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1. Abstract

Natural biomolecules, like peptides and proteins, are building blocks of natural
biomaterials due to their ability to self-assemble through intermolecular interactions,
forming various micro- and nanoscale structures such as fibrils and hydrogels.
Hydrogels are three-dimensional, crosslinked hydrophilic networks of natural or
synthetic polymers, which have the ability to store large amounts of water or other
biological fluids. In this diploma thesis, the self-assembly of the copper-binding
tripeptides GGH (Glycine-Glycine-Histidine) and GHK (Glycine- Histidine-Lysine)
was examined, using a variety of solvents under a range of conditions. Additionally,
peptide mixtures were studied in order to examine the interactions between them, as
well as their propensity for co-assembly. Finally, as the imidazole ring of histidine can
be coordinated to a wide variety of divalent metal ions, we conducted experiments
with copper cations Cu2+ in order to study the impact of histidine-metal coordination
on the self-assembly process of the peptides.

Περίληψη

Τα φυσικά βιομόρια, όπως είναι τα πεπτίδια και οι πρωτεΐνες, αποτελούν
δομικούς λίθους φυσικών βιοϋλικών λόγω της ιδιότητας που έχουν να
αυτοοργανώνονται μέσω αλληλεπιδράσεων μεταξύ των μορίων, σχηματίζοντας
διάφορες δομές στη μίκρο και νάνο-κλίμακα, όπως ινίδια και υδρογέλες. Οι
υδρογέλες είναι τρισδιάστατα, διασυνδεδεμένα υδρόφιλα δίκτυα φυσικών ή
συνθετικών πολυμερών, που έχουν την ικανότητα να αποθηκεύουν μεγάλες
ποσότητες νερού ή άλλων βιολογικών υγρών. Σε αυτήν τη διπλωματική εργασίας,
εξετάστηκε η αυτοοργάνωση των τριπετιδίων GGH (Γλυκίνη-Γλυκίνη-Ιστιδίνη) και
GHK (Γλυκίνη-Ιστιδίνη-Λυσίνη), τα οποία συνδέονται με χαλκό, χρησιμοποιώντας
ποικίλους διαλύτες σε διάφορες συνθήκες. Επιπλέον, μελετήθηκαν μίγματα πεπτιδίων
προκειμένου να εξεταστούν οι αλληλεπιδράσεις μεταξύ τους, καθώς και η δυνατότητά
τους να συνδυαστούν. Τέλος, καθώς ο δακτύλιος του ιμιδαζολίου της ιστιδίνης μπορεί
να δημιουργήσει σύμπλοκα με μια μεγάλη ποικιλία δισθενών ιόντων μετάλλων,
πραγματοποιήσαμε πειράματα με κατιόντα χαλκού Cu2+ προκειμένου να μελετήσουμε
την επίδραση της συναρμογής ιστιδίνης-μετάλλου στη διαδικασία αυτοοργάνωσης
των πεπτιδίων.
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2. Introduction

2.1 Peptides
Peptides are small chains of molecules that consist of two or more building blocks

called amino acids. Each amino acid has one central tetravalent carbon atom, called an
a-carbon atom, attached to an amino group (-NH3

+), a carboxyl group (-COOH), a
hydrogen atom and a characteristic group (R), which is called side chain, and
depending on its type, it can significantly vary in size, shape and the presence of
functional groups. In nature there are 22 amino acids which differ in their side
group.[1] Nine of them are called "essential" for humans because they cannot be
produced from other compounds by the human body and so must be taken in as
food.[2] The peptides are linked together by a planar, covalent bond, called a peptide
(or amide) bond, with simultaneous release of a water molecule.

Figure 1: The dehydration condensation of two amino acids to form a peptide bond with
expulsion of water. (Wikipedia)

Chains consisting of twenty or fewer amino acids are called oligopeptides,
including dipeptides, tripeptides and tetrapeptides.[1] A larger number of peptides form
a polypeptide chain, with its sequence defining the primary structure.[3] The
polypeptide chains can be folded into the two most common three-dimensional
secondary structures, the alpha helices and the beta sheets. The -helix features aα
spiral structure and is stabilized by intramolecular hydrogen bonds. The rotation of the
helices can be clockwise or counterclockwise, with the former being energetically
favored since there are fewer steric collisions between the side chains and the
backbone. In contrast to helices, β-sheets are stabilized by hydrogen bonds between
polypeptide chains. Their basic units are the β-strands, which are linked together
either in parallel or antiparallel, forming the energetically stable structures of
β-pleated sheets.
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Figure 2: The hierarchy of protein structure.[4]

2.2 Self-assembly
Self-assembly is defined as a spontaneous process found in biological systems in

nature. During this procedure simple building blocks of material interact with each
other to form larger and more complex supramolecular structures, without the
intervention of an external factor. Through intermolecular interactions, there are
directed the way in which the particles recognise each other, combine and form
ordered one-dimensional, two-dimensional and three-dimensional nanostructures or
macroscopic structures from smaller organized arrangements at the nanoscale.[5]

Peptides have the capacity to self-assemble under appropriate conditions, due to the
weak interactions between the side groups of their amino acids, and to form various
nanostructures, such as spheres, tubes, fibrils and hydrogels. These intermolecular
interactions include electrostatic interactions (Van der Waals, Coulomb), hydrogen
bonds, hydrophobic forces and aromatic ring interactions, which are weak individually
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but the additivity of a large number of weak interactions, results in organized
structures of simple molecules. Therefore, self-assembly is characterized as a
bottom-up process, as smaller parts, which are molecules, structures and patterns are
created on a larger scale.

Figure 3: Self-assembly.[6]

In order to properly carry out the self-assembly of peptide-based nanostructures,
all factors that may affect the process must be taken into account. They can be
categorized into intrinsic and external factors. The former refer to the structure of the
peptide, including the sequence of the peptide, the number of amino acids, and the
hydrophilicity and hydrophobicity of amino acid side chains. For instance, the
mechanical properties of the forming materials and the pace of self-assembly can be
significantly altered by hydrophobic amino acids. The latter refers to the various
environmental factors, as are the effects of temperature, pH, solvent, and ultrasound
on peptide self-assembly. For example, in different systems hydrophobic interactions
and hydrogen bonding interactions can be affected differently by temperature changes.
Additionally, pH has a significant impact on the peptide structure. The charge of the
amino acid side chains is influenced by pH changes through protonation and
deprotonation. Consequently, it can affect the electrostatic and hydrophobic
interactions of peptides, allowing the transformation of peptide complexes from one
specific morphology to another.
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Self-assembly is very important for science and technology, as it leads to the
formation of an amazing range of complex structures such as lipid membranes,
proteins, nucleic acids, and many others. It also offers a new direction for the design
and manufacture of new biomaterials with outstanding potential and various
applications, such as tissue engineering, controlled drug release and microelectronics.

2.2.1 Amyloid Fibrils
Amyloids are fibrous aggregates formed from soluble proteins and arise from the

irregular protein folding. Pathologically folded proteins lose their native shape, as they
form amyloid fibrils characterized by continuous β-folded sheet structures. The
structure of the amyloid fibrils is initially formed by smaller subunits of fibrils, which
are linked or intertwined to form fibrils of larger diameter.

Figure 4: Self-assembly.[7]

Amyloid fibrils can be made from a variety of starting materials, such as de
novo-designed peptides, cheap proteins generally available in laboratories, cheap
waste proteins, or proteins that can be made by recombinant expression. Once
completely formed, amyloid fibrils are extremely robust and can endure harsh
conditions. Their mechanical properties can reach values of Young’s modulus as high
as 1.3 GPa. It is believed that the strength of amyloid fibrils comes from their highly
organized core. Fibrils can be dried without losing their structural integrity and are
also resistant to enzymatic digestion. However, assembly can be reversible under
some conditions such as changes in pH, the addition of solvents, etc.[8]

Protein folding disorders are responsible for numerous commonly occurring
diseases. Well-known examples of amyloid diseases are Alzheimer's disease, type 2
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diabetes mellitus, amyloidoses, as well as spongiform encephalopathies such as mad
cow disease. The way in which the formation of amyloid fibrils contributes to the
development of each disease differs. In general, amyloid diseases are identified by
their interactions with planar aromatic dyes like Congo red which undergo
spectroscopic changes. Due to the fact that these dyes intercalate between beta-strands
to constrict their structure, a typical apple-green birefringence occurs when viewed
under cross-polarized light. Amyloid fibrils are increasingly examined for their role in
biomedical applications, due to the formation of fibrils at the nanoscale, they are used
as scaffolds for biotechnology.

2.3 Hydrogels
Hydrogels are three-dimensional, crosslinked hydrophilic networks of natural or

synthetic polymers, which have the ability to store large amounts of water or other
biological fluids. They perfectly mimic a living tissue due to their high water content,
porosity, and flexibility. This property gives them plenty of opportunities for many
biomedical applications. More specifically, hydrogels are used for the fabrication of
tissue engineering scaffolds, drug delivery systems, sanitary products, contact lenses,
etc. Additionally, hydrogels have been extensively researched in the last years due to
their wide application as scaffolds for wound healing.

The properties of hydrogels formed from natural polymers depend on the
intermolecular interactions that hold the molecules in the lattice. These types of
hydrogels can be reversible when changes in ionic strength, pH, or temperature
occur.[9] Peptide-based hydrogels are particularly important as they are simple, highly
biocompatible and biodegradable. They can be used as biological carriers and be
injected into a lesion site after simply mixing with various biological products.[10]

Stable β-sheet structures, produced by self-assembling peptides, gradually form 3D
fibrous networks where water molecules are trapped and a hydrogel is eventually
formed. The nature of the amino acids structuring the peptide plays an important role
in hydrogel formation, as peptides have an increased tendency to form hydrogels
when they contain aromatic groups. This is explained by the existence of π-π*
interactions between the aromatic rings, particularly in low molecular weight
peptides.[11]
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Figure 5: Schematic illustrations of the hierarchical self-assembly process involved in the
formation of hydrogel from peptide molecules.[12]

2.4 Ninhydrin
Ninhydrin (2,2-dihydroxyindane-1,3-dione) is a chemical substance used for the

detection and/or identification of ammonia and amines, with which it forms a color
complex (cyan or violet), called Ruhemann's purple. Ninhydrin reacts with the
α-amino group of primary amino acids and the intensity of the color formed depends
on the chemical nature of the analyzed amino groups.[13] The absorption of the
complexes of ninhydrin with amino acids is between 275 and 700 nm, with spectral
maximums at 570 nm (for the quantitation of α-amino acids) and 440 nm (for the
imino acids).[14]
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Figure 6: Formation of Ruhemann's purple and its metal complexes.[15]

3. Purpose of this Thesis
The aim of this thesis is the study of Glycine-Glycine-Histidine (GGH) and

Glycine-Histidine-Lysine (GHK) peptides, of their coassembling with other peptides,
and of their Copper-binding complexes. Under these circumstances, their ability to
self-assemble was assessed, in order to form stable hydrogels. Amyloid
self-assembling peptides are increasingly gaining interest for potential use as scaffolds
in a series of applications, such as for encapsulation and transport of molecules.[39]

These co-assembled hydrogels have been exploited for the attachment and healthy
development of cells in vitro and in vivo by selectively targeting cell surface receptors
that promote cell adhesion, proliferation, and other critical processes.[40] For the
characterization of the peptides the electron microscopy method (FESEM) was used,
as well as staining with Congo red. Finally, Ultraviolet-Visible Spectroscopy was in
order to obtain the absorption release spectrum of the samples.
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3.1 Peptides

3.1.1 GGH & GHK
The two main amino acid sequences that were studied in this dissertation are the

tripeptides GGH and GHK. Both of them contain the smallest and simplest amino
acid, glycine, with no side chain, having a unique role in fibrous structural proteins.
Glycine is an integral component of beta-sheet formation in the secondary structure of
proteins due to its compact form. It constitutes about 35% of collagen, stabilizing its
triple helices, as it allows the collagen fibers to bind very tightly within the molecule,
facilitating hydrogen bonds and the formation of intermolecular cross-linking.[16]

The main difference between the two tripeptides is that GHK contains the α-amino
acid lysine, which is a positively charged amino acid. Lysine frequently plays an
important role in protein structure and proteinogenesis. Its side chain contains a
positively charged group at one end (ε carbon group) and four CH2 moieties near the
backbone. For this reason, lysine can be found on the outside of proteins, where it can
interact with the aqueous environment.[17]

However, a common amino acid between the two peptides is also histidine, which
is an α-amino acid used in the biosynthesis of proteins. It contains an α-amino group,
a carboxylic acid group, and a heterocyclic, planar imidazole ring on the side chain, of
aromatic character. The imidazole of histidine has an acidic dissociation constant
(pKa) of about 6. When the pH is below 6, then both nitrogen atoms in the ring are
protonated (NH), resulting in the amino acid carrying an overall positive charge that is
equally distributed between both nitrogens. When the pH is above 6 then only one of
the nitrogen atoms carries a proton and the side chain of the amino acid is neutral.
Histidine is classified as a positively charged amino acid at physiological pH.
Additionally, histidine is deprotonated, allowing its imidazole to coordinate with a
wide variety of divalent metal ions, such as Zn2+, Ni2+ and Cu2+, via one or both of the
deprotonated N atoms.[18] More precisely, when in a protein or peptide there is a free
NH2-terminal end, a histidine residue (preferably at the third position), and two
intervening amino acids, i.e. NH2-aminoacid1-aminocid2-Histidine, then the structural
feature of the ATCUN motif (amino-terminal copper and nickel binding site) can be
defined as present.[19] Histidine-metal coordination is a common motif observed in
enzymes playing catalytic roles. However, His-metal bonds can contribute to material
properties such as hardness, stiffness, toughness and self-healing capacity.
Furthermore, it has been reported that metal ions can remodel structures and by
extension affect the structure and function of biomolecules.[20]

These tripeptides and their complexes with copper, which present considerable
activity, have received much attention. The main reason is the presence of copper
binding growth factor GHK-Cu in human plasma, from which it can be released from
tissues in case of injury. In addition, the high ability of the skin to withstand damage
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and self-repair in young people is due to the high GHK content in their plasma. At the
age of 20 years, the plasma level of GHK is about 200ng/mL and by the age of 60
years it decreases to 80ng/mL.[21] Furthermore, this factor speeds up the healing
process of wounds, and activates biological events involved in tissue repair, including
angiogenesis, nerve development etc. Moreover, numerous studies have demonstrated
that GHK-Cu increases collagen production without the involvement of any growth
factors. Furthermore, the discovery of a GHK triplet in the human collagen raises the
possibility that the tripeptide is released to act locally during the healing process.[21],[22]

Figure 7: The chemical structural formula of the GHK-Cu.[23]

3.1.2 RGDSGAITIGH, Fmoc-RGDSGAITIGH & FmocFH
The RGD-H sequence constitutes an undecapeptide (Arg-Gly-Asp-Ser-Gly-Ala-

Ile-Thr-Ile-Gly-His) and it has been localized on the surface of proteins that interact
with cells, allowing the specific binding to receptors that trigger further cell
transformations caused by the corresponding adhesive proteins.[24] Moreover, it has
been identified as the most common peptide binding motif for at least seven integrin
receptors, leading to cellular adhesion to the extracellular matrix (ECM). RGD-based
peptides have found many applications in biological research and medical applications
ranging from noninvasive visualization of integrin expression in vivo, to the synthesis
of functionalized biomaterials.[25] Additionally, RGD peptides can be linked to
self-assembling peptides and increase the targeting effect of therapeutic drugs, while
cyclic RGD increases binding affinity to integrins and is helpful in targeting drugs to
cancer cells.[9]
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In the present work, the modified peptides Fmoc-RGD-H and Fmoc-FH were also
used to observe their association with the main peptides and how they affect hydrogel
formation. Τhe Fmoc (9-fluorenylmethoxycarbonyl) protecting group is used to
protect the amino group of amino acids. More precisely, it is commonly used to
prevent the involvement of amino acids in undesirable side reactions during the
synthesis of peptide chains. It is stable under acidic conditions and is labile in the
presence of bases.[26] Apart from its widespread application in peptide chemistry, it
also presents interesting anti-inflammatory properties.[27] Additionally, due to its
aromatic character, Fmoc is a key factor in the formation of hydrogels, as π-π*

interactions develop between the aromatic rings of the fluorenyl rings.[27],[28]

Figure 8: Structure of Fmoc protecting group.[29]

3.2 Materials used in this thesis
The tripeptide GGH and GHK were purchased as lyophilized powders from

Bachem, while RGD-H and Fmoc-RGD-H were bought from GeneCust. All of them
had high purity and no modification was ever made to their chemical structure. Lastly,
the chemical synthesis of FmocFH was carried out in collaboration with the team of
Professor Athanasios Koutsolelos from the Department of Chemistry of the University
of Crete. The details of the peptide powders are presented below.

● GGH
Its molar mass is 269.26 g/mol and the chemical formula C₁₀H₁₅N₅O₄.
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Figure 9: The chemical structure of the tripeptide Gly-Gly-His. (PubChem)

● GHK
Its molar mass is 340.38 g/mol and the chemical formula C14H24N6O4.

Figure 10: The chemical structure of the tripeptide Gly-His-Lys.

● RGDSGAITIGH
Its molar mass is 1083.23 g/mol and the chemical formula C44H74N16O16.

Figure 11: The chemical structure of RGD-H.[30]
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● Fmoc-RGDSGAITIGH
Its molar mass is 1304.28 g/mol and the chemical formula C59H85N17O17.

Figure 12: The chemical structure of Fmoc-RGD alone.[31]

● Fmoc-FH
Its molar mass is 524.57 g/mol and the chemical formula C30H29N5O4.

Figure 13: The chemical structure of Fmoc-FH.

4. Characterization Techniques

4.1 Microscopy

4.1.1 Stereoscopic Microscope
A stereoscopic microscope is a type of optical microscope that allows you to see a

specimen in three dimensions, under low magnification. The device uses two different
optical paths, two objective lenses and two eyepieces to provide each eye with slightly
different viewing angles.[32], [33] When evaluating solid materials with complex surface
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topography, stereomicroscopy overlaps with macrophotography as a three-
dimensional perspective is required for complexity analysis. This technique generally
uses light reflected from the object, but in some cases light can pass through it. In
some stereoscopes, magnification can be up to 100 times, and this is achieved through
a 10× objective lens and a 10× eyepiece lens, which can be adjusted simultaneously to
magnify the image. On the stereoscopic microscope, cross-polarizers can be easily
adapted to allow the passage of only certain wavelengths of visible light. In this way,
coloration can be observed through birefringence or the absence of light when the
sample is rotated in the plane of the polarized light. By this means some qualitative
information can be obtained about the structure of the sample.[33]

Figure 14: Stereoscopic microscope.[35]

4.1.2 Field Emission Scanning Electron Microscope, FESEM
The Field Emission Scanning Electron Microscope (FESEM) is a microscope that

provides topological and elemental information observed on the surface of materials
and cells where very small structures (≃1 nm) are present. Additional advantages of
this type of microscopy include the ability to examine smaller contamination spots at
electron acceleration voltages compatible with energy dispersive spectroscopy (EDS),
high quality and low voltage images with negligible electrical charging of the samples
(acceleration voltage ranging from 0.5 to 30 kilovolts).[34]

The object is scanned by electrons according to a zig-zag pattern.[36] Its
functionality is based on the liberation of electrons from a field emission source and
their acceleration in a high electrical field gradient. The primary electrons are focused
and refracted by electronic lenses within a high vacuum column to create a narrow
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scan beam that bombards the target. Thus, each point of the object emits secondary
electrons, whose angle and speed are related to the structure of the object’s surface.
These secondary electrons are captured by a detector, which then generates an
electrical signal. This signal is amplified and transformed to a monitor or to a digital
image that can be saved and processed.[34]

In order to observe the samples, they must firstly be conductive to the current,
which can be achieved by coating them with an extremely thin layer (1.5-3.0nm) of
metal, such as gold or gold palladium. This prοcedure is carried out in a separate
device. Additionally, objects must be able to sustain the high vacuum force and should
not alter the vacuum, for example by releasing water molecules or gasses.[34]

Figure 15: Schematic diagram of Field Emission Scanning Electron Microscope,
(FESEM). (ResearchGate)
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Critical Point Drying (CPD)

It is often necessary to run the samples through the fixation and critical point
drying process in order to stabilize the structures and remove any unwanted
substances, since drying the samples by solvent evaporation can cause severe
deformation due to surface stresses. Fixation is a routine method of dehydration of
biological samples prior to their examination under a scanning electron microscope
and is induced after washing the sample in specific solvents. Τhe samples to be
examined are exposed to increasing concentrations of graded ethanol, resulting in their
complete dehydration of water molecules.

4.2 Staining with Congo Red
Congo red was discovered in 1883 by chemist Paul Böttiger when he tried to

synthesize a substance that could be used as a pH indicator. When CR is present as a
disodium salt in alkaline or weakly acidic solutions, a red color is produced. In
strongly acidic conditions, as the free acid, the maximum absorbance peak moves
from 490-512nm to longer wavelengths in the yellow and orange regions, giving a
violet or blue color. In 1922, Bennhold discovered that CR can be used for
identification of amyloids both in vivo and in vitro.[37]

Congo red is an organic sodium salt of benzidinediazo-bis-1-naphtylamine-
4-sulphonic acid (formula: C32H22N6Na2O6S2), and is used as a pigment, with a
characteristic bright red color. It is a soluble molecule in polar solvents such as water
and ethanol and it forms a colloidal solution; its solubility is greater in organic
solvents.[38] In high concentrations it forms aggregates due to hydrophobic interactions
between the aromatic rings of the molecules leading to a π-π* stacking phenomenon.[38]

This dye binds to peptides and proteins through hydrophobic and electrostatic
interactions. Furthermore, it has the ability to incorporate vertically between the
antiparallel β-sheet of amyloid fibrils, imparting a fluorescent yellow or green
birefringence under polarized light. The various other colours, apart from the red that
is seen when the polariser or analyser is progressively rotated from the crossed
position, are explained by the combination of absorption and changes in
birefringence.[37] Birefringence indicates that a material has two refractive indices,
depending on its orientation in polarized light. A typical setting is when the polarizer
and the analyzer are crossed.[37] Today, this method is commonly used as it is a simple
and cost-effective diagnostic tool for amyloidosis.
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Figure 16: Chemical structure of Congo red.[37]

5. Materials and methods

5.1 Solubilization of Peptides
The solubilisation of GGH and GHK tripeptides was tested in deionised water,

100% pure ethanol, buffering agent HEPES and a combination of two solvents, one
good and one bad, DMSO/H2O and ETOH/H2O. The ratio of the two solvents that
were used was 2:8 or 3:7. In particular, each peptide powder was weighed into
separate eppendorf tubes of 2mL, where the solvent was added. Wherever it was
deemed necessary, the peptide powder/solvent mixture was heated at 55℃ in an
ultrasonic bath for a few minutes, in order to dissolve completely.

In the case of combined peptides, they were also weighed into separate eppendorf
tubes. Ιn the solutions where only one solvent was used, it was first added at the
tripeptide GGH or GHK solubilizing it, and afterwards it was transferred to the second
one. On the contrary, when two solvents were used, water was always added to the
tripeptide, while ethanol or DMSO was added at the eppendorf of “host” peptide,
which was then heated at 55℃, under sonication for a few minutes, to be totally
dissolved. Finally, the latter solution was transferred to the former eppendorf, in order
to initiate the coassembly process. Additionally, in some samples we studied the
impact of copper on the self-assembly process of peptides, and therefore we added the
suitable concentrations of CuCl2 to the added filtered water of the samples.
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Finally, in all cases, five minutes after the peptides were mixed, 16μL NaOH
(0.1M) were added, in order to neutralize the pH and help the hydrogel formation.

5.2 Preparation of samples for characterisation methods

5.2.1 Microscopy

Critical Point Drying (CPD)

Sample isolation and critical point drying is a procedure carried out in some cases
prior to observing samples in FESEM and is described below. Initially, 8µL of the
peptide samples to be tested were deposited on coverslips, which were placed in a
well plate and allowed to dry in atmospheric air for 24 hours. Then, the solvent was
removed through the semipermeable membrane. The samples were washed twice with
400μL of 0.1M sodium cacodylate buffer (SCB), pH 7.4 for 7 minutes. This was
followed by a wash with 400μL of 2% paraformaldehyde solution (PFA) for 30
minutes. Αfter that time, the samples were again washed twice with 400μL of 0.1M
SCB for 7 minutes. Furthermore, the samples were dehydrated by adding 400μL of
aqueous ethanol solutions of different concentrations (30%, 50%, 70%, 90%, 100%),
for 7 minutes each, while they were removed at the end of the time, so that the next
one could be added. Lastly, the samples were washed with 400μL of 100% dry
ethanol, 70% dry ethanol - 30% hexamethyldisilazane (HMDS), 30% dry ethanol -
70% HMDS and 100% HMDS, for 7 minutes each, while they were removed at the
end of the time, so that the next one could be added. Afterwards, the samples were
ready for use.
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Field Emission Scanning Electron Microscope, FESEM

To observe the samples in the field emission scanning electron microscope
(FESEM), drying in atmospheric air was required. Firstly, 8µl of each sample was
deposited in a coverslip, where they were placed in a Petri dish. Each sample was
taken after 24 hours and was left in atmospheric air and at room temperature to
evaporate the solvent.

Sputtering

For the following procedure the D.C. Magnetron sputtering technique was used.
This technique was used for the deposition of gold thin layers. Initially, the coverslips
that each sample had been deposited on were placed on a microscope slide, after being
placed on a conductive adhesive tape that we added to it in order to stabilize them.
The slide was then placed in a low-pressure chamber where the atmospheric air was
washed with argon, a vacuum was created and the sputtering process was carried out
with gold for 60 sec.

5.2.2 Staining with Congo Red
Congo red solution was prepared by dissolving 0.5g of Congo red powder (Sigma

Aldrich) in 100mL of 50% ethanol solution. Furthermore, an alkaline sodium
hydroxide (NaOH) solution was prepared by dissolving 1g NaOH in 100mL of
deionized water (1% v/w), at a final concentration of 0.25M. The solution used to
stain the samples was a mixture of 1mL of Congo red solution and 10μL of NaOH
solution (0.25M). Finally, 50µL of peptide solution was mixed with 8µL of Congo red
solution with NaOH. The sample was deposited on a microscope slide, and observed
under a stereoscopic microscope, using a crossed polarizer.

5.2.3 Ultraviolet - Visible Spectroscopy
In order to obtain the absorption spectrum of the samples, the following procedure

was followed. Washes with 1mL of deionised water were carried out on gels at 3, 9,
24, 48 and 72 hours after the hydrogel preparation. During each washing cycle, the
water was placed in a different eppendorf tube of 2mL. Furthermore, a ninhydrin
solution stock had been prepared, by dissolving 0.2g in 10mL of 100% pure ethanol
(2% v/w), from which three drops were added into each eppendorf of 1mL of every
solution. Immediately, they were heated at 100℃, for five minutes, in order to speed
up the reaction of ninhydrin with the α-amino group of primary amino acids. Before
measuring our samples we did a baseline correction using filtered water. Lastly,
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500μL of the samples were transferred to a quartz cuvette, which was cleaned after
each measurement with chromic acid and deionised water.

6. Results

6.1 Study of tripeptide GGH
The present study was initiated with the solubilization of the tripeptide using

deionized water, the combination of two solvents, one “good” and one “bad”,
DMSO/H2O and ETOH/H2O, and the buffering agent HEPES. The term “good” refers
to the solvent that solubilizes the peptide powder, whereas the term “bad” refers to the
solvent that initiates self-assembly following its addition to the peptide-good solvent
mixture. Other solvents were also tested under a variety of conditions, however
during observation under the electron microscope we could not detect any appropriate
structure in order to proceed further. The concentrations of GGH used were 1mg/mL,
3mg/mL and 10mg/mL. The ETOH/H2O ratio was 3:7, while the DMSO/H2O ratios
were 2:8 and 3:7. Wherever it was deemed necessary, the mixture of peptide
powder/solvent was completely dissolved after a few minutes in heated ultrasonic bath
at 55℃. Αll samples were observed after an incubation time of 24 hours.
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● GGH in H2O

Figure 17: FESEM images of GGH 3mg/mL (Α) and 10mg/mL (B) in H2O, after an
incubation time of 24 hours.

Βy dissolving the peptide in filtered water, the samples remained clear and when
examined in FESEM the formation of plates was observed at 3mg/mL (A), but at a
higher concentration of 10 mg/mL (B), they tended to accumulate and form “sticks”.

● GGH in ETOH/H2O 3:7
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Figure 18: FESEM images of GGH 1mg/mL (A, B, C, D) and 3mg/mL (E, F) in
ETOH/H2O 3:7, after an incubation time of 24 hours.

Τhe peptide powders were not completely dissolved in ethanol, despite being
heated and ultrasonicated for two minutes at 55℃. Τhe solutions became completely
transparent only when the corresponding quantity of filtered water was added.
However, for the 1mg/mL concentration, we obtained images with an amorphous
structure, where some evidence of fibrous structure was observed (A, B), and others
where the formation of dense structures with “sticks” were detected (C, D). Moreover,
when the concentration of the peptide was increased to 3mg/mL (E, F), a ribbon-like
structure appeared, which contained fibrils.

● GGH in DMSO/H2O 2:8

Figure 19: FESEM images of GGH 3mg/mL in DMSO/H2O 2:8, after an incubation
time of 24 hours.

After being heated and ultrasonicated for two minutes at 55℃, the solution of
3mg/mL peptide in DMSO/H2O 2:8 remained clear, and on the FESEM examination
some evidence of fibrous structure was observed.
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● GGH in DMSO/H2O 3:7

Figure 20: FESEM image of GGH 3mg/mL in DMSO/H2O 3:7, after an incubation
time of 24 hours.

We obtained similar results by dissolving the same concentration of the peptide in
DMSO/H2O 3:7, after heating and ultrasonicating it for two minutes at 55℃. The
sample remained clear and slightly clearer evidence of a fibrous structure was
observed on FESEM examination.

● GGH in HEPES (50mM)
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Figure 21: FESEM images of GGH 10mg/mL in HEPES (50 mM), after an
incubation time of 24 hours (A, B), and (C, D) with the Critical Point Drying

technique.

When the peptide of 10mg/mL was dissolved in the buffering agent Hepes
(50mM), the sample remained clear. However, when it was observed in FESEM,
disordered amorphous structures were found (A, B), as well as bundles of structures
with entangled fibrils (C, D) after applying the Critical Point Drying technique.

6.2 Study of tripeptide GHK
The solubilisation of GHK was carried out using deionized water, the combination

of two solvents, one good and one bad, DMSO/H2O, ETOH/H2O and the buffering
agent HEPES. In this case too, other solvents were tried in a number of ways.
However when we examined them under the electron microscope, we were unable to
spot any clear structure. The concentrations of GHK used were 1 mg/mL, 3mg/mL,
10mg/mL and 20mg/mL. The ETOH/H2O ratio was 2:8, while the DMSO/H2O ratios
were 2:8 and 3:7. Wherever it was needed, the peptide powder was completely
dissolved after a few minutes in heated ultrasonic bath at 55℃. All samples were
examined following a 24-hour incubation period.

● GHK in H2O
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Figure 22: FESEM images of 3mg/mL (A, B) and 10mg/mL (C, D) of GHK in H2O,
after an incubation time of 24 hours.

Βy dissolving the peptide in water, the sample remained clear and when examined
in FESEM, a fibrous morphology became noticeable at the 3mg/mL (A, B). On the
contrary, by increasing the concentration of GHK at 10mg/mL (C, D), bundles of
fibrils were clearly seen.

● GHK in ETOH/H2O 2:8

Figure 23: FESEM images of GHK 1mg/mL (A) and 3mg/mL (B) in ETOH/H2O 2:8,
after an incubation time of 24 hours.

Τhe peptide was not completely dissolved in ethanol, despite being heated and
ultrasonicated for two minutes at 55℃. Τhe solutions became completely transparent
only when the corresponding quantity of filtered water was added. However, from the
electron microscope we obtained an image with an amorphous structure (B), but at the
1mg/ml concentration (A) a sheet with fibrous texture was observed.
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● GHK in DMSO/H2O 2:8

Figure 24: FESEM images of GHK 3mg/mL (A, B) and 20mg/mL (C, D, E),  in
DMSO/H2O 2:8, after an incubation time of 24 hours.

The peptide was not completely solubilised in DMSO, despite being heated and
ultrasonicated for two minutes at 55℃. But, after adding water, it eventually
dissolved, the samples remained clear and on the FESEM examination the 3mg/mL
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(A, B) formed dense structures with sticks, while the 20mg/mL (C, D, E) were
petal-shaped and consisted of well-formed fibrils.

● GHK in DMSO/H2O 3:7

Figure 25: FESEM images of GHK 20mg/mL, in DMSO/H2O 3:7, after an incubation
time of 24 hours.
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The peptide was not completely solubilised in DMSO, despite being heated and
ultrasonicated for two minutes at 55℃. Nevertheless, we added water, where it
eventually dissolved. With the electron microscope it depicted a flower-like structure,
where the petals are composed of fibrils. Additionally, we were able to identify
well-formed structures.

● GHK in HEPES (50mM)

Figure 26: FESEM images of GHK 10mg/mL in HEPES (50mM), after an incubation
time of 24 hours.

When the 10mg/mL of the peptide were instantly dissolved in the buffering agent
Hepes (50mM), and the sample remained clear. However, when it was observed in
FESEM bundles of oriented fibrils were obtained.
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6.3 Study of RGDSGAITIGH, Fmoc-RGDSGAITIGH & FmocFH
● RGD-H in HEPES (25mM)

Figure 27: FESEM images of 5mg/mL RGD-H in HEPES (25mM), after an
incubation time of 24 hours.

The RGD-H peptide was instantly dissolved in the buffering agent Hepes
(25mM), creating a loose gel. The images we took from the electron microscope gave
us the structure of a thick broken film, which had isles with fibrils. However, due to
the cracks we could not focus on the sample, as the screen was blurred.
● Fmoc-RGD-H in HEPES (25mM)
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Figure 28: FESEM (A, B) and Congo red (C without polarizer, D with polarizer)
images of 5mg/mL Fmoc-RGD-H in HEPES (25mM), after an incubation time of 24

hours.

Τhe peptide powder was completely dissolved in the buffering agent Hepes
(25mM), after being heated and ultrasonicated for three minutes at 55℃. The gelation
of the sample was immediate. When the sample was stained with Congo red (C, D),
we could observe a greenish-orange birefringence under a crossed polarizer using the
stereoscope. This indicates that the formed fibrils have an amyloid conformation.
While using the electron microscope (A, B) we were able to identify dense and
well-formed fibril structures.

● FmocFH ETOH/H2O 2:8
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Figure 29: FESEM (A, B) and Congo red (C without polarizer, D with polarizer)
images of 3mg/mL FmocFH in ETOH/H2O 2:8, after an incubation time of 24 hours.

Τhe peptide was completely dissolved in ETOH/H2O 2:8, after being heated and
ultrasonicated for three minutes at 55℃. After 24 hours we noticed that a stiff gel was
formed. When the sample was stained with Congo red (C, D), we could observe a
greenish-blue birefringence under a crossed polarizer using the stereoscope. This
indicates that the formed fibrils have an amyloid conformation. While using the
electron microscope (A, B) we were able to identify dense and well-formed fibril
structures.

6.4 Peptide Coassembly
Βased on the previous results obtained from the solubilization of the peptides

GGH and GHK, we proceeded by examining their interaction with the peptides
RGD-H, Fmoc-RGD-H and FmocFH, under various conditions. The proportions of
the tested peptides were 1:1, 1:2, 2:1. Moreover, wherever the combination of
ETOH/H2O was used as solvents, it was carried out in a ratio of 2:8. It should be
noted that in some cases, in order to fully solubilise the peptides, they were heated for
a few minutes at 55°C under ultrasound.
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● GGH & RGD-H (2:1) in HEPES (25mM)

Figure 30: FESEM images of 10mg/mL GGH & 5mg/mL Fmoc-RGD-H, in HEPES
(25mM), after an incubation time of 24 hours.

The ratio of the two peptides was (2:1). After being mixed for a day, a gel was
formed. When observed in FESEM, a thin cracked film and amorphous structures with
slight evidence of fibrils could be distinguished.

● GHK & Fmoc-RGD-H (1:1) in HEPES (25mM)
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Figure 31: FESEM images of 5mg/mL GHK & 5mg/mL Fmoc-RGD-H, in HEPES
(25mM), after an incubation time of 24 hours.

In this case, the ratio of the two peptides was (1:1). Approximately five minutes
after mixing under ultrasound, and heated at 55℃, a stiff gel was formed. When
observed in FESEM, a thin broken film and dense fibrils were found.

● GHK & Fmoc-RGD-H (1:2) in HEPES (25mM)

Figure 32: FESEM images of 5mg/mL GHK & 10mg/mL Fmoc-RGD-H, in HEPES
(25mM), after an incubation time of 24 hours.

In this sample, the ratio of the two peptides was (1:2). It was heated at 55℃ and
ultrasonicated for two minutes, and after five of their mixture, a stiff gel was formed.
When it was observed in FESEM, structures consisting of relatively large fibrils were
found.

● GHK & Fmoc-RGD-H (2:1) in HEPES (25mM)

Figure 33: FESEM images of 10mg/mL GHK & 5mg/mL Fmoc-RGD-H, in HEPES
(25mM), after an incubation time of 24 hours.
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The ratio of the two peptides was (2:1) and in order to mix, the solution was
heated at 55℃ and ultrasonicated for two minutes, and after an additional five
minutes, a gel was formed. When observed in FESEM, structures consisting of even
thicker fibrils were displayed.

● GHK & Fmoc-RGD-H (2:1) & CuCl2 in HEPES (25mM)

Figure 34: FESEM images of 10mg/mL GHK & 5mg/mL Fmoc-RGD-H & CuCl2 of
0.1mΜ (A), 1mΜ (B) and 10mΜ (C) in HEPES (25mM), after an incubation time of

24 hours.

In these samples, the ratio of the two peptides was (1:2), while the concentration
of CuCl2 was 0.1mΜ (A), 1mΜ (B) and 10mΜ (C). They were heated at 55℃ and
ultrasonicated for two minutes and after 24 hours we noticed that they had maintained
their aqueous phase. When they were observed in FESEM, fibrils were found, denser
in the high concentration of CuCl2 (C), and somewhat segregated in the other two (A,
B). However, comparing them to each other, (A) consisted of thinner fibrils than (B).
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● GHK & FmocFH (1:1) in ETOH/H2O 2:8

Figure 35: FESEM (A, B) and real (C, D) images of 3mg/mL GHK & 3mg/mL
FmocFH, in ETOH/H2O 2:8, after an incubation time of 24 hours.

The ratio of the two peptides was (1:1) and in order to mix, the solution was
heated at 55℃ and ultrasonicated for three minutes, and after 24 hours we noticed that
a well-shaped hydrogel was formed (C, D). When observed in FESEM (A, B),
sheet-like structures had been formed, consisting of thin fibrils.

● GHK & FmocFH (1:1) & CuCl2 in ETOH/H2O 2:8
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Figure 36: FESEM images of 3mg/mL GHK & 3mg/mL FmocFH & CuCl2 of 560μΜ
(A, B), 280μΜ (C, D), 150μΜ (E, F) and 75μΜ (G, H), in ETOH/H2O 2:8, after an

incubation time of 24 hours.
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Figure 37: Images of the formed hydrogels of 3mg/mL GHK & 3mg/mL FmocFH &
CuCl2 of 560μΜ (A, B), 280μΜ (C, D), 150μΜ (E, F) and 75μΜ (G, H), in

ETOH/H2O 2:8, after an incubation time of 24 hours.

In these samples, the ratio of the two peptides was (1:1), while the concentration
of CuCl2 was 560μΜ (A, B), 280μΜ (C, D), 150μΜ (E, F) and 75μΜ (G, H). They
were heated at 55℃ and ultrasonicated for four minutes and after 24 hours
well-shaped hydrogels had been formed (Figure 36). Comparing the hydrogels of the
four concentrations of CuCl2 to each other, we concluded that as the concentration
increases, the hydrogel structure becomes looser. Moreover, when they were observed
in FESEM (Figure 37), fibrils were found, denser and thinner in the high
concentration of CuCl2 (A, B, C, D), in contrast to the lower concentration where
bigger and clearer fibrils were detected (E, F, G, H).

6.5 Ultraviolet - Visible absorbance
At this point in the thesis we conducted experiments in order to measure the

release rate of the lysine-containing peptide GHK from the coassembled hydrogel of
GHK, FmocFH and CuCl2. In more detail, we measured the absorption spectra of
3mg/mL of GHK and 3mg/mL of FmocFH, combined with the four concentrations of
CuCl2 (560μΜ, 280μΜ, 150μΜ and 75μΜ) and ninhydrin. Additionally, we measured
the absorbance spectra of our control samples to evaluate our results. Finally, the
experiments were carried out in triplicate to validate their reproducibility and to
evaluate our results. At this point it should be clarified that the absorption spectra of
48 and 72 hours were measured too, but since there was no indication of absorption,
they were omitted from the present work.
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6.5.1 Absorbance spectra of controls
● Ninhydrin & H2O

Figure 38: Αbsorption spectrum of Ninhydrin in H2O.

● GHK & Ninhydrin

Figure 39: Αbsorption spectrum of GHK 3mg/mL in H2O & Ninhydrin at 3 hours.
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● FmocFH & Ninhydrin

Figure 40: Αbsorption spectrum of FmocFH 3mg/mL in H2O & Ninhydrin at 3 hours.

● Ninhydrin & CuCl2 (560μΜ)

Figure 41: Αbsorption spectrum of Ninhydrin with CuCl2 (560μΜ).
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● GHK & CuCl2 (560μΜ)

Figure 42: Αbsorption spectrum of GHK 3mg/mL in H2O & CuCl2 (560μΜ) after 3
hours.

● FmocFH & CuCl2 (560μΜ) & Ninhydrin

Figure 43: Αbsorption spectrum of FmocFH 3mg/mL in ETOH/H2O 2:8, CuCl2
(560μΜ) & Ninhydrin, after 3, 9 and 24 hours.
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● GHK & CuCl2 & Ninhydrin

Figure 44: Αbsorption spectrum of GHK 3mg/mL in H2O, Ninhydrin & CuCl2 of
560μΜ, 280μΜ, 150μΜ, 75μΜ and 50μΜ.

● GHK & FmocFH & Ninhydrin

Figure 45: Αbsorption spectrum of GHK 3mg/mL and FmocFH 3mg/mL in
ETOH/H2O 2:8 & Ninhydrin, after 3, 9 and 24 hours.
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6.5.2 Absorption spectra of the examined samples

● GHK & FmocFH & CuCl2 & Ninhydrin at 3 hours

Figure 46: Αbsorption spectrum of GHK 3mg/mL and FmocFH 3mg/mL in
ETOH/H2O 2:8, Ninhydrin & CuCl2 of 560μΜ, 280μΜ, 150μΜ, 75μΜ and 50μΜ, at

3 hours.

● GHK & FmocFH & CuCl2 & Ninhydrin at 9 hours
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Figure 47: Αbsorption spectrum of GHK 3mg/mL and FmocFH 3mg/mL in
ETOH/H2O 2:8, Ninhydrin & CuCl2 of 560μΜ, 280μΜ, 150μΜ, 75μΜ and 50μΜ, at

9 hours.

● GHK & FmocFH & CuCl2 & Ninhydrin at 24 hours

Figure 48: Αbsorption spectrum of GHK 3mg/mL and FmocFH 3mg/mL in
ETOH/H2O 2:8, Ninhydrin & CuCl2 of 560μΜ, 280μΜ, 150μΜ, 75μΜ and 50μΜ, at

24 hours.

Based on the absorption spectra of the controls (Figure 40, 43), we observe that
the protected peptide FmocFH does not interact with ninhydrin. On the contrary, the
GHK tripeptide–ninhydrin spectra (Figure 39, 44) display equivalent absorption at
400nm and 568nm, which is expected because, as mentioned above, the complexes of
ninhydrin with the NH2-terminal end of amino acids absorbs between 275 and 700
nm, as they do at ~440 nm.[14] More specifically, the molecular geometry of the
Copper ion Cu2+ at the GHK-Cu complex forms square-pyramidal coordination, as it
binds with the glycine amino-terminus, the amide N atom in the glycine-histidine
peptide bond and the histidine side chain.[41] In this way glycine, copper and histidine
lie on the same plane while lysine is perpendicular. The NH2-terminal end of the latter
is free, enabling the binding of ninhydrin.
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Figure 49: Representation of Cu-GHK coordination.[41]

Similar behavior is observed in the results we obtain from the absorption spectra
of the co-assembled GHK/FmocFH control with Ninhydrin (Figure 45). Nevertheless,
when various concentrations of copper were added to the GHK control, as to the
co-assembled samples, although they were made under the same conditions, a third
peak appears at ~487 nm (Figure 44, 46). Furthermore, it was pointed out that as the
concentration increases, the hydrogel structure becomes looser (Figure 36), and
accordingly increases the absorption at the third peak. Additionally, according to
Figure 49 we can observe that Glycine, Copper and Histidine lie on the same plane,
while Lysine is perpendicular to this plane. It is positively charged, and so it is free to
interact with the aqueous environment. Finally, after several repetitions of the
experiments, we concluded that this interesting observation is explained by the
formation of a complex between histidine, copper and ninhydrin, which is now the
subject of further study.

In general, peptide hydrogels are widely used in pharmaceutical applications and
especially in the controlled release of pharmaceutical products. In this case the
water-soluble tripeptide Gly-His-Lys with the suitable concentrations of CuCl2 were
encapsulated in the Fmoc-Phe-His dipeptide hydrogel, which was formed in
ethanol/water solvent of 2:8 ratio. Then, the ability of the hydrogel to release the
peptide solution was measured and the percentage of substance released was
calculated, as well as the release rate. From the collected absorption spectra and with
the help of a standard absorption to concentration curve, the percentage of
GHK/CuCl2 released and the release rate were calculated by the relationship:
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𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 𝑑𝑟𝑢𝑔 𝑟𝑒𝑙𝑒𝑎𝑠𝑒 = 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑑𝑟𝑢𝑔 𝑟𝑒𝑙𝑒𝑎𝑠𝑒
𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑑𝑟𝑢𝑔 𝑒𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑒𝑑 𝑖𝑛 𝑔𝑒𝑙 · 100%

Figure 50: Graphical representation of percentage drug release at 568 nm of the 3
hours, as the concentration of CuCl2.

Based on the graph in Figure 50, the control sample is released at a percentage of
95.6%. The drug releases of the samples with the CuCl2 concentration vary, with the
50µM to have a 95.3% release percentage, the 75µM have a 64.2% release, the
150µM release 63.3%, the 280µM release a 87.3%, and last but not least the 560µM
have a 83.9% release percentage. These results are consistent with the looseness of the
produced hydrogels. Τhe highest release rates are found at 50µM, 280µM and 560µM,
whose hydrogel structure is more loose, as shown in Figure 37. In contrast, the more
rigid gels, which correspond to the 75µM and 150µM of CuCl2, show a release
percentage of just over 60%. However, the remaining percentage was not released in
subsequent washes, indicating that there is encapsulation within the hydrogel.
Νevertheless, the data need to be further studied in order to fully understand the
occurrence of the third peak at ~487 nm and its role in drug release.
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Figure 51: Standard curve for drug release concentration (mg/mL) vs absorbance.

7. Conclusions and future perspectives
The peptides are building blocks of natural biomaterials, due to their ability to

self-assemble under appropriate conditions, and to form larger and more complex
structures such as fibrils. One significant benefit is that they may go through many
modifications and appropriate treatments to ultimately become the optimal raw
material for the desired substance with the requisite qualities.

The research and the experiments that have been conducted in this thesis are
aimed at the study of Glycine-Glycine-Histidine (GGH) and Glycine-Histidine-Lysine
(GHK) peptides, as well as of their coassembling with other peptides, and of their
Copper-binding complexes. Also, their ability to self-assemble was assessed, in order
to form stable hydrogels. These were followed by the characterisation of the samples
using the electron microscopy method (FESEM) and staining with Congo red. Βased
on the methods we used and the data we obtained, it was found that they self-assemble
in different forms, depending on the solvent.

In addition, it was noticed that they are gelled only when they are combined with
the protected peptides. Τhis last observation gave us the impetus to further study the
controlled release of drugs encapsulated in them through a “guest”-“host” system.
Αlthough observation of the samples by Ultraviolet-Visible Spectroscopy showed
tangible release effects at the three-hour time point. For this reason, more research is
required in order to test cytotoxicity of a drug on target and off-target cells.

Moreover, “guest”-“host” system containing GHK-Cu is of great significance in
cosmetics and especially in creams, for collagen production, skin renewal, anti-aging
by reducing the depth of wrinkles, and wound-healing as GHK possesses strong
antioxidant and anti-inflammatory actions.[21],[42]
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