used not only for drug delivery and controlled
release but also for hydrogen storage and catalysis. Moreover, the role of the nucleophilic
serine (Ser (S)) can be exploited further for the templating of non-biogenic oxides and the
participation in reactions such as ring opening polymerization (Curnow et al., 2006).

2) When thiols are inserted in the peptide sequence through Cysteine residues, the
peptide is capable to attach to metallic particles and quantum dot particles. It was found that
this peptide forms well-ordered fibril films at the water- chloroform interface, inducing 2D
ordering of the Qdots and a red shift in their emission peaks relative to their solution state.
This method might be used as general strategy for the fabrication of peptide films templated
with Qdots. Examining the quantum dot deposition and the difference in their properties upon
spacing between them, it is possible to manipulate those distances. One approach is to use
various types of sizes of quantum dots or to vary the length/composition of the template
peptide to provide variable spacing between the quantum dots. Finally apart from quantum

dot nanoparticles, there is a wide variety of nanoparticles (Nie et al., 2010), which can be
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used according to the desired application in optoelectronic, data storage, sensing, and
biological labeling. For example, bifunctional peptides could be designed containing both
cysteine residues and cell attachment motifs for specific targeting of Q-dots into cells. One
such motif is the Arginine-Glycine-Aspartic acid (RGD) that has been applied so far in many
cell attachment applications (Chow et al., 2008).

3) The photo-crosslinking of self-assembling peptides opens future possibilities for
improving stability in this class of materials. The previously mentioned fibril films can be
irradiated before the attachment of particles in order to enhance their stability. The LIF
technique is a non-destructive and instant method of photo crosslinking, without any
interference in the chemical environment of the cross-linking peptide.

4) Finally the synthesis of a peptide-porphyrin conjugate and its self-assembly into
uniform and monodisperse spheres opens an avenue for the construction of hybrid materials
for solar cell applications. The same synthesis protocol can be followed with other self-
assembling systems as well in order to fabricate scaffolds with photoelectonic properties.

In summary, the bottom up fabrication of peptide-based biomaterials is a powerful
technique that allows us to drive self-assembly from the nanoscale to millimetre scale in one,
two or three dimensions. In the future, other varieties of peptides could be investigated and
their functionalization with various types of nanoparticles can lead to further applications. A
very important concern that has to be taken into account is the limitations of peptide-based
materials such as thermal instability (compared to materials such as carbon nanotubes) and
the (still) high costs of production. However their numerous advantages, namely their
environmental-friendly synthesis, and their biocompatible and biodegradable character, make

the self-assembling peptide field a promising one for the years to come.
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Appendix

Structures and symbols of the 20 amino acids, which are directly encoded for protein

synthesis by the standard genetic code.

L-Alanine

L-Threonine

(Ala/ A) L-Arginine L-Asparagine L-Aspartic acid
(Arg/R) (Asn/N) (Asp/D) (Thr/'T)
/N
Hs>N S '__-{
2 H A&VNH
/<rcm
HaN
.o 0
Glycine
L.Cysteine L(—}Gll;t;mlc acid W (Gly / G) L Trvptonhan
(Cys/C) (Glu/E) (Tip/ W)
g
" f ~
H-‘;Nr '\T/OH
0
L-Histidine L-Isoleucine L-Leucine (Lys / K) {}_T]\%l)“e
(His / H) (e / 1) (Leu/L) Y

L-Methionine
(Met /M)

L-Phenylalanine
(Phe / F)

L-Proline
(Pro/P)

L-Serine
(Ser/S)

L-Valine
(Val/ V)
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