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ABSTRACT
SELF-ASSEMBLED PEPTIDE BASED BIOMATERIALS FOR
DRUG DELIVERY AND REGENERATIVE MEDICINE
Göksu Çinar
Ph.D. in Materials Science and Nanotechnology
Advisor: Mustafa Özgür Güler
June, 2016
Self-assembly is a nature inspired novel engineering tool to build functional new
generation of adaptable and complex biomaterials with variety of chemical and
physical properties based on recent discoveries at the interface of chemistry, biology
and materials science. Within self-assembling building blocks, peptides consisting
natural amino acids and possibilities to integrate other molecules via synthetic
approaches are intriguing biomacromolecules to obtain dynamic architectures at both
nano and bulk scales for biomedical applications. In this thesis, the development of
novel biomaterials through molecular self-assembly of the biomimetic peptides,
bioactive peptide amphiphiles and their composite architectures with polymeric
system for biomedical applications were presented. In the first chapter, the concept of
self-assembly, design principles of the self-assembling peptide based building blocks
and advanced characterization techniques for these materials were discussed to provide
general perspective on the field. The applications of peptide based biomaterials with
an emphasis on the drug delivery and regenerative medicine purposes were also
highlighted in this part. In the second chapter, amyloid inspired self-assembling
iii

peptides and their supramolecular assemblies were presented in the context of
developing nature-inspired biocompatible and mechanically stable supramolecular
peptide based biomaterials. In the third chapter, supramolecular PA nanofiber gels
which can form supramolecular nanofibrous networks at physiological conditions and
encapsulate chemotherapeutics with high efficacy were examined as controlled local
drug delivery system at both in vitro and in vivo conditions. In the fourth chapter, the
facile fabrication strategy to create a novel self-assembled peptide amphiphile (PA)
nanofibers and PEG composite hydrogel system as synthetic ECM analogues was
discussed. It was showed that the synergistic combination of different classes of
materials provide us new opportunities to develop biomaterials with independently
tunable biochemical, mechanical and physical properties.

Keywords: Self-assembly, biomaterials, amyloid inspired peptides, peptide
amphiphiles, nanofibers, supramolecular nanofiber gels, drug delivery, controlled drug
release and regenerative medicine
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ÖZET
MOLEKÜLER KONTROLLÜ BİR ARAYA GELME YÖNTEMİYLE
OLUŞTURULAN PEPTİT BAZLI BİYOMALZEMELERİN İLAÇ TAŞINIMI
VE REJENERATİF TIP ALANLARINDA UYGULAMALARI
Göksu Çinar
Malzeme Bilimi ve Nanoteknoloji, Doktora
Tez Danışmanı: Mustafa Özgür Güler
Haziran, 2016
Moleküler kontrollü kendiliğinden bir araya gelme, farklı fiziksel ve kimyasal
özelliklere sahip yeni nesil malzemelerin üretilmesinde kullanılan doğadan
esinlenerek geliştirilmiş bir yöntemdir. Günümüzde bu malzemeleri oluşturan
moleküler düzeyde kontrol edilebilir yapı taşları; kimya, biyoloji ve malzeme bilimi
gibi farklı bilimsel disiplinlerin ortak yaklaşımlarıyla geliştirilmektedir. Doğada
bulunan yapı taşları içerisinde, peptit molekülleri kendilerini oluşturan amino asitler
arasındaki kovalent olmayan etkileşimler yardımıyla programlanarak; dinamik ve
çevresel etkilere duyarlı çeşitli biyomalzemelerin nano veya makro düzeydeki
inşasında kullanılmaktadır. Bu tez çalışmasında, doğadaki akıllı tasarımlardan
esinlenerek geliştirilmiş kendiliğinden bir araya gelerek elde edilen peptit tabanlı farklı
biyomalzemelerin üretilmesi, malzeme özelliklerinin belirlenmesi ve farklı
biyomedikal alanlardaki uygulamaları sunulmuştur. İlk kısımda, moleküler kontrollü
bir araya gelme prensipleri, bu özelliğe sahip peptit tabanlı yapı tasarım stratejileri ve
bu yapıların oluşturdukları malzemeler için kullanılan yeni nesil karakterizasyon
v

yöntemleri literatürdeki örnekler ışığında tartışılmıştır. İkinci kısımda, nörodejeneratif
hastalıklara sebep olan amiloid peptit yapılarından esinlenerek tasarlanan peptit
moleküllerinin kendiliğinden bir araya gelme davranışları, fizyolojik koşullarda
oluşturdukları nanofiber ve supramoleküler jellerin malzeme özellikleri ve
biyouyumlulukları incelenmiştir. Üçüncü bölümde, kemoterapötik ilaçların lokal
bölgelere taşınımı hedefleyen supramoleküler peptit amfifil nanofiber jellerin
geliştirilmesi, kontrollü ilaç salım davranışları ve ilaç taşıma sistemi olarak
uygulanabilirliği in vitro ve in vivo koşullarda incelenmiştir. Dördüncü kısımda, peptit
amfifil ağsı nanofiberleri ve kimyasal çapraz bağlanmış PEG ikili yapı iskelesi içeren
biyoaktif doğal ekstraselüler matriks benzeri biyomalzemelerin, kompozit malzeme
stratejisi kullanılarak geliştirilmesi incelenmiştir. Hücre-biyomalzeme etkileşimleri ve
rejeneratif tıp alanında uygulaması, 2 ve 3 boyutlu in vitro hücre kültür ortamında test
edilmiştir.

Anahtar kelimeler: Kendiliğinden bir araya gelme, biyomalzemeler, amiloid benzeri
peptitler, peptit amfifiller, nanofiberler, supramoleküler nanofiber jeller, ilaç taşınımı,
kontrollü ilaç salımı ve rejeneratif tıp
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Chapter 1
1. Introduction
1.1 Self-Assembly
Self-assembly is a ubiquitous process of nature, and it has numerous important roles
for the construction of a wide variety of complex biological architectures.[1] It is
defined as the spontaneous organization of the molecules into dynamic structures
architectures joined through the noncovalent interactions.[2] The lipid bilayer cell
membrane, actin filaments, capsid proteins of the viruses, collagen fibers are wellknown hierarchical self-assembled architectures found in natural organisms.[3, 4]
Molecular self-assembly is an emerging powerful tool within bottom up approaches
takes the advantages of noncovalent interactions including hydrogen bonding, van der
Waals, electrostatic, π-π, hydrophilic and hydrophobic interactions etc.[5] Although
individually, these types of non-covalent bonds are usually weak compare to the
covalent systems (Figure 1.1), they drive the self-assembly process and guide the
structural organization of the building blocks into thermodynamically stable, complex
and adaptable architectures when used in combination at the desired conditions.[6]

Figure 1.1 Strength and properties of chemical interactions
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Over the past two decades, scientists and engineers have been inspired by nature's
assembly principles to design simple or informed building blocks which can selfassembly into variety of functional nanoscale and bulk architectures (Figure 1.2).[7]
The main advantage of this method is to anticipate size limitations of the top down
approaches nanostructured materials via supramolecular chemistry without need of the
equipments.[8] These self-assembled functional materials have been used in different
applications including energy conversion and storage, electronics, photonics and
biomedical purposes such as drug delivery, biosensing and tissue engineering.[9, 10]
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Figure 1.2 Programmable self-assembly of simple or informed components. A variety
of simple supramolecular architectures including peptide amphiphile nanofibers,
nanoparticle polymers, vortex crystals and nanoparticle assemblies; and complex
hierarchical architectures such as the ribosome or DNA bricks. (Adapted from Ref. 7
with permission from Nature Publishing Group)
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1.2 Peptide Self-Assembly
Peptides consisting only natural or synthetic amino acids are able to form selfassembled nanostructures and supramolecular architectures depending on the intrinsic
properties of the building blocks. Amino acids which are the building blocks of the
peptide molecules exhibits variety of physiochemical properties due to different
charge, hydrophobicity, size and polarity of their side chains. Non-polar amino acids,
including aliphatic (alanine, leucine, valine) and aromatic (tyrosine, phenylalanine)
amino acids, are mostly responsible for hydrophobic aggregation due to hydrophobic
forces and π-π stacking, respectively. On the other hand, polar amino acids facilitate
either hydrogen bonding or electrostatic interactions depending on their uncharged
(serine, asparagine) or charged (lysine, histidine, glutamic acid) residues (Figure
1.3).[11] In addition to the side chain properties, the peptide backbone itself provides
considerable stability through hydrogen bonds.
The stabilization of the multiple peptide backbone arrangements by hydrogen bonding
interactions between the backbone amide and carbonyls results in the formation of βsheets. The sheet is either parallel or anti-parallel depending on the direction of the
strands. The α-helices are formed by individual peptide chains where backbone amide
components are intramolecularly hydrogen bonded unlike the β-sheets. It leads to the
presentation of the amino acid side chains on the surface of each helix and furtherly
enhances the accessibility of amino acid side chains to solvent. In some cases, these
single α- helices can assemble by coiling together and form so called coiled coils.
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Figure 1.3 Schematic representation of the different class of amino acids and noncovalent interactions involved in the peptide self-assembly. (Reproduced from Ref. 11
with permission from Royal Society of Chemistry)
Peptide self-assembly is triggered via different external factors including pH, light,
temperature, ultrasonication, ionic strength and solvent polarity due to the stimuli
responsive dynamic nature of the noncovalent interactions between the peptide
molecules.[12] In addition to the triggering the self-assembly process, these external
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factors can be used to control and manipulate the structural properties such as size,
shape or morphology of the self-assembled peptide architectures under different
environmental conditions. This stimuli responsive nature of peptide self-assembly
provide new opportunities to design materials which could satisfy the need of next
generation devices and industries.
1.3 Design of Self-Assembling Peptide Based Building Blocks
1.3.1 Peptides Composed of Only Amino Acids
The distribution and the number of the hydrophobic and hydrophilic amino acids in
the peptide sequence govern the final structural organization of the self-assembled
peptides into nanofiber, nanotape, nanorod, nanovesicle, nanotube or micelle.
Aggregation propensity and critical aggregation concentration (CAC) of the peptides
can be modulated depending on the nature of the hydrophobic domain, which is very
important for the stability of the assembly in aqueous environment.[13] The design of
different self-assembling peptides consisting only natural amino acids and their
supramolecular architectures formed via different triggering factors were given in
Figure 1.4.[1]
Surfactant like peptides (SLPs) were designed as multiple 7-8 residue peptides
consisting both consecutive hydrophobic residues (A6, V6, or L6) and hydrophilic
headgroup consisting one or two charged amino acid residues.[14] The type of
nanostructure formed was mainly affected by the hydrophobicity of the tail but not by
the number of integrated charged residues. The influence of the hydrophobic tail length
on the formed SLP nanostructure was examined designing A3K, A6K, and A9K
peptides.[15] These peptides exhibited structural transition as their hydrophobic tail
extended due to the change of packing within the nanostructure. While A3K self6

assembled into unstable peptide sheet stacks, A6K and A9K formed long fibrillarwormlike micelles and short nanorods, respectively.
Unlike the above-mentioned surfactant like peptides, the histidine attached
hexaalanine sequence which had the ability to chelate to transition metal ions,
particularly zinc cations, through its imidazole side chain were designed and
synthesized.[16] In the study, the structural differences of the A6H assemblies prepared
in water and in ZnCl2 containing solution at neutral and acidic pH were compared,
respectively; and it was observed that while aqueous assemblies self-assembled into
short sheets at pH 7, A6H dissolved in ZnCl2 solution formed pseudocrystalline
particles containing plate/tape like sheets.

Figure 1.4 Self-assembling peptide building blocks consisting only natural amino
acids and their supramolecular assemblies. (Adapted from Ref. 1 with permission from
Wiley Periodicals, Inc.)
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Alternative to the classical design of traditional amphiphilic or SLPs, double-headed
architecture of bolaamphiphiles (composed of hydrophobic core and two hydrophilic
moieties flanking the both ends of the core) received a growing interest for their ability
to form different self-assembled nanostructures.[17-19] It was reported that the
designed linear octapeptide (EFL4FE) self-assembled into nanotubes at high
concentrations whereas they tended to form sheet like structures at lower
concentrations.[20] Very recently, the researchers devised several phenylalanine
containing bolaamphiphiles, (EFFFFE, KFFFFK, and EFFFFK), whose terminal
charges were modulated to investigate the effect of electrostatic interactions on the
resulting polymorphic nanostructure.[21] That led to the twisting of the β-sheet tapes
and accordingly the formation of fibrils, twisted ribbons and belts.
Self-assembly can also be induced by utilizing specific chemical functionalities found
in the peptide backbone. For instance, amphiphilic gemini peptides, formed as a result
of linking two cysteine containing single chain peptides with disulfide bond through
oxidation, were designed. Its self-assembly behavior was compared with that of the
corresponding single chain counterparts.[22] Furthermore, three different hydrophobic
amino acids (alanine, valine, and isoleucine) were chosen to tune the molecular
hydrophobicity of the peptides and to study its effect on the self-assembly together
with the dimerization.
Amphiphatic peptides arranged in an alternating fashion were firstly developed by
Zhang group.[23-25] This ionic self-complementary peptides formed stable β-strand
and β-sheet structures which further self-assembled into well-ordered nanofibers due
to the electrostatic interactions. Beta sheets are putatively arranged into bilayer
structures leading to the concealment of hydrophobic side chain groups within the
8

bilayer interior that exposes hydrophilic side chains into the aqueous media. The effect
of sequence pattern variation on the self-assembly of amphiphatic peptides was
dissected by using frequently studied Ac-(FKFE)2-Am peptide as a model.[26] It was
figured out that the alteration in the amino acid groupings and the disruption of the
alternating pattern not only reduced the self-assembly ability but also changed the
morphology of the resulting materials.
Multidomain peptides (MDPs) are another design example of the self-assembling
peptides in which the displayed domains were arranged in an ABA block motif where
B block composed of alternating hydrophilic and hydrophobic amino acid residues and
peripheral A blocks employed charged amino acids to control the self-assembly
through electrostatic interactions.[27, 28] The extended β-sheet conformation of the
peptides led to creating a facial amphiphile. Packing of two of the hydrophobic faces
against each other formed a “hydrophobic sandwich” which further elongated through
antiparallel beta sheet hydrogen bonding. The self-assembly of MDPs was further
explored by introducing aromatic amino acid residues into the core and it was
concluded that hydrogen bonding pattern changed depending on the type of substituted
aromatic amino acid without affecting the basic nanofiber morphology.[29]
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1.3.2 Peptide Amphiphiles
Peptide amphiphiles (PAs) which are naturally found in living organism as functional
molecules for bioprocesses are composed of both hydrophobic alkyl tail and
hydrophilic peptide sequences.[30, 31] PA molecules can form diverse nanostructures
and supramolecular architectures via different factors such as pH change[32],
oppositely charged molecules[33, 34], metal ions[35] or enzyme activation[36].
The design of the PAs is based on the balance between hydrophobic alkyl tail length
and hydrophilic amino acid sequences since amphiphilicity is the main driving force
for the self-assembly of PA building blocks into well-defined supramolecular
nanostructures.[37] The stability and flexibility of the resulting assemblies can be
further improved by enhancing the amphiphaticity of PAs. The balance between
hydrophobic and electrostatic interactions is needed to be taken into account while
determining the geometry of amphiphiles with minimum free energy.[37] Since an
alteration in the hydrophilic segment can lead to a change in the critical packing
parameter (CPP)[38], it can affect the morphology of the overall assembly.[39, 40]
The increase hydrophilicity towards the C-terminus of the designed PA molecule
resulted the formation of the elongated self-assembled fibers due to pH triggering or
salt induced charge neutralization of the acidic amino acid residues. Although both
formulations exhibited similar morphologies, salt induced PA nanofibers formed
stronger intra- and interfiber crosslinks through calcium mediated ionic bridges.[41]
The same phenomena was also examined in another study using AFM nanoindentation
technique, and the similar increase nanofiber stiffness due to Ca2+ crosslinking was
shown.[42]
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In addition, internal dynamics and fluctuations of supramolecular PA nanostructures
have been studied in the help of quantitative electron paramagnetic resonance (EPR)
spectroscopy in which local molecular motion within the assemblies can be tracked
via site specific spin-label probes located at the PA molecules.[43] This technique also
enable to reveal the relation between hydrogen bonding densities within β-sheet
internal organization and the supramolecular cohesion of self-assembled PA
nanostructures was effected by the design of the building blocks.[44]
In addition to the PA design examples given above, various self-assembling PA
molecules which can self-assembly worm-like micelles due to their ɑ-helix
propensities were also shown.[45, 46] Individual helices in the micellar state was
obtained due to the symmetrically distributed of the lysine residues on the PA
backnone[45]; and the resulting supramolecular nanostructures revealed time
dependent morphological transition from spherical to long nanofibrillar structures. In
another study, the effects of hydrophobic amino acid residues on the self-assembly of
PA by addition of four alanine residues between the palmitic acid and oligopeptide
sequence.[46] Interposing of hydrophobic alanine residues led to the structural
transition on the morphology of corresponding PA from nanoribbons to worm-like
micelles, further being confirmed by a secondary structural change from α-helices to
β-sheets.
The oppositely charged PA molecules was also designed to trigger their coassembly
due to the electrostatic interactions and charge screening of the PA molecules by
simply mixing them.[47, 48] Lauryl tail conjugated lysine and glutamic acid bearing
PA molecules were coassembled into one dimensional nanofibers at physiological
conditions without need of any external factor or environmental change.[49] In
11

addition, the integration of the short bioactive epitopes to these oppositely charged PA
molecules did not change the structural properties of these assemblies; and coassembly
approach enabled to dilute bioactive epitope densities on the nanofibers simply
changing the mixing ratios of the PA molecule.[50-52] The coassembly properties of
oppositely charged PA molecules were also studied by other groups by mixing them
at different ratios; and it was shown that the coassembled PA fibers showed enhanced
β-sheet formation compare to the self-assembled individual PA components due to the
additional electrostatic interactions.[53]
Depending on the design of the PA molecules, it is also possible to obtain spherical
nanostructures in addition to the one-dimensional architectures. The use of β-sheet
breaking triproline residues instead of trileucine residues on the PA design change the
direction of the hydrogen bonding and resulted the formation of spherical
nanostructures.[13] In other study, proline residues incorporated PA molecules were
also developed to obtain spherical nanostructures as an efficient delivery vehicle for
the oligonucleotides (ODNs).[54] Recently, the importance of nanostructure
morphology in tuning immune response was also examined designing two different
PA molecules consisting beta-sheet forming or breaking amino acid residues which
coassembled into nanofiber or nanospherical architectures delivering ODNs (Figure
1.5).[55]
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Figure 1.5 Schematic representation, CD spectra and AFM images of the design of
the self-assembled K-PA nanofibers and P-PA nanospheres developed as the
oligonucleotide (ODN) carriers to modulate immune response. (Adapted from Ref. 55
with permission from Nature Publishing Group)
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1.3.3 Peptide Containing Other Hybrid Systems
Thanks to the organic chemistry, it is possible to obtain peptide hybrid systems
composed of different chemical blocks besides peptides such as lipids, polymers,
nucleobases, saccharides, aromatic groups, halogenic elements etc. Table 1.1 lists the
self-assembled forms of recently reported hybrid peptide systems and gives additional
information about regarding the structural properties. Peptides have been modified not
only by changing the type of amino acid or order of its sequence, but also by using
capping molecules at N- or C- terminus or by inserting a linker between peptide
domains both to rationalize the self-assembly behavior and control the resultant
structural features of formed assemblies.[56-58]
Table 1.1 Recently reported self-assembling peptide hybrid systems
Hybrid system

Fmoc-FF, Fmoc-FG, Fmoc-GG, Fmoc-GF
Fmoc-n-X-Phe
(n=2, 3 or 4 and X= F, Cl or Br)
Fmoc-3-F-Phe-X and Fmoc-F5-Phe-X (X=OH,
NH2 or OMe)
Naphthalene-FF-taurine
Phenothiazine-GFFY
Pyrenebutyryl-ɛ-Ahx-VVAGH-Am
Boc-FF
E3-X-G-perylene diimide-G-X-E3
(X= A3 or DA3)
Terthiophene-XE (X=G,V,I and L)
DXX-quaterthiophene-XXD (X=G,A,V,I,F)
Trigonal WTW
mPEO7-F4-OEt
PEG-Pep-fluorophore-Pep-PEG
CREKA-PEG2000-DSPE
KK(K-hepta thymine-K)G3A3K(-OC16H31)-Am
C18H35O-CTGACTGA-E4-Am
Nucleobase-Fn-glucoside (n=1 or 2)
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Structure

Ref.

Fibril

[60]

Fibril

[61]

Nanofiber/fiber bundle

[66]

Nanoribbon/fiber/sheet

Nanotube
Nanofiber
Nanofiber
Nanosphere

Nanosheet/nanotube
Nanofiber
Nanosphere/nanofiber
Nanotube
Micelle
Micelle
Nanofiber
Micelle
Nanofiber/nanoparticle

[59]

[62]
[63]
[64]
[65]

[67]
[68]
[69]
[70]
[71]
[72]
[73]
[74]
[75]

Using aromatic moieties at the N-terminus of the peptide is another strategy to drive
the self-assembly by providing amphiphilicity to the structure. Unlike the assembly
mechanism of aliphatic peptide amphiphiles, aromatic group dominantly directs the
self-assembly by its planar structure and resulting geometric restrictions due to the
preferred stacking arrangements.[76] Various dipeptide combinations were exploited
along with Fmoc (9-fluorenylmethoxycarbonyl) unit.[77-81] In a study, it was
examined the self-assembly behavior of Fmoc-dipeptides composed of the
combination of phenylalanine and glycine residues and revealed that the flexibility of
the overall structure as well as the resultant conformation were affected from the amino
acid type and sequence, leading to the formation of structurally different
assemblies.[59]
Besides Fmoc-dipeptides, Fmoc-tripeptides together with tetra- and pentapeptide
derivatives were also presented which exhibited nanofibrous or nanotubular
structures.[82-85] In addition to the well-studied Fmoc group; naphthalene,[62, 86]
phenothiazine,[63] pyrene,[64] carboxybenzyl,[87] azobenzene,[88, 89] naproxen[90]
and benzimidazole[91] moieties were also utilized as aromatic capping at the Nterminus facilitating the self-assembly. The incorporation of non-proteinogenic amino
acid, taurine, and naphthalene into the peptide backbone resulted in the formation of
nanotubes, nanofibers or nanoribbons depending on the assembly conditions such as
temperature, sonication and pH.[62]
Peptide π-electron systems are another well-studied class of hybrid peptide systems
whose self-assembled architectures revealed different photo physical, electrical and
mechanical properties. π-electron systems can be integrated into peptide backbone in
many different ways such as a side chain[92], a linker between two peptide
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sequences[93] or a capping molecule at the N-terminus.[94] While designing a
peptide/ π-electron building block, amino acid sequence/π-electron system pair should
be selected carefully in terms of their energetic contributions to the self-assembly in
order to form supramolecular structures with improved electron transport
properties.[95, 96]
Amphiphilicity in the hybrid structure can alternatively be achieved by anchoring
hydrophilic polymers to hydrophobic peptide segments, or vice versa, through the
different chemistries to afford copolymer conjugates of different structures.[97] The
nature of the polymer, the chemical heterogeneity of the peptide, the conjugation site,
and the reaction medium can affect the structure, dynamics and function of
corresponding hybrid system. A number of polymer-peptide conjugates have been
reported until now in which polymers with different composition, number, length of
the side chains were used to create different form of nanostructures.[98, 99]
Similar to lipids, nucleobases or saccharides can also be conjugated to the
peptides.[80] Peptide nucleic acid/peptide amphiphile conjugate was constructed on a
solid support and poly-thymine PNA heptamer was built on the peptide amphiphile
whose self-assembly resulted in the formation of uniform nanofibers.[73] Similar
approach was later used to synthesize a series of peptide nucleic acid amphiphiles
(PNAA) containing different hydrophobic and hydrophilic moieties.[74] The selfassembly driven mainly by the base pair stacking of PNAA duplexes and
intermolecular noncovalent interactions led to the formation of spherical micelles.
Saccharide incorporated peptide conjugates were also developed in recent years,
affording uniform self-assembled nanostructures. They can be synthesized through
diverse synthetic approaches: by using glycosylated amino acid,[100] directly
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conjugating to peptide backbone or amino acid side chain through amide bond
formation,[101] or selecting proper linker for the anchorage.[102, 103]
1.4 Characterizations of Self-Assembled Peptide Based Materials
Characterizations of self-assembled nanoscale architectures require sophisticated
techniques due to their complex and dynamic nanoscale nature of the materials. The
integration of the knowledge on material characterization with the developments on
nanotechnology enable us advance tools and approaches to examine chemical,
physical, electrical and mechanical properties of the self-assembled peptide based
nanostructures at nanometer and atomistic scales (Figure 1.6). Understanding of
material and intrinsic characteristics of these architectures at nanoscale is quite
important to determine applicability of the nanostructures for desired purposes and the
limitations which can be improved via superior design and fabrication strategies.

Figure 1.6 Common characterization techniques for variety of self-assembled peptide
nanostructures
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1.4.1 Spectroscopic Techniques
Spectroscopic methods are used to understand chemical and physical characteristics
of the nanoscale peptide organizations focusing on the bond properties, vibrations,
covalent and non-covalent interactions between the molecules. Although the basic
principles of the spectroscopic techniques rely on the detection of the transitions on
the molecules such as nuclear spin, molecular vibrations or electronic states; the
detection methods for these transitions become different depending on the radiation
source.
Within these spectroscopic approaches, Nuclear Magnetic Resonance (NMR)
spectroscopy is a powerful technique enabling the analysis of the peptide based
architectures at both liquid and solid conditions.[104] The self-assembly mechanism
of fluorenylmethyloxycarbonyl (Fmoc) protected peptides which organize into three
dimensional networks have been studied via 1D proton and 2D Nuclear Overhauser
NMR spectroscopy in liquid and sol-gel transition states, and the results pointed the
importance of hydrophobic and intermolecular interactions during the hydrogel
formation.[105] On the other hand, solution state NMR methods limit the
characterization of more complex peptide assemblies in liquid environment with high
resolutions. Magic-angle spinning solid-state NMR (ssNMR) spectroscopy overcome
the limits of solution based NMR techniques enabling through-space interatomic
distance and torsion angle measurements on isotopically labelled peptide
molecules.[106-108] Recently, ssNMR measurements revealed the high resolution
structural organization of the supramolecular peptide based nanocarrier (Figure
1.7)[109] and self-assembled monomorphic MAX1 fibrils within hydrogel
network.[110]
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Figure 1.7 The detailed structural model of a self-assembled peptide-based
nanocarrier developed in the light of the solid-state NMR (ssNMR) experiments.
(Reproduced from Ref. 109 with permission from American Chemical Society)
Infrared (IR) spectroscopy deals with the electromagnetic spectrum change of peptides
due to molecular vibrations and conformational changes within Amide A (~3200-3300
cm-1), Amide I (~1600-1700 cm-1), Amide II (~1480-1580 cm-1) and Amide III
(~1200–1300 cm−1) bands in mid-infrared region.[111-113] The shifts in Amide I band
were analyzed to monitor the structural changes as a result of the peptide self-assembly
which can be triggered via different factors such as UV irradiation[114],
ultrasonication[115, 116], pH, ion addition or electrostatically driven. Especially, the
peaks in Amide I bands which are correlated with C=O stretching of the self-assembled
peptide nanostructures contribute to the analysis of parallel or antiparallel β-sheet[117,
118], α-helix, β-turn or random-coil secondary structure organization of the peptide
assemblies. Attenuated Total Reflectance (ATR) mode also enable to characterize the
self-assembled peptide nanostructures at the surfaces or within the solutions[119]
without any pellet preparation or sample manipulation.[120] The collected ATR-FTIR
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spectrum of the pentapeptide assemblies was reported to show the vibrational peaks
associated with β-sheet secondary structure organization within Amide I band.[121]
Similar to the vibrational IR techniques, the Raman scattering of the peptide
assemblies assists the analysis of the structural properties in the help of the assigned
modes of molecular bonds found in the peptide architectures.[122] However,
conventional Raman spectroscopy lack the spatial resolution for the detailed
characterizations of the peptide nanostructures due the low signal to noise ratios at
dilute conditions; and different approaches have been developed to improve the
scattering intensities for the analysis. The relatively low Raman signal of the peptide
assemblies were also increased via Surface enhanced Raman scattering (SERS) using
the localized surface plasmon resonances of the metallic clusters in liquid or solid
environment.[123, 124] In addition to the surface enhancement, tip enhanced Raman
scattering (TERS) enable the comprehensive characterization of the peptide
nanostructures

merging

the

scanning

probe

approach

with

vibrational

spectroscopy.[125, 126]
The chiral biomolecules including DNA, proteins and peptides interact with right- and
left-handed photons differently, and that difference generate non-zero Circular
Dichroism (CD) signal depending on the conformation of the molecules.[127] CD
spectroscopy provides the information about the secondary structure of the peptide
assemblies[128], conformational changes due to pH change[129], chirality of the
supramolecular peptide architectures[130] and also the interactions between toxic
molecules[131] or metal ions[132] with self-assembling peptides at near and far UV
region (180-320 nm). β-sheet organization of asymmetric self-neutralizing
amphiphilic peptide wedges which enhances strong positive and negative peaks at 190
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and 220 nm, respectively was reported as a result of CD analysis of the supramolecular
assemblies.[133] Blue shifted CD spectra of the peptide assemblies with positive
maximum at 195 nm and two negative maxima at around 205 and 218 nm showed the
formation of the super-helical peptide assemblies.[134] The conformational
differences such as twisting or disordered β-sheets in the assemblies can be detected
via shift in the CD spectra due to the π–π* transitions within the peptide
backbone.[129, 135]
The simulation studies focus on the peptide self-assembly and molecular organization
strengthen the initial design parameters and give useful insights for the experimental
findings.[136-140] Incorporation of the experimental results and the simulation
outputs developed using different molecular dynamics (MD) simulation programs
improve the knowledge on the structural properties of the peptide assemblies.[109,
141-145] In the literature, the successful candidates determined within 8000 different
peptide molecules using computational approaches were synthesized and their
supramolecular assemblies were characterized using different spectroscopic
techniques.[146] The assembly characteristics of synthetic amyloid peptide fragment
at different conditions were characterized via detailed 2D NMR spectroscopy and the
structural model was developed in the light of both the experimental outputs and the
molecular dynamics simulations.[147] In addition, the spectral simulations of IR,
vibrational CD and Raman techniques were conducted for the conformational study of
the various peptide assemblies to highlight aggregation and fibril formation
behaviors.[148, 149]
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1.4.2 X-Ray Techniques
X-Rays are high energy electromagnetic waves and their interactions (reflection,
diffraction or scattering) with the self-assembled peptide nanostructures provide the
valuable information for the determination of size, shape and structural orientation. XRay diffraction (XRD) patterns of self-assembled peptide nanostructures were used to
determine packing parameters and molecular organization focusing on the noncovalent interactions between the building blocks.[150-152] In the literature, the peaks
associated with the hydrogen bonding, π-π stacking and β-sheet secondary structure
organization were reported; and the spacing between peptide molecules were estimated
using the Bragg’s law.[153, 154] The crystalline organization and unit cell parameters
of the self-assembled arginine-capped peptide bolaamphiphile nanosheets were
revealed via XRD measurements in addition to the other characterization
techniques.[18] On the other hand, the estimated structural parameters for the
secondary structures could slightly change depending on the ordered and disordered
degree of the peptide organization consisting different amino acids sequences to direct
self-assembly. Besides the powder diffraction examples, the oriented nanofiber wide
angle X-Ray scattering of isomeric tetrapeptide amphiphiles were performed on the
peptide solutions loading into the quartz capillaries.[155] In another study, molecular
organization of dipeptide assemblies and interatomic distances at gel state were
determined using X-Ray fiber diffraction technique.[156]
Small angle X-Ray scattering (SAXS) eliminates the drawbacks of the powder
diffraction and enables the analysis of disordered peptide assemblies without time
consuming sample preparation steps in their native conditions based on the lower angle
X-Ray scattering from 1° to 10°.[157, 158] In the literature, SAXS analysis of
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arginine-capped peptide bolaamphiphile structures at liquid conditions revealed the
nanosheet assembly with bilayer organization complementary to the other structural
characterizations (Figure 1.8).[18] SAXS profiles of the oppositely charged PAs
mixtures prepared at different ratios underlined the formation of bilayers after thermal
treatment process.[159] In another study, self-assembly of the maspin-mimetic PA into
a mixture of cylindrical and ribbon-like shapes were characterized based on the
analysis of the scattering data in Guinier region.[160]

Figure 1.8 The scattering (a) and electron density (b) profiles of the self-assembled
arginine-capped

peptide

bolaamphiphile

assemblies

prepared

at

different

concentrations and the fitting lines of the model according to a bilayer form factor.
(Reproduced from Ref. 18 with permission from American Chemical Society)
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1.4.3 Imaging Techniques
Starting with the development of Transmission Light Microscopy (TEM) in 1930s,
microscopic approaches became a fundamental way to understand the structural and
material properties at nanoscale. Advances in microscopic tools enhanced the
visualization of the peptide based materials using different imaging techniques
including TEM, Atomic Force Microscopy (AFM), scanning electron microscopy
(SEM), fluorescence and other microscopies at high resolutions.
Conventional TEM imaging of the peptide based nanostructures requires special
sample preparation procedures including staining via heavy metal salt such as uranyl
acetate and drying of the sample before the imaging.[161] In the literature, a variety
of TEM images of the self-assembled peptide architectures including nanofibers,
nanospheres, nanobundles, nanotubes, helices etc. were reported and the details of the
sample preparation procedures were supported.[54, 55, 162, 163] Although TEM
imaging is the crucial way to show the structural properties of the peptide
nanostructures, the effects of drying and staining steps on the peptide organization
cannot be disregarded. On the other hand, cryogenic TEM (cryo-TEM) in which the
sample is vitrified using special tools overcomes the sample preparation limits and
enable to image peptide nanostructures at their native conditions.[32, 164, 165] The
direct structural analysis of the dimeric α-helical coiled coils within the de novo
designed self-assembling fiber system was performed via incorporation of the cryoTEM imaging with image processing.[166] In another study, the effect of salt
concentration on the morphology of the self-assembled amyloid peptide assemblies
has been showed via cryo-TEM, and the results pointed the formation of flat ribbons
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and decrease of twisted fibrils due to the salt screening of electrostatic interactions
between the peptide molecules.[167]
AFM facilitates in situ visualization of the self-assembly process of the variety of
peptide building blocks into supramolecular nanostructures with nanoscale resolutions
at liquid conditions.[168] The monitoring of the structural changes depending on the
environmental factors including pH, ion effect, temperature, concentration etc. is also
possible via time-lapse AFM procedures. In the literature, AFM imaging was
performed to monitor time dependent changes of the resilin-elastin-collagen-like
chimeric polypeptide assemblies incubated in water at 50 °C.[169] Right-twisted
helical ribbon formation and their conversion to microcrystals of amyloid derived
peptide fragment, ILQINS hexapeptide, which is normally found as left-handed helical
ribbon and nanotube organization in lysozyme, has been showed via AFM imaging at
different time periods at room temperature.[170]
Direct observation of the peptide self-assembly is also possible via covalent
conjugation of the fluorescence probes to the peptides using fluorescence imaging
techniques.[171] Stochastic imaging and deconvolution methods were also used to
decrease resolution limits and monitor the supramolecular peptide organization at nano
scales. Additionally, the intrinsic fluorescence properties of the peptide nanostructures
were also used for the imaging of the assemblies via confocal microscopy without any
probe conjugation.[172, 173]
Without any staining or probe conjugation, chemical and spatial information collected
via Raman spectroscopy enhanced the stochastic imaging of the biological
samples.[174, 175] The self-assembled amyloid inspired peptide assemblies were
imaged using SERS blinking effect during the in situ Raman spectrum measurements
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(Figure 1.9).[123] In addition, tip-enhanced Raman imaging technique which is the
incorporation of the scanning probe microscopy with Raman spectroscopy[176]
enabled the imaging of the self-assembled peptide nanotapes with additional chemical
information.[125]

Figure 1.9 Label-free super-resolution imaging of the self-assembled amyloid inspired
peptide structures by applying stochastic reconstruction to temporal fluctuations of the
Surface Enhanced Raman Scattering (SERS) signal. (Reproduced from Ref. 123 with
permission from Nature Publishing Group)
1.4.4 Mechanical Characterization Techniques
The development of nanomechanical characterization techniques for peptide
nanostructures is a requirement since the traditional mechanical characterization
methods incapable to operate at biologically relevant length and force scales with
applicable time periods. The nanoscale AFM probes facilitates the implementation of
traditional approaches including adhesion, tensile, compression or bending tests to
analyze nanomechanics of self-assembled peptide nanostructures at miniaturized
experimental conditions.
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AFM based nanoindentation is widely used approach to determine the mechanical
properties of the peptide nanostructures including hardness, stiffness and elasticity
based on the load-distance curves collected during the analysis.[177, 178] The
interactions between the tip and nanostructures were modeled based on different
approaches to estimate nanomechanical characteristics processing the collected forcedistance data of the nanostructures.[179-181] Elastic modulus values of the selfassembled PA nanofibers formed via Ca2+ crosslinking or pH change were estimated
using the force-distance data obtained via AFM nanoindentation.[42] AFM
nanoindentation experiments were conducted to show the nanomechanical differences
of azide containing spherical peptide assemblies before and after UV irradiation.[182]
In other study, the effects of the structural transition of chemically modified selfassembled diphenyl nanostructures on their mechanical properties were analyzed via
AFM-based nanomechanical measurements.[89] Moreover, double pass-forcedistance mapping assists the topography imaging and the mechanical characterization
of the imaged area combining the tapping mode AFM operation with the acquisition
of force–distance curves associated with the tip-oscillating sample interactions.[183]
The technique increased the speed of nanomechanical characterization of the
nanostructures and enhanced the high resolution force mapping of the amyloid inspired
peptide assemblies using AFM.[184]
The unique mechanical behavior of the amyloid like peptide assemblies contribute to
the design of functional materials including conductive fibers, energy harvesting
systems or tissue scaffolds.[185-189] Cross-β sheet organization, excess hydrogen
bonding and aromatic interactions between the amyloid based peptide are the inherent
sources of the mechanical stability and rigidity of the amyloid derived peptide
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assemblies.[190] Different studies were conducted to determine nanomechanical
properties of the amyloid based assemblies using AFM nanoindentation technique.
Recently, the nanomechanics of amyloid like fibrils assembled at different pH were
revealed by peak force quantitative nanomechanical property mapping (PFQNM).[191] In another study, the mechanical reinforcement of the electrospun
polymer fibers incorporated with the peptide assemblies were revealed via AFM based
nanoindentation experiments applied with a spherical colloidal tip.[192]
In addition to AFM based nanoindentation, different characterization approaches have
been developed to determine mechanical characteristics of the self-assembled peptide
nanostructures and their three-dimensional supramolecular networks.[193] Similar to
amyloid based peptide assemblies, cyclic peptide architectures reveal intriguing
hierarchical

organizations

with

tunable

mechanical

properties

and

rigid

geometries.[194] The nanomechanical properties of these architectures including
elastic modulus, hardness, strength and Young's modulus were determined by using
AFM nanoindentation; and self-assembled cyclic QL4 fibers exhibited the stiffest
material characteristics within the known proteinaceous micro- and nanofibers (Figure
1.10).[144]
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Figure 1.10 The nanomechanical characterizations of the D, L cyclic peptide
assemblies. (Reproduced from Ref. 144 with permission from Nature Publishing
Group)
Viscoelastic behavior of the different peptide assemblies were also determined using
oscillatory rheology or microrheology techniques which highlight the sol-gel transition
of the peptide architectures due to the external or internal stimulus.[195-199]
Additionally, microfluidic based microcantilever system was developed to determine
the forces produced by amyloid peptide polymerization monitoring the micro
cantilever deflections which were correlated with the mechanical behavior of the
process.[200]
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1.5 Applications of Self-Assembled Peptide Based Biomaterials
1.5.1 Drug Delivery
Drug delivery systems have been developed to control drug release rate, maintain drug
concentration within the desired levels, improve bioavailability and reduce side effects
of the drugs lowering the therapeutic dosage for the treatment.[201] A variety of
organic/inorganic materials, devices or complex formulations have been used as
delivery vehicles to develop effective therapeutic modalities.[201, 202] Advances in
material science and integration with nanotechnology provide us a new generation of
biodegradable and biocompatible delivery systems with control over size, shape and
multi-functionality.[202-205]
Self-assembly is a nature inspired an engineering tool to construct drug delivery
systems with different chemical and physical properties.[206] Polymers, synthetic or
natural biomacromolecules, lipids or hybrid systems are designed as building blocks
by using multiple non-covalent interactions including hydrogen bonding,
hydrophobic, aromatic, hydrophilic and also electrostatic interactions. Although these
interactions are individually weak and fragile compare to the covalent systems, the
overall non-covalent forces drive the self-assembly process and result the formation of
complex, adaptable and highly tunable structures as drug delivery architectures.[207]
Self-assembling peptide based building blocks paid attention to build drug delivery
architectures due to their bioactivity and capacity to direct cellular processes. In
addition to their delivery capacity of variety of therapeutics via non-covalent
interactions or covalent conjugation strategies at both nano and bulk scale conditions
as given Figure 1.11[208], the targetability and cellular internalization ability of these
self-assembled peptide based architectures make them novel drug delivery
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systems.[209] Furthermore, the responsiveness of the self-assembled peptide based
systems to the environmental conditions enable us to control smart delivery of the
drugs to a desired area.[210]
Amphiphilic peptide assemblies provide both hydrophobic and hydrophilic structural
organization for delivery of therapeutic moieties which can be modulated via the
design building blocks.[211, 212] Moreover, PA structures are functionalized via
bioactive epitopes, cell penetrating and internalization sequences for targeted delivery
of the small therapeutics with high efficacy.[54] Biocompatibility and biodegradability
of PA assemblies via different enzymes[213-215] also make them appropriate delivery
architectures, especially for the chemotherapeutics which show high cytotoxicity when
directly administrated to the blood stream. Previously, it was shown that bioresponsive
anti-cancer drug delivery was sustained through the self-assembled PA nanofiber gels
consisting matrix metalloproteinase-2 (MMP-2) cleavable amino acid sequence.[216]
In another study non-covalent encapsulation of hydrophobic anti-tumor drug into the
self-assembled PA nanofibers both enhanced the aqueous solubility and activity of the
drug molecules which was examined developing an in vivo breast cancer model.[217]
Recently, the self-assembled cell penetrating amphiphilic peptide nanostructures were
developed for the targeted delivery of the hydrophobic cancer drug molecules towards
the cell with enhanced antitumor activity.[218]
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Figure 1.11 Controlled drug delivery through self-assembled peptide assemblies via
non-covalent encapsulation or covalent conjugation of the drug molecules (Adapted
from Ref. 208 with permission from Royal Society of Chemistry)
The chemical conjugation of the drug molecules to the self-assembling peptide
backbone both prevent the degradation of the molecules in blood stream and improve
the activity due to the delivery of them on the supramolecular architectures.[101, 219]
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In the literature, the supramolecular nanotube formation of anticancer drug
camptothecin conjugated to the Tau-β-sheet-forming peptide through a biodegradable
linker was shown as a drug delivery system with enhanced in vitro efficacy.[220] In
another study, the doxorubicin integrated amphiphilic peptide moiety consisting both
cell penetrating Tat peptide and the enzymatically cleavable specific amino acid
residues was examined as controlled drug delivery system.[221] The developed system
showed

enhanced

anticancer

activity

compare

to

the

free

doxorubicin

administration.[221]
In addition to the nano-scale peptide based delivery systems, these building blocks are
able to form supramolecular self-assembled nanofiber gels which provide a mild
environment to deliver variety of therapeutic molecules. The controlled drug release
behavior through the peptide based gels was studied via different model small
molecules.[222, 223] In addition, the long term sustained release of the therapeutics
through injectable self-assembling peptide scaffold hydrogels was achieved
preventing the bioactivity of the molecules for 3 months.[224]
Local delivery of the anticancer drugs using biocompatible scaffolds can be an
alternative way to reduce overall invasiveness and systemic side effects on healthy
tissues improving bioavailability of the chemotherapeutics at the target site.[225-228]
Self-assembled peptide based nanofiber gels which were investigated for controlled
delivery of small molecules including proteins[229], antibodies[224] and
therapeutics[230-232]

are

suitable

candidates

for

the

local

delivery

of

chemotherapeutics[216]. In the literature, the design of the injectable peptide based
gel systems were presented in different studies.[151, 233, 234] Recently, β-hairpin
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peptide hydrogel developed as injectable local drug delivery system was achieved the
continuous release of the active chemotherapeutics over a month.[235]
1.5.2 Regenerative Medicine
Many biomaterials available in market have been specifically designed for promoting
tissue growth and regeneration capacity. Biomimetic approach for tissue engineering
focuses on the design of the biomaterials synthesized by polymers endowed with
bioadhesive receptor-binding peptides or different sugar moieties. On the other hand,
the integration of synthetic inert biomaterials into the living tissues whose physical
properties are result of millions years of evolutionary optimization is still a difficult
issue. To overcome the recent limitations in this field, peptide self-assembly provide
new prospects to develop highly dynamic and responsive supramolecular architectures
mimicking the chemical and physical properties of the native ECM microenvironment.
In recent years, the self-assembled peptide based scaffolds which were incorporated
with specific bioactive amino acid residues or soluble factors directing cellular
differentiation and tissue regeneration capacities have been intensively studied. The
scaffolds obtained via the self-assembly of RADA16-I peptide which was also
commercialized and called as PuraMatrixTM were examined for the neural stem cell
and osteoblast differentiation for in vivo spinal cord injury treatments and bone
regeneration purposes, respectively (Figure 1.12).[236] In another self-assembling
peptide design, collagen mimetic peptide building blocks[237, 238] formed 3D
hierarchical architectures provided the similar features of native collagen matrix to
promote tissue regeneration and repair.
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Figure 1.12 Self-assembled RADA16-I peptide scaffolds examined for different
regenerative medicine applications (Adapted from Ref. 236 with permission from
Elsevier)
In addition, the self-assembling PA designs mimicking the native components of the
ECM showed high tissue regeneration capacity providing bioactive microenvironment
for guided cellular differentiation. For example, the supramolecular assemblies of
IKVAV-PA which consists of the neurite-promoting laminin epitopes eliminated scar
tissue formation and enhanced axon elongation after the spinal cord injury model was
developed under in vivo conditions.[239] The alignment of these bioactive
nanostructures due to the shear force applied by pipetting also provided a physical
guidance for the cells for aligned neurite growth.[240]
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Growth factor binding PA assemblies enhanced the tissue repair and regeneration
processes providing the interactions of the soluble factors and the cells within
supramolecular highly dynamic microenvironment. In the literature, the enhanced
bone formation and regeneration was obtained using a scaffold ensemble via BMP-2
binding PA molecules.[241] Heparin or GAG mimetic PA assemblies developed by
our group with growth factor binding affinities[242] were also examined for their
tissue regeneration capacities.[243, 244] In addition to the bioactive amino acid
residues used in design of regenerative peptide based building blocks, sugar moieties
have been also conjugated to self-assembling peptide molecules to mimic the structural
and biochemical properties of glycopeptides which have specific roles and functions
on the specific tissue regeneration processes. Self-assembled glycopeptide nanofibers
which were designed and synthesized by our group (Figure 1.13)[100] promoted in
vitro chondrogenic differentiation and in vivo cartilage tissue regeneration mimicking
the biochemical and biophysical properties of natural hyaluronic acids which are the
main components of native cartilage ECM.

Figure 1.13 Self-assembled glycopeptide nanofibers and their supramolecular
nanofiber gels promoted chondrogenesis and cartilage regeneration (Reproduced from
Ref. 100 with permission from American Chemical Society)
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Chapter 2
2. Amyloid Inspired Self-assembling Peptides (AIPs) and
Their Supramolecular Assemblies
Part of this chapter of thesis is published in the following articles[184, 245]; Reprinted
from “Amyloid inspired self-assembled peptide nanofibers”; Cinar, G.; Ceylan, H.;

Urel, M.; Erkal, T. S.; Deniz Tekin, E.; Tekinay, A. B.; Dâna, A.; Guler, M. O.,
Biomacromolecules, 2012, 13, 3377-3387, with permission from American Chemical
Society; and Reprinted from “Supramolecular nanostructure formation of coassembled
amyloid inspired peptides”; Cinar, G.; Orujalipoor, I.; Su, C.-J.; Jeng, U. S.; Ide, S.;
Guler, M. O., Langmuir, 2016, 32, 6506-6514, with permission from American
Chemical Society.
2.1 Introduction
Amyloid proteins consisting of a broad variety of amino acids has provided inspiration
for developing functional materials due to their stability against mechanical, thermal
and chemical factors.[246, 247] These assemblies share the common structural
property of a dense β-sheet organization, which enhances the stabilization of amyloid
fibrils through multiple hydrogen bonding and noncovalent interactions.[248-251] In
addition, π-π stacking between aromatic residues and electrostatic interactions
between charged amino acids enhance to the stability of the amyloid fibers[252]. In
addition to the structural organization of amyloid fibril, the studies conducted to
determine mechanical properties of these structures is essential to understand the
source of their rigid and stable existence.
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Previously, nanomechanical properties of the different amyloid architectures including
α-synuclein[253], Aβ (1-40) amyloid fibril[254], and insulin aggregates[255] were
examined by using Atomic Force Microscopy (AFM). The results obtained via
nanoindentation provided valuable information about fibril strength, adhesive
properties and stiffness of the amyloid structures[256]. Furthermore, these studies
showed that self-assembled amyloid architecture revealed high stiffness and rigidity
compare to other natural proteinaceous materials such as silk, collagen and keratin. In
addition, the Young’s Modulus values of the amyloid assemblies can reach up to 10
GPa.[257]
In addition to their molecular organization, aggregation kinetics of these structures are
interesting due to the aberrant deposition of their insoluble forms in natural organisms.
This phenomenon is responsible for several classes of neurodegenerative disorders;
and is caused by the nucleation-dependent formation of amyloid fibrils, which allows
soluble monomers to assemble into existing filaments.[258, 259] Moreover,
environmental conditions such as pH, temperature and ion concentrations have been
demonstrated to alter the nucleation and growth kinetics of the amyloids in several
studies.[260, 261] The hierarchical organization and thermal and mechanical stability
exhibited by amyloid fibrils allow their use in the development of advanced functional
materials.[188, 247, 262-264] In addition, the depth knowledge obtained from the
material properties of amyloid structures guide the researchers to build amyloidinspired hierarchical synthetic architectures for different applications including
controlled drug delivery, catalysis, energy harvesting or tissue engineering.[257, 265]
Due to complex nature of the self-assembly process, it is quite difficult to monitor
rapid assembly kinetics and to understand the parameters that play crucial roles in
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peptide aggregation and nanostructure formation under different conditions.
Thioflavin T (ThT) assay is the most commonly used method for studying amyloid
assembly.[266] The binding of ThT to β-sheets results in red shift in excitation and
emission spectra; and strong increase in fluorescence intensity during the fibrillization
process.[267, 268] The self-assembly of amyloid fibrils may also be observed directly
through the fluorescence enhancement facilitated by the binding of ThT, which can be
visualized by fluorescence imaging techniques.[269, 270]
In addition to fluorescence-based approaches, SAXS is a highly powerful technique
for the mechanistic studies of peptide nanostructures, as the method allows the analysis
of molecules at native conditions without manipulation of the sample, and may be
utilized to perform time-resolved experiments using a high flux source.[271] These
techniques have been utilized for in-depth characterization of both functional and
pathological amyloids[272, 273] and facilitated the design of rapidly self-assembling,
nature-inspired synthetic peptide assemblies;

however, greater insight into the

organizational details and self-assembly characteristics of such synthetic peptide
networks may further contribute to the development of functional designs for nextgeneration nanoscale materials.
In this chapter of the thesis, the design, synthesis and characterizations of amyloidinspired peptides (AIPs) which can form biocompatible coassembled nanofibers and
supramolecular gels with superior mechanical properties in the absence of external
factors at physiological conditions[184] was presented. In addition to the smart design
strategy of the peptides, we performed molecular dynamics simulations to understand
the coassembly mechanism of oppositely charged peptides and noncovalent
interactions taking place during the aggregation. We also investigated the coassembly
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kinetics of oppositely charged AIPs by monitoring nanostructure formation and solgel transition at different peptide concentrations through various techniques, including
ThT binding, real-time fluorescence imaging, turbidity assay and in situ SAXS
analysis. Co-assembly kinetics were observed to depend strongly on initial peptide
concentration, while peptide aggregation was found to be enhanced following
fragmentation by sonication and exhibit amyloid-like sigmoidal assembly behavior.
Structural properties of peptide assemblies were estimated by fitting the experimental
scattering profiles of coassembled AIP nanostructures to theoretical models, and the
mechanisms underlying their nanofibrous organization were analyzed with respect to
the SAXS results. Mass fractal analysis of the AIP nanostructures and the conservation
of their bulk material viscoelasticity at elevated temperatures also show the
organizational stability of amyloid-inspired peptide architectures. Amyloid inspired
design strategy also provided sol-gel conversion to obtain self-supporting peptide gels.
The material properties of their supramolecular assemblies and formed by mixing AIP1 and AIP-2 at pH 7 in water revealed remarkable mechanical properties without
addition of any crosslinking reagents and inorganic materials[274]. In addition to bulk
mechanical properties, nanomechanical characterizations of the coassembled AIP
nanofibers and self assembles AIP-1 and AIP-2 molecules were conducted to
understand the relationship between mechanical stability and the structural properties
of the architectures. The potential of the amyloid inspired nanostructures as a synthetic
extracellular scaffold system was also tested at in vivo conditions.
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2.2 Experimental Section
2.2.1 Materials
All protected amino acids, Rink amide MBHA resin and 2-(1H-benzotriazol-1-yl)1,1,3,3-tetramethyluronium hexaﬂuorophosphate (HBTU) were purchased from
NovaBiochem. Other chemicals used for peptide synthesis and material
characterizations, including dichloromethane (DCM), dimethylformamide (DMF),
acetonitrile, piperidine, acetic anhydride, N,N-Diisopropylethylamine (DIAE),
trifluoroacetic acid (TFA), thioflavin T (ThT) and uranyl acetate, were purchased
from Fisher, Merck, Alfa Aesar or Sigma-Aldrich. All chemicals and solvents used
in this study were analytical grade. Cell culture chemicals were purchased from
Gibco, Life Technologies.
2.2.2 Synthesis and Characterizations of AIPs
A solid phase peptide synthesis method was followed to obtain AIP-1 (Ac-EFFAAEAm) and AIP-2 (Ac-KFFAAK-Am) molecules. Rink amide MBHA resins were used
as solid support for the construction of the peptide molecules. Fmoc protecting groups
of each amino acid were removed using 20% (v/v) piperidine/DMF solution for 20
min before the coupling reactions. Peptide synthesis was carried out on the resins by
amino acid coupling with 2 mol equivalents of Fmoc-protected amino acid, 1.95 mole
equivalents of HBTU and 3 mol equivalents of DIAE for 2 h. After each amino acid
coupling, the resins were washed with DMF and DCM to remove unreacted
components. Following the coupling reactions, resins were exposed to a 10% (v/v)
acetic anhydride/DMF solution for 30 min to acetylate the unreacted amine groups and
prevent the formation of impurities. Peptides were cleaved from the solid supports
using a mixture of TFA:TIS:ddH2O in a ratio of 95:2.5:2.5 for 2 h. Cleaved peptide
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molecules were separated from the solid supports by washing with DCM, and excess
TFA and DCM were removed by rotary evaporation. Peptides were then precipitated
using diethyl ether at -20 °C overnight. The precipitate was collected by centrifugation
at 7500 rpm for 20 min and dissolved in water, and the peptide solutions were then
frozen at -80 °C and lyophilized for three days.
An Agilent 1200 series reverse-phase high performance liquid chromatograph (HPLC)
equipped with an Agilent 6224 high resolution mass time-of-flight (TOF) mass
spectrometer and an electrospray ionization (ESI) source was used for the
characterization of the synthesized AIPs molecules. 1 mg/mL AIP-1 in water was
analyzed at pH 7 using an Agilent Zorbax 300SB-C18, 3.5 µm (100 x 4.6 mm) column
in an optimized gradient of water (0.1% NH4OH) and acetonitrile (0.1% NH4OH) as
the mobile phase, while an Agilent Zorbax Extend-C18, 3.5 µm 80A (100 x 4.6 mm)
column was used for the analysis of 1 mg/mL AIP-2 at pH 7 in water in an optimized
gradient of water (0.1% formic acid) and acetonitrile (0.1% formic acid).
2.2.3 Zeta Potential Measurements of AIPs
Diluted AIP-1 and AIP-2 solutions at 0.04% (w/v) concentration was prepared in water
at pH 7. AIP-1 and AIP-2 solutions were also mixed to obtain a coassembled
nanofibrous architecture and incubated for 1 h; then diluted to a concentration of
0.04% (w/v). Malvern Nano-ZS Zetasizer was used for the measurements.
2.2.4 Scanning Electron Microscopy
AIP-1 and AIP-2 solutions were mixed at a 1:1 volume ratio at different concentrations
in water and at neutral pH, and kept at room temperature for sol-gel transition on a Si
wafer. Complete gelation was observed within 1 h for the AIPs mixtures prepared at
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4, 3, 2, 1.75 and 1.5% (w/v) concentrations, and SEM imaging was performed on these
samples. A series of ethanol solutions (40%, 60%, 80% and 100% (v/v)) were used to
replace the water present in the samples, which were then dried using a critical point
dryer to preserve their nanofibrous architecture and coated with 4 nm Au/Pd. A FEI
Quanta 200 FEG Scanning Electron Microscope equipped with an ETD detector was
used for SEM imaging. Although 1.25% and 1% (w/v) AIPs samples were also
prepared, SEM imaging could not be performed on these samples as they did not
exhibit self-supporting gelation within 1 h.
2.2.5 Transmission Electron Microscopy
2% (w/v) AIP-1 and AIP-2 solutions were mixed to obtain a co-assembled nanofibrous
architecture and incubated for 15 min or 1 h. Samples were then diluted at a 1:10 ratio
by the addition of water, drop cast onto a TEM grid and incubated for a further 5 min.
Excess sample was then removed from the surface and the grid was stained using 2%
(w/v) uranyl acetate. A FEI Tecnai G2 F30 TEM instrument was used for TEM
imaging.
2.2.6 Molecular Dynamics Simulations
Argus Lab[275] with an ideal backbone geometry of a beta strand (φ = -120°, ψ =
120°) were used to prepare peptide molecules. The peptide molecules were randomly
distributed into a cubic box with size of size 690 nm[276]. The minimum distance
between the solute and the box was set to 1.0 nm. For the solvation, the water
molecules (22541) were also added into the box; neutralization of the system was done
using counter-ions (Na+, Cl-) within the box. The energy minimization of the system
with all components were carried out steepest-descent method to get the appropriate
structure. The energetically minimized system was equilibrated with 100 ps of NVT
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and 100 ps of NPT using position restraints. Then, Molecular Dynamics (MD)
production run to generate trajectory data for analysis. GROMACS code[276] with
GROMOS96 53a6[277] united atom force field for the peptides and SPC (simple point
charge)[278] force field for water was used for atomistic MD simulations. The
integration of Newton’s equation of motion was carried out using leap-frog
algorithm[279]. 2 fs time interval was set for MD integrator and all bond lengths were
restricted using linear constraint solver (LINCS) algorithm[280]. Simulations were
performed at the periodic boundary conditions in all directions. The calculations of the
long range electrostatic interaction with a grid spacing of 0.16 nm and a fourth order
cubic interpolation were performed using particle mesh ewald algorithm[281, 282].
Short range electrostatic and van der Waals interactions were cut off at 1.0 nm radius.
The pressure of the system was kept at constant at 1 bar with a coupling time constant
of 2.0 ps and isothermal compressibility of 4.5 × 10−4 bar-1 using an isotropic
Parrinello-Rahman barostat[283]. The simulation also ran at the constant temperature
at 300 K. The system was coupled to a velocity rescaling thermostat[284] with a
coupling time constant of 0.1 ps. Initial velocities were generated randomly from
Maxwell distribution at 300 K. The snapshots were obtained via the visual molecular
dynamics (VMD) software[285]. The simulations were continued for 70 ns.
2.2.7 CD Analysis
For the CD analysis, the coassembled PA assemblies were prepared by mixing 30 μL
of 1% (w/v) (13.5 mM) AIP-1 and AIP-2 solutions with a 1:1 volumetric ratio. Then,
the sample was diluted up to 0.34 mM for the CD measurements. As control groups,
AIP-1 and AIP-2 solutions at 0.34 mM concentration were prepared at pH 7.4 in water.
Jasco J-815 CD spectrophotometer was used for the analysis between 190 to 300 nm
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with data pitch: 0.1 nm, sensitivity: standard, D.I.T: 4 sec, band width: 1 nm, scanning
speed: 100 nm/min.
2.2.8 FTIR Analysis
For the FTIR measurement, the coassembled AIP gels at 4, 3, 2, 1% (w/v)
concentrations were formed on petri dishes and instantly frozen in liquid nitrogen in
order to preserve their architectural integrity. The frozen sample was kept at -80 °C
overnight and then freeze-dried to remove water content. 1 mg dried gel powder was
mixed with 100 mg KBr to prepare KBr pellets for the analysis. Bruker VERTEX 70
FTIR spectrometer was used for the measurement between 300 and 4000 cm-1.
2.2.9 Congo-red Staining
The stock solution of congo red at 5 mM was prepared at neutral pH in water and then
filtered with 0.2 μm filter. For the coassembly of AIP-1 and AIP-2 molecules, the
mixture was prepared at 4% (w/v) concentration, and mixed with the stock solution of
dye. AIPs mixture was also incubated for an hour after the addition of the dye solution.
As a control group, the dye solution without the addition of the AIP assemblies was
also prepared. The sample was diluted after the incubation; and the final peptide and
dye concentration within the system were 0.008% (w/v) and 10 μM, respectively.
Spectramax M5 Microplate Reader was used for UV measurements of the samples
with three replicates.
2.2.10 ThT Binding Assay and Confocal Fluorescence Imaging
AIP-1 and AIP-2 solutions were prepared at 2, 1.75, 1.5, 1.25 and 1% (w/v)
concentration dissolving the peptide powders in double distilled water, separately. The
pH of each solution was adjusted to 7.4 using 1 M NaOH. Same procedure was
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followed for all experiments. A Zeiss LSM 510 confocal microscope was used to
monitor the co-assembly process of AIPs through fluorescent ThT binding. 1:1 (v/v)
mixtures of AIPs were prepared at different concentrations (2, 1.75, 1.5, 1.25 and 1%
(w/v)) in water and at neutral pH, and 100 µL of each mixture was transferred to 96
well plates. Immediately following the mixing of AIPs, a ThT solution in water was
added onto the mixture at a final concentration of 216 µM. The samples were excited
using a 458 nm Argon laser at 70% intensity and the emission was collected between
490 to 522 nm using appropriate filters to detect the binding of ThT to amyloid
aggregates, which results in a shift in emission maxima from 440 nm to 490 nm.[286]
Fluorescence images were captured using a Zeiss EC Plan-Neofluar10X objective at a
resolution of 2048 x 2048 pixels. The dimensions of the scanned volume within the
AIP mixtures were 1272.17 µm x 1272.17 µm x 25 µm. The Z-depth separation
between the planes was 5 µm. The pixel dwell time, master gain, digital gain, digital
offset and pinhole radius values were 0.80 µs, 668, 1.09, -0.05 and 336 µm,
respectively. Fluorescence intensity changes were quantified with respect to time in
the same defined region of the interest (ROIs) for 1 h at 25 ºC for all groups. The time
interval between each fluorescent measurement and image capture was 2 min. 3D
image construction of each time interval was performed using Zeiss LSM 510
software, and the ImageJ program was used for the 3D video construction of the
images at a rate of 1 frame per second. Results were reported as the average of three
repeats and all experiments were conducted at the same sample positioning and
microscope configurations.
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2.2.11 Turbidity Assay
100 µL of 1:1 (v/v) mixtures of AIPs were prepared as described above and transferred
to 96 well plates. Turbidity of AIP mixtures were then monitored as optical density at
313 nm on a SpectraMax M5 Microplate Reader for 1 h at 25 ºC. Measurements were
reported as the average of three repeats. For the analysis of the effects of fragmentation
on turbidity kinetics, AIP mixtures were sonicated for different time periods (1, 2.5 or
5 min) using an ultrasonic bath (VWR, USC100T, 230 V, 60 Hz) prior to turbidity
measurements. Following sonication, samples were immediately transferred to 96 well
plates and analyzed under identical conditions as the nonsonicated AIP mixtures.
2.2.12 SAXS Measurements and Data Fitting
SAXS measurements were performed using the SAXS/WAXS beamline 23A of the
National Synchrotron Radiation Research Center (NSRRC), Hsinchu, Taiwan. The
photon energy and sample-to-detector distance were set to be 15 keV and 3312.99 mm,
respectively, in order to cover a scattering vector q = (4π/λ) sin(θ/2) from 0.006 to 0.40
Å−1 (where θ is the scattering angle and λ is the wavelength of the incident X-rays).
Scattered X-rays were collected by means of a 2D CCD detector. The collected 2D
data were circularly averaged to give a 1D scattering intensity distribution as a function
of the scattering vector, treated with background subtraction and transmission
correction and normalized to absolute scattering intensity. For concentrationdependent SAXS experiments, equal volumes of 2, 1.75 and 1% (w/v) AIP-1 were
mixed with 2, 1.75 and 1% (w/v) AIP-2, respectively, and AIP mixtures were
immediately loaded in 2.5 mm-thick cells with Kapton-walled windows at a constant
temperature of 25 °C. Samples were incubated for 1 h before the measurements and
subsequently had their scattering profiles collected. For the in situ SAXS analysis of
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2% (w/v) AIPs, the time of the mixing was accepted as zero and SAXS measurements
were conducted at defined time intervals (30 s to 300 s, Δt=30 s and at 1 h). In addition
to time-dependent analysis, the effect of the temperature on 2% (w/v) AIPs was also
analyzed through SAXS measurements at different temperatures (25 °C to 64 °C,
ΔT=3 °C) following 1 h of incubation. Scattering profiles of the AIP nanostructures
were fitted into a combination of the polydisperse core-shell cylinder (Poly Core Shell
Cylinder: PCSC)[287] and and decoupling flexible cylinder (Flexible Cylinder Poly
Radius: FCPR)[288, 289] models, which estimate the scattering properties of a
polydisperse, right circular cylinder with a core-shell scattering length density profile
and a cylinder in a flexible, ordered fractal aggregation form, respectively (Figure S6).
The shell thickness on the flat ends of the cylinder is independent of the shell thickness
on the radial surface. The polydispersity of the cylinder core radius was modeled using
a log-normal distribution. The overall intensity was obtained by calculating the
scattering from each particle size present and weighting it by the normalized
distribution.
Data analysis was performed based on the fitting of the scattering curves to an
appropriate model by a least-squares method using the software provided by NIST
(NIST SANS analysis version 7.20 on IGOR Pro 6.37).[290] The scattering intensity
of a monodisperse system of the particles with identical shape is described as;
( )=

( ) ( )

where N is the number of particles per unit volume, P(q) is the form factor revealing
the specific size and shape of the scatterers, and S(q) is the structure factor that
accounts for the interparticle interactions.[291]
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In dilute solutions where the interactions between the objects is neglected, S(q) equals
to 1. In a polydisperse system of the particles with identical shape, the total intensity
scattered from the sample is described by;
( )=

( ) ( , )

where Dn(R) is a distribution function and Dn(R)dR is the number of particles, the size
of which is between R and R + dR, per unit volume of the sample.
A form factor for a simple polydisperse core-shell cylinder, where the core and the
shell have a uniform electron density, is given by;
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where J1(x) is the first order Bessel function. θ is defined as the angle between the
cylinder axis and the scattering vector, q. Rp and Rl are the core and shell radii
respectively. Hp and Hl are the core and shell lengths, and ρ is electron density.
The polydispersity of the core radius is modeled using a log-normal distribution as;
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where R0 is the mean core radius and σ is equivalent to the standard deviation of the
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log normal distribution (For 2% (w/v) AIPs, mean core radius is: 49.4 Å ; σ: 0.6).
Flexible cylinder poly radius: The model estimates the form factor for a flexible
cylinder with a circular cross section and a uniform scattering length density.
Polydispersity of the cross-section is included, using a Schulz distribution.[292] The
non-negligible diameter of the cylinder is included by accounting for excluded volume
interactions within the walk of a single cylinder. Inter-cylinder interactions are not
included.
The form factor is normalized by the particle volume such that;
<

( )=

>

+

where < > is an average over all possible orientations of the flexible cylinder (1D).
The 2D scattering intensity is the same as 1D, regardless of the orientation of the q
vector which is defined as;
=

+

The function is calculated using the reference in the part of “Method 3 With Excluded
Volume”.[288] The model is a parametrization of simulations of a discrete
representation of the worm-like chain model of Kratky and Porod[288, 293, 294]
applied in the pseudo continuous limit.
Figure 2.1 describes the PCSC and FCPR models which were used together to
calculate scattering intensities and to fit the data. The small χ2 values (in the range of
1.3-2.4) were also obtained after the fitting process to show the well fitted models (the
acceptable values: χ2 <7.0)
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The total scattering function can be obtained from the decoupling approximation of
the above mentioned PCSC[287] and FCPR models[288, 289]. The approximations of
the models have been used in least-squares fitting of the experimental small-angle xray scattering data. The FCPR model[290] uses the form factor calculations
implemented in a c-library provided by the NIST Center for Neutron Research.

Figure 2.1 The decoupling models which successfully describe the self-assembled
AIPs nanostructures
In the model, the chain of contour length (L) can be described as a chain of some
number of locally stiffed segments. Lp can be defined as persistence length of the
mentioned segments along the cylinder over which the flexible cylinder can be
considered a rigid cylinder. The b parameter b= 2Lp are defined as Kuhn length to
describe the stiffness of a chain. SLD values represent the measure of electron densities
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of the chain/cylinder and the solvent. The scattering functions of the semiflexible
chains have been determined with a precision of 1−2% for L/b = 6.93-7.11.
2.2.13 Oscillatory Rheology
Time sweep analysis of the coassembled supramolecular AIP gels nanofiber gels of 4,
3, 2, 1, and 0.5% (w/v) concentrations at pH 7.4 was performed for 1 h at the constant
angular frequency and strain; 10 rad/s and 0.1%, respectively. The sample volume was
determined as 250 µL with 0.5 mm measuring distance from the stage. After the time
sweep analysis, frequency and thixotropic tests were applied on the equilibrated gels.
During the frequency analysis, the strain was kept constant at 0.1%, while angular
frequency was logarithmically ramped from ω=0.1 to 100 rad/s. During the thixotropic
tests of the samples, the angular frequency and strain was kept constant at 10 rad/s and
0.1%, respectively for the first 5 min of the measurement, then the sample was exposed
to logarithmically ramp the high shear between 0.1 to 1000% to break the gel integrity
for a short time period. Finally, the recovery of the samples were analyzed keeping
shear rate and angular frequency at constant values; 0.1% and 10 rad/min, respectively.
Anton Paar MCR-301 Rheometer was used for the analysis. Measurements were
reported as average of three repeats.
Temperature-dependent rheology measurements were performed in the range of 25-60
°C on 2% (w/v) AIP mixtures, which were prepared as described for TEM and AFM
measurements and incubated for 1 h to complete sol-gel transition prior to analysis.
The total volume of the sample was 250 µL, and a PP25-SN17979 measuring device
with a diameter of 25 mm was used for rheology measurements. The measuring
distance was determined as 0.5 mm. Time sweep analysis was carried out at elevated
temperatures under 10 rad/s angular frequency and 0.1% strain magnitude. The heating
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rate of the sample was 10 °C min-1 with linear ramping. An Anton Paar MCR-301
Rheometer was used for the analysis. A solvent trap included with the instrument was
used to maintain a humid environment and prevent the drying of the sample during
measurement. Measurements are reported as average of the three repeats.
2.2.14 Atomic Force Microscopy
For the AFM sample preparation, the 4% (w/v) coassembled AIP gel at around 7, AIP1 gel at pH 5 and AIP-2 gel at pH 10 were diluted up to 0.05% (w/v) concentration
using distilled water. The diluted samples were dropped on the cleaned silicon wafer
and air-dried at room conditions. The nanoindentation of the samples were carried out
the optimized AFM system and the developed method in the light of the previous
study.[295] Double pass force-distance method was applied for the measurements and
initially the topography imaging was performed in non-contact AFM mode. During
the second pass, the cantilever was lifted a few nanometers and the sample was
oscillated using a piezoelectric material. The oscillation signal was obtained from a
function generator (DS345, SRS) at 2 kHz with nominally 5 nm indentation. The
cantilever was calibrated on a silicon wafer prior to the nanoindentation measuring the
spring constant of cantilever, and transfer function for deflection to photodiode current
response. The force-distance data was collected using an auxiliary digitizing
oscilloscope during the measurements. Then, a custom program was used to
interpretation of the force-distance data into the histograms of mechanical properties.
Each force-distance curve was divided into approach and retraction parts. The
adhesion forces, applied maximum forces and the contact slopes were also determined.
AFM nanoindentation measurements were performed using a commercial microscope
(MFP3D, Asylum Research) which was also integrated to an optical light microscope.
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2.2.15 In Vitro Studies
Human umbilical vein endothelial cells (HUVEC) donated by Yeditepe University,
Istanbul, Turkey were purified according to the protocol described previously[296];
and used for the in vitro cell culture studies. The immunostaining of the cells were
carried out using specific markers for the characterization. The cells were cultured in
75 cm2 polystyrene cell culture flasks with 10% fetal bovine serum (FBS), 2 mM Lglutamine and 1% penicillin/streptomycin containing Dulbecco’s Modified Eagle
medium (DMEM) during the maintenance.
Prior to the cell culture studies, the surfaces covered with the coassembled AIP
nanofibers were prepared by mixing 50 μL of 0.2% (w/v) AIP-1 and AIP-2 solutions
prepared at neutral pH in water or collagen I as a positive control. The surfaces coated
with the AIP nanofibers were air-dried at room conditions overnight; and then
sterilized under UV light for 1 h. Before the cell culturing, the surfaces were washed
with PBS to eliminate any unbound residue; and then the cells were cultured on the
surfaces at the standard cell culture conditions for 24 h.
The cell adhesion test was conducted according to the similar protocol discussed
previously[297] using serum-free DMEM supplemented with 0.05% (w/v)
cyclohexamide and 4% (w/v) bovine serum albumin (BSA) with cellular density of 2
x 104 cells/cm2. After 2 h culturing of the cells on the surfaces, PBS washing was
applied to remove unbounded cells; and the adhered cells were stained with calceinAM for the fluorescence imaging. The images taken from the at least four random
frames on each replicate with 4 replicates for each group were used to quantify the
adhered cell numbers on the surfaces.
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Morphology and spreading of the cells at 2 h were also analyzed by fluorescently
staining actin cytoskeleton with Phalloidin-TRITC and counterstaining cell nuclei with
TO-PRO®-3 Iodide. For the cellular imaging a Zeiss LSM 510 confocal microscope
was used. The images taken from the confocal microscope then used for the
determination of cell diameter and area using Image J software from NIH.
The cellular viability on the surfaces covered with the coassembled AIP nanofibers or
collagen I at a cellular density of 5 x 103 cells/cm2 for 24 h, was determined via calcein
staining of the viable cells for 24 h. The quantification of the viable cell number was
performed similar to the adhesion test. The morphology of the viable cells on the
surfaces at 24 h were also analyzed using the same staining procedure with the
spreading assay.
The cellular proliferation on the coassembled fibers and bioactive coating was also
quantified via Click-iT™ EdU with 2.5 x 103 cells/cm2 cell density. After 12 h
incubation of the cells on the surfaces; EdU (5-ethynyl-2′-deoxyuridine) was added
into the cell culture media, and the incubation was continued for another 48 h. EdU
incorporates into DNA furing S phase of the cell cycle, and enable us to detect the
proliferation cells due to the binding of Alexaflour-488 conjugated azide group
containing substance.
2.3. Results and Discussion
2.3.1 Synthesis and Characterization of AIPs
Two oppositely charged short amyloid-inspired peptide sequences including AcEFFAAE-Am (AIP-1) and Ac-KFFAAK-Am (AIP-2) (Figures 2.2) coassemble into
amyloid like nanofibers and supramolecular architectures upon mixing at around pH 7
in water. The design of these peptide molecules were inspired by the noncovalent
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interactions between amyloid peptides and the structural motifs found in native
amyloid protein aggregations assemblies[298]. To increase electrostatic interactions
between the peptide molecules and control the coassembly, the charged –Glu and –
Lys residues at the N and C terminals of the AIP-1 and AIP-2 peptides were used,
respectively. In addition, hydrophobic domain of the AIP-1 and AIP-2 molecules
supported the coassembly by hydrophobic[299] and π–π interactions[300], which are
commonly found in amyloid structures[301].

Figure 2.2 Chemical representation of AIP-1 (a) and AIP-2 (b) peptides
AIP-1 and AIP-2 peptide molecules were synthesized via Fmoc-solid phase
method.[184] The products of the synthesis were characterized via Liquid
Chromatography (LC)-Mass Spectroscopy (MS). LC histograms of the peptides
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showed that the purity of the molecules were higher than 90%. MS spectra also showed
the successful synthesis of the molecules using this technique (Figure 2.3).

Figure 2.3 a) AIP-1; [M-H]- (calculated): 752.33, [M-H]- (observed): 752.33. b) RPHPLC chromatogram of the AIP-1, the change of response units with respect to time
at 220 nm. c) AIP-2; [M+H]+ (calculated): 752.44, [M+H]+ (observed): 752.45,
[2M+H]+

(calculated):

1503.88,

[2M+H]+

(observed):

1503.89,

[M/2+H]+

(calculated): 376.22, [M/2+H]+ (observed): 376.74. d) RP-HPLC chromatogram of the
AIP-2, the change of response units with respect to time at 220 nm.
2.3.2 Coassembly of AIPs into Nanofibers and Supramolecular Gels
Noncovalent interactions between short peptide molecules serve as a driving force for
formation of co-assembled nanostructures under physiological conditions[302] and
facilitate the growth of supramolecular fibrillar structures.[303, 304] In particular,
positively-charged amino acids can interact with negatively-charged amino acids
between peptide molecules, thereby playing an important role in mediating the peptide
self-assembly process.[305, 306] AIP-1 and AIP-2 molecules consist of two Glu and
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Lys residues, which carry -2 and +2 net charges at around pH 7 in water (Figure 2.2).
The zeta potential measurements of the individual AIP-1 and AIP-2 solutions were
also pointed their negative and positive charges in this condition (Figure 2.4).

Figure 2.4 Zeta potentials of the AIP-1, AIP-2 solutions; and AIPs assemblies at pH
7.4 in water
Upon mixing peptide solutions with 1:1 molar ratio, the overall charge neutralization
triggered coassembly of AIPs into supramolecular nanostructures (Figure 2.5). Above
2% (w/v) AIP concentration, these architectures can form self-supporting gels and
three dimensional nanonetworks (Figure 2.6). Hydrophobic -FFAA- domain of AIPs
also enhanced repetitive H-bonding, hydrophobic and aromatic interactions, which are
commonly present in native amyloid aggregation.[301, 307, 308]
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Figure 2.5 TEM images of the coassembled AIP nanofibers (scale bar 10 nm, 50 nm
and 0.1 µm)

Figure 2.6 Self-supporting 2% (w/v) coassembled AIP gel (AIP-1+2) formed after
mixing AIP-1 and AIP-2 solutions at pH 7.4 in water
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2.3.2.1 Molecular Dynamics Simulation of AIP Coassembly
The coassembly behavior of AIP molecules due to the noncovalent interactions[252]
was examined by molecular dynamics simulation. Visual Molecular Dynamics (VMD)
was used to obtain the representative snapshots of the simulation carried for 70 ns
given in Figure 2.7. Initially, AIP-1 and AIP-2 molecules at random coil structural
organization were distributed within a defined volume. As simulation continued, AIP1 had a tendency to form a dimer with AIP-2 changing their random coil configurations
to β-sheet structures. When the same type of molecules were close to each other, the
peptides couldn’t form dimers and stayed at the random organization. At the end of
the simulation, four dimers were formed out of five AIP-1 and five AIP-2 molecules;
and only one AIP-1 and AIP-2 molecule stayed out of the β-sheet organization. Hence,
it was revealed that the dimer formation of the oppositely charged AIP-1 and AIP-2
molecules could be the initial step of the peptide aggregation.

Figure 2.7 Selected snapshots of simulation of AIP-1 and AIP-2 peptides (five
molecules per each peptide) obtained by 70 ns Molecular Dynamics Simulations
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The total potential energy change within the system was also investigated during the
simulation, it was seen that the final aggregated peptide structures obtained the lowest
potential energy (Figure 2.8). The short range electrostatic interactions between
positively and negatively charges amino acids residues were also determined via the
simulation. The electrostatic potential energy between the amino acid residues
decreased over the time since the molecules aggregated into β-sheet structures.

Figure 2.8 a) Hydrophobic core interactions (number of contacts) of AIP-1 and AIP2 based on the residues of FFAA-FFAA, b) aromatic group contacts (number of
contacts) of AIP-1 and AIP-2 based on the residues of FF-FF, c) Solvent Accessible
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Surface Area (SASA), d) coulomb interactions between -Lys and -Glu residues of AIP1 and AIP-2, and e) potential energy change of the system during simulation.
The secondary structure analysis of the simulation was carried out quantitatively using
Dictionary of Secondary Structure of Proteins (DSSP) program[309] as a function of
time. DSSP results indicated that the initial random coil configuration of the peptide
molecules changed into β-sheet rich secondary structure containing different forms of
β-sheets (Figures 2.9 and 2.10a) at the end of 70 ns. At the end of the simulation, the
secondary structure distribution within the system was 60% of β-sheets, 30% of βbridges and 10% of mixture of random coil and β-bends (Figure 2.9). Since the AIP
dimer formation was the initial step of the aggregation as mentioned above, the
structural organization of the aggregates analyzed in details and given in Figure 2.9.
Hydrogen bonds among the AIP-1 and AIP-2 molecules; and the interactions between
the peptides and surrounding water molecules were also studied in complementary to
the secondary structure analysis. During the aggregation of the peptides, the number
of hydrogen bonds between peptides and water molecules continued to decrease while
hydrogen bonding among the molecules resulting in formation of β-sheets increased
(Figure 10b). Hydrophobic core interactions between AIP-1 and AIP-2 based on the
residues of FFAA-FFAA; and aromatic group interactions between AIP-1 and AIP-2
based on the residues of FF-FF increased during the simulation and had an important
effect on the aggregation behavior (Figures 2.8a and b).
Solvent accessible surface area (SASA) between the peptide and water molecules were
also investigated to reveal interactions of the peptide molecules with the solvent during
the aggregation process. It was determined that both hydrophilic and hydrophobic
SASA decreased during the simulation from ≈38 nm2 to ≈18 nm2 and from ≈66 nm2
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to ≈29 nm2, respectively (Figure 2.8c). This result was expected since the aggregation
of the peptide molecules resulted in the increase of the number of contacts between the
amino acid residues and decrease in the number of contacts with the water molecules.

Figure 2.9 Residue based secondary structure change of peptides during simulation
trajectory.
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Figure 2.10 The secondary structure (a) and hydrogen bonding change (b) within the
system during the simulation
2.3.2.2 Secondary Structure Analysis of AIP Assemblies
The secondary structure analysis of the AIP assemblies were also examined using the
experimental techniques such as FTIR, circular dichroism (CD), and Congo red
staining in complementary to the simulation results discussed above. The common
secondary structure of the native amyloid aggregates is the cross β-sheet motif in
which β-strands stay perpendicular to the fiber axis[310].
FTIR spectra of the coassembled AIP networks prepared at the different concentrations
revealed a broad peak between 1600-1700 cm-1 in Amide I band region[311] as it was
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seen in Figures 2.11 and 2.12. To determine the exact peak positions within the broad
range, Gaussian fitting was applied to the data (Table 2.1); and the fitting procedure
gave us the two significant peak positions at 1632 cm-1 and 1662 cm-1. The peak
position at 1632 cm-1 corresponded to the C=O stretching vibrations associated with
the β-sheet secondary structure.[312, 313] On the other hand, the presence of a β-turn
secondary structure was also observed at 1662 cm-1.[313] FTIR results showed us the βsheet rich secondary structure of the coassembled AIP nanofibers which was also in
parallel to the simulation and DSSP analysis.

Figure 2.11 a) Secondary structure analysis of AIP-1+2 nanofibers at various
concentrations of dried AIP-1+2 gels with FTIR. b) Detailed analysis of Amide I
region (1600-1700 cm-1)

Table 2.1 Gaussian fitting parameters of FTIR data of AIP-1+2 self-assembled peptide
nanofibers (see Figure 3c) obtained from MATLAB fitting program
A (height of the
Fit-1

Fit-2

peak)

Mu (µ)

Sigma (σ)

1.2557

1662

40.1168

1.1859

1632
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13.9407

Figure 2.12 FTIR spectra of the coassembled AIP network (a, b) (- - - Gaussian
fittings), molar ellipticity of the coassembled AIP (AIP-1+2), AIP-1 and AIP-2
assemblies (c); and the absorbance spectra of congo red dye with and without AIP
coassemblies.
In addition to the FTIR analysis of the AIP networks obtained from the dried samples,
CD analysis of the AIP coassemblies was carried out in the solution phase to determine
the secondary structure of the aggregates. As it was seen in Figure 2.12c, the CD
spectrum of AIP coassemblies revealed a red-shift showed red-shift compare to the
typical β-sheets spectrum with a maximum at 195 nm and a minimum at 216 nm[314].
Previously, it was shown that twisted β-sheet organization led to a red-shift in the peak
positions of the common β-sheet signal[315, 316]; and the amount of such a red shift
was correlated with the twisting degree of β-sheets[314]. Hence, the AIP coassemblies
had a twisted β-sheet secondary structure organization with a maximum molar
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ellipticity at around 220 nm and a minimum at 232 nm depending on twisting degree
of β-sheets (Figure 2.12c). Similar to the CD spectrum of AIP assemblies, individual
AIP-1 and AIP-2 assemblies which obtained via pH change of the solutions also
revealed red shifted CD spectra with β-sheet signal (Figure 2.12c). In addition to FTIR
and CD results, the AIP coassemblies bind to congo red; and that interaction resulted
in the change of the maximum absorbance of the dye from 500 to 530 nm (Figure
2.12d). That also pointed us the β-sheet structural organization of the assemblies since
congo red preferentially intercalated into β-sheet causing a shift in its absorbance
maxima peak as shown previously.[317, 318]
2.3.2.3 Coassembly Kinetics of AIPs
To study the coassembly kinetics of AIP molecules at physiological conditions, AIP1 and AIP-2 solutions were prepared at varying concentrations between 1% and 2%
(w/v), and mixed at a molar ratio of 1:1 at the physiological conditions. Coassembly
kinetics of the AIPs were monitored via addition of ThT, a small molecule[319, 320],
which binds the β-sheets of the AIP aggregates and exhibits an increase in fluorescence
emission intensity during coassembly (Figure 2.13). Time-dependent increase in
fluorescence intensities were monitored using confocal fluorescent microscopy and
normalized to maximum ThT intensity to analyze the peptide assembly process (Figure
2.14). This technique facilitates the analysis of turbid peptide solutions due to the
formation of opaque supramolecular nanostructure networks. In addition, z-stacking
within the AIP mixtures allowed tracking the changes in 3D fluorescence intensity and
correlate this information to the formation of aggregates during the coassembly
process.
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Figure 2.13 (a) A small fluorescent dye molecule; thioflavin T (ThT), is used as a
probe for monitoring the coassembly of AIP-1 and AIP-2 molecules into
nanostructures. (b) The normalized fluorescence intensity changes during the coassembly process of the AIPs prepared at different peptide concentrations.
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Figure 2.14 Time- and concentration-dependent co-assembly of oppositely charged
AIPs at physiological conditions into supramolecular nanostructures. The aggregation
kinetics of the AIPs were visualized using in situ confocal microscopy imaging during
the coassembly process at different concentrations (all image scale bars are 200 µm)
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Figure 2.15 SEM images of the three dimensional nanofibrous 2%, 1.75% and 1.5%
(w/v) AIPs networks coassembled for 1 h
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AIPs showed different coassembly kinetics depending on the peptide concentration
(Figure 2.13). Above 1.5% (w/v) concentration, the AIP mixtures rapidly selfassemble into supramolecular systems within 1 h. On the other hand, the coassembly
process slowed down and did not reach to maximum fluorescence within 1 h for 1.25%
and 1% (w/v) AIP samples. Although an initial delay of up to 20 min was observed in
the aggregation of AIPs at the threshold concentration of 1.5% (w/v), this delay was
followed by a rapid increase in self-assembly, which also failed to reach the rates
observed in higher AIP concentrations after 1 h. In the literature, ThT binding assay
has been used to determine the kinetics of the aggregation process and important
parameters that effect the aggregation behavior of amyloids. It is known that higher
initial concentrations increase the assembly kinetics and decrease the lag-time of the
aggregation process in amyloid solutions.[321-323] In addition, growth curves
associated with amyloid formation typically approximate a sigmoidal shape, in which
the nucleation of the monomers is followed by their rapid aggregation into filamentous
nanostructures.[324] AIP coassembly kinetics were overall similar to these displayed
by native amyloid assemblies, as the peptide molecules were observed to form selfsupporting three-dimensional networks (Figure 2.15) under sigmoidal-like formation
kinetics over a concentration of 1.25%. Although initial nucleated aggregates have
been detected via ThT binding for all concentrations of AIP mixtures (Figure 2.14),
their coassembly kinetics reach to maxima within 1 h only for concentrations above
1.5% (w/v).
Turbidity assay was also used to follow the self-assembly process and analyze peptide
aggregation kinetics[325, 326] in addition to the ThT binding assay. AIP mixtures
were prepared as described for the ThT binding assay and their turbidities at 313 nm
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were normalized to their maximum absorbance to determine the time-dependent
assembly of the peptide networks (Figure 2.16). Turbidity kinetics of the AIPs showed
a similar pattern with the ThT binding kinetics, exhibiting a time-dependent increase
within 1 h at concentrations over 1.25% (w/v). A rapid increase was also observed in
the turbidity of the 1.5% (w/v) sample after 20 min, supporting our ThT results.
Although two different assays have been utilized for analyzing the behavior of AIP
mixtures, both ThT binding and turbidity assays overall suggest that the AIPs exhibit
amyloid-like aggregation and sigmoidal assembly kinetics above a concentration of
1.25% (w/v).

Figure 2.16 Turbidity of AIP solutions at different concentrations was monitored as
optical density at 313 nm under physiological conditions. Increase in the turbidity of
the solutions correlate with nanostructure formation and sol-gel transition. AIP-1 and
AIP-2 molecules rapidly self-assemble into the nanostructures a concentration over
1.25% (w/v) concentration within 1 h.
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As a control experiment, turbidities of AIP-1 and AIP-2 solutions were also measured
separately at 313 nm and normalized to the maximum absorbance of the curves;
however, no increase in solution turbidity could be detected when the peptide
components were not mixed with one another (Figure 2.17).

Figure 2.17 Time dependent turbidity change of (a) AIP-1 and (b) AIP-2 at 313 nm,
the peptide solutions were prepared at the different peptide concentrations.
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Fragmentation of amyloid aggregates may accelerate the assembly kinetics of fibril
formation, since amyloid fibril ends behave as nucleation point for fiber elongation.
The analogy between enzymatic reactions and amyloid aggregation has previously
been underlined in the literature.[322] Sonication is a way to break the nucleated
amyloid aggregates via sound waves, and the technique was used to enhance the
spontaneous fibril formation of amyloid peptides.[327]
In this study, sonication was applied for different time periods after 1% (w/v) AIP-1
and AIP-2 solutions were mixed at around pH 7 in water, and the turbidity changes
exhibited by AIP mixtures were then monitored at 313 nm for 1 h (Figure 2.18a).
Although 1% (w/v) AIPs solution was not observed to form three-dimensional
networks within 1 h in both ThT binding and turbidity assays; turbid AIP mixtures
were obtained at this concentration when the samples were sonicated. In addition, short
term sonication of 1% (w/v) AIPs before the turbidity study enhanced the coassembly
process, and no change was observed on the turbidity of the solutions within 1 h
(Figure 2.18b). In addition to the effects of monomer concentration on coassembly
kinetics, fragmentation via sonication also enhanced the formation of supramolecular
AIP nanostructures at physiological conditions, which is in agreement with the
previous records on amyloid aggregation behavior.
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Figure 2.18 Sonication enhances turbidity of 1% AIPs compared to the control groups;
a) time dependent turbidity change and b) 1% AIPs solution images after the sonication
was applied for different time periods (1, 2.5 and 5 min) (Control groups were also 1%
AIPs which were incubated for 5, 2.5 and 1 min without sonication prior to the
analysis.)
2.3.2.4 SAXS Analysis of AIP Nanofibers
To characterize structural properties of the peptide nanostructures, AIP mixtures were
incubated for 1 h under physiological conditions in a 2.5 mm-thick, Kapton-walled
sample cell and analyzed by SAXS to determine their scattering profiles. Scattering
intensity (I) was recorded as a function of the magnitudes of scattering vectors q (Å-1)
of the co-assembled AIPs at different concentrations (Figure 2.19), and scattering data
in the Guinier region was used to determine the radius of gyration for the co-assembled
AIP nanostructures (Figure 2.19). Data fitting and processing were performed by using
IGOR Pro 6.3[290], and the data were best-fitted to a combined model defined by the
polydisperse core-shell cylinder (PCSC)[287] and decoupling flexible cylinder
(FCPR)[288, 289] models (Figure 2.1 and 2.20).
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Figure 2.19 (a) Small angle X-ray scattering (SAXS) profiles and 2D patterns (b) of
coassembled 2%, 1.75% and 1% (w/v) AIP nanostructures after 1 h.
The obtained structural parameters are shown in Table 1. The electron density of core
section was higher than the shell, possibly due to the tendency of the hydrophobic
domains of AIPs (-FFAA-) to stay in the inner region of coassembled AIP nanofibers
(Figure 2.20b). In addition, the shell region, consisting of hydrophilic -Lys and -Glu
residues, provided a contact area with water molecules. The electron densities were
also found to change repetitively at a periodicity of 3.1 nm across the longitudinal axis
of the fiber. π-π stacking of aromatic residues and twisted β-sheet organization of AIPs
in the fibers may cause this periodicity exhibited by electron density. The nanofibrous
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organization of the coassembled AIP supramolecular nanostructures were also
observed using AFM imaging of peptide networks dried on Si wafers, (Figure 2.20c)
and are consistent with the model developed in the light of the scattering data.

Figure 2.20 The proposed structural model for co-assembled AIP nanostructures (a)
and (b) the electron density distribution on the nanofiber, (c) AFM image of the
coassembled AIP nanofibers and their bundles dried on a Si wafer
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Table 2.2 Fitting results of SAXS data of coassembled AIP nanostructures at different
concentrations in water at neutral pH.
Model

PCSC

Parameters

1%

1.75%

2%

Rp, core radius
(Å)

47.6 ± 0.60

51.6 ± 0.80

48.7 ± 0.70

55.7 ± 0.50

53.5 ± 0.90

52.3 ± 0.70

0.9

0.8

0.6

23.9 ± 0.10

24.0 ± 0.10

21.6 ± 0.10

3.2± 0.10

3.1± 0.10

4.5± 0.10

103.3± 0.80

105.1± 0.90

101.2± 0.50

30.3± 0.10

30.2± 0.10

30.6± 0.10

Radial shell
thickness (Å)
Radial
polydispersity,
sigma
Hp, core length
(Å)
Face shell
thickness (Å)
Rl, shell radius
(Å)

Hl, shell length
(Å)
SLD core (Å-2)

10.8 x 10-6

11.1 x 10-6

11.3 x 10-6

SLD shell (Å-2)

10.1 x 10-6

10.2 x 10-6

10.6 x 10-6

SLD solvent (Å-2)

9.6 x 10-6

9.7 x 10-6

9.6 x 10-6

L, contour length
420.2± 0.90 430.1± 0.30 434.7± 0.40
(Å)
b, Kuhn length
60.6± 0.10
60.5± 0.10
61.3± 0.20
(Å)
R, radius (Å)
103.3± 0.80 105.1± 0.90 101.2± 0.70
FCPR
Polydispersity of
3.2
5.6
4.3
radius
SLD cylinder (Å10.2 x 10-6
11.6 x 10-6
11.9 x 10-6
2
)
SLD solvent (Å-2)
9.7 x 10-6
9.5 x 10-6
9.6 x 10-6
* Core radius = Rp, core length = Hp (the mean core radius is Ro); the shell radius and
shell length incorporate the dimensions of the bare particle (Hl = Hp + 2 x face
thickness and Rl = Rp + radial thickness). Sigma is equivalent to the standard deviation
of the log-normal distribution.
78

In situ SAXS measurements were also performed on a 2% (w/v) AIP mixture to
monitor its structural organization during the co-assembly process. Experiments were
performed at this concentration due to the rapid co-assembly kinetics of the 2% (w/v)
AIP mixture, which would allow the observation of both short- and long-term changes
in the peptide network. The first scattering profile was collected immediately after (t
~ 30 s) the mixing and transfer of AIPs into capillary tubes, while following
measurements were acquired every 30 s within the first 5 min. Scattering profiles were
then analyzed to determine whether a structural or organizational transition had
occurred during the coassembly process (Figure 2.21a, b). All scattering profiles
collected within the first 5 min were best-fitted to the same structural model given in
Figure 2.1, and the results showed that AIP-1 and AIP-2, when mixed above the critical
sol-gel transition concentration at pH 7 in water, are able to coassemble into nanofibers
without any transition from another structural organization within the collected time
intervals. In addition, no structural or organizational changes were observed on the
TEM images of the AIP nanostructures prepared from the dilutions of 2% coassembled AIPs for 15 min and 1 h, further supporting our SAXS results (Figure 2.21c,
d).
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Figure 2.21 a) In situ SAXS measurements of 2% AIPs in water at neutral pH during
coassembly, and (b) TEM images of the nanofibers prepared from the dilutions of
coassembled 2% AIPs for 15 min (c) and (d) 60 min
Temperature-dependent structural stability of co-assembled 2% (w/v) AIP
nanostructures for 1 h was also investigated by SAXS analysis performed at elevated
temperatures between 25 to 64 °C (Figure 2.22). In addition to the scattering profiles
analysis of peptide assemblies at different temperatures, which were best fitted to the
flexible core-shell cylinder model described above, fractal mass analysis was
performed to probe the AIP nanostructures in high q regimes (Figure 2.22b). The
scattering exponent α can be estimated from the slope of a log I(q) vs. log q curve
derived from scattering data.[328] In a high q regime; α is equal to the mass fractal
dimension, Dm, revealing the degree of compactness of the scattering object.[271, 328]
For semi-ordered structures, Dm has a value between 1 to 3[329], and higher Dm values
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indicate

the

denser

structural

organization

of

the

co-assembled

peptide

aggregates.[305] Hence, it was expected to obtain loose nanostructures and lower Dm
values are expected to be observed at higher temperatures, which weaken noncovalent
interactions between the AIP molecules. However, Dm values of 2% (w/v) coassembled AIP nanostructures changed only slightly up to 61 °C, and a rapid decrease
was observed above this temperature (Figure 2.22b).

Figure 2.22 a) SAXS profiles of 2% coassembled AIP nanostructures at different
temperatures. (b) Increase in temperature did not disturb the organization of the AIP
nanofibers and the density of the nanofibers slightly changed for elevated temperatures
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2.3.3 Viscoelastic Properties of AIP Supramolecular Gels
Amyloid peptide assemblies reveal high elasticity modulus and mechanical strength
due to their intriguing hierarchical organization due to noncovalent interactions[257,
330]. The viscoelastic behavior and mechanical properties of AIP assemblies prepared
at 4, 3, 2, 1 and 0.5% (w/v) AIPs concentration were also examined to understand the
gel formation characteristics using oscillatory rheology in the linear viscoelastic
regime (LVR). This technique enabled us to determine storage (G′) and loss modulus
(G′′) which are the stored and lost energy during deformation of the sample under
dynamic mechanical forces. As gelation occurs, new elastic chains within the samples
are formed and led to decrease in the damping factor which is the ratio of loss to storage
modulus.
In complementary to the coassembly kinetics studies results obtained via ThT and
turbidity assays, the weak gelation was observed below 2% (w/v) AIPs concentration
as seen in Figure 2.23. Above this concentration, the supramolecular AIP assemblies
revealed weak mechanical properties and viscoelasticity (Figure 2.23b). In addition
above this concentration, the gelation rapidly occurred within few seconds of mixing;
and equilibrium elastic moduli of the samples reached up to 200 kPa. To the best of
our knowledge, no other study reported a similar elastic modulus for peptide gels
formed coassembly of synthetic short peptides due to the non-covalent interactions. In
addition, the peptide concentration within the supramolecular gels linearly correlated
with storage moduli of the samples above 2% (w/v) concentration (Figure 2.23c). The
linear dependence on the peptide concentration could be related with the newly formed
elastically active nanofibers participating in gel formation. This was further verified
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by inverse relationship between damping factor and initial peptide concentration
(Figure 2.23d).

Figure 2.23 Time sweep analysis (a) and (b) equilibrium storage (G′) and loss moduli
(G′′) of the AIP coassemblies c) Linear dependence of storage moduli of the AIP gels
to concentration change at pH 7 d) Damping factor (G′′/G′) change of the gels prepared
at different concentrations of at pH 7 for 60 min.
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Figure 2.24 Frequency sweep (a, b) and thixotropic analysis (c, d) of the AIP
coassemblies prepared at different peptide concentrations at pH 7 (Loss Modulus, w:
angular frequency)
Table 2.3 Recovery of 4, 3, 2, 1 and 0.5% (w/v) coassembled AIP gels after disruption
of the networks with the increased strain
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In order to reveal superior mechanical properties of the coassembled AIP gels at pH 7,
we also individually examined the viscoelastic behavior and gel formation capacity of
its constituent peptides; AIP-1 and AIP-2. As it was discussed, AIP-1 and AIP-2
consists of negatively and positively charged amino acids at neural pH; hence pH
change of the AIP-1 and AIP-2 solutions, separately resulted the charge screening and
self-assembly of the molecules into supramolecular gels at pH 5 and 10, respectively.
The coassembled AIP system revealed rapid gelation kinetics compare to the
individual AIP-1 and AIP-2 gels as seen in Figure 2.25a. This could be related with
the presence of the additional electrostatic interaction between the molecules in
complementary to the other non-covalent forces. On the other hand, the self-assembly
of the AIP-1 and AIP-2 was triggered charge neutralization of the acidic or basic
groups on the molecules hence the major non-covalent interaction between the
building blocks were hydrogen bonding and π-π stacking. Hence, the coassembled AIP
gels presented at least an order of magnitude higher equilibrium modulus than either
of the AIP-1 and AIP-2 gels. Here, opposite charges within the network further
contributed to the stability of elongating coassembled AIP nanofibers, which
accounted for the strong mechanical properties (Figure 2.25b).
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Figure 2.25 a) Time sweep analysis, and (b) equilibrium storage and loss moduli (G′,
G′′) of the 2% (w/v) coassembled AIP, AIP-1 and AIP-2 gels prepared at pH 7, 5 and
10, respectively
Bulk viscoelastic character of 2% (w/v) co-assembled AIP nanostructure network was
also analyzed at elevated temperature range for 1 h to confirm out the temperature
dependent SAXS experiments (Figure 2.26). The viscoelastic gel properties of the
coassembled AIPs were found to be preserved in the 25-64 °C range, which agrees
with the non-significant change in structural organization monitored via SAXS
analysis in this temperature interval.
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Figure 2.26 Effect of temperature on the mechanical stability of coassembled 2%
(w/v) supramolecular AIP nanostructure network for 1 h (The co-assembled network
preserved viscoelastic behavior at elevated temperatures)
2.3.4 Nanomechanical Properties of AIP Nanofibers
Since the supramolecular nanofiber gels were formed via the entanglement of the selfassembled AIP nanofibers, the resulting gels stability can be related with the
mechanical properties of the individual AIP nanofibers and their bundles. Previously,
in the literature it was shown that the mechanical strength of both interfiber and
intrafiber adhesion was the important parameters to determine mechanical properties
of the nanofibers and bundles[42]. Naturally, increased adhesion of the peptides within
the self-assembled nanofibers improves strength and elastic modulus of an individual
nanofiber; and increased adhesion between the nanofibers forming a bundle leads to
formation of a more rigid supramolecular nanofiber gels due to the improved noncovalent interactions between the entangled bundles.[42]
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We conducted nanomechanical characterizations of individual AIP-1 and AIP-2
nanofibers which were self-assembled due to the pH change and the coassembled AIP
nanofibers using double-pass force-distance mapping technique allowing us to
investigate the elastic properties of the materials at the nanoscale[295] in
complementary to the oscillatory rheology analysis of the gels. Both approach and
retraction of the AFM tip during force-distance measurements results the physical
interactions of the tip with the self-assembled peptide nanostructures; and the effects
such interactions pronounced on the force-distance curves. The physical interpretation
of the force-distance data collected during the nanoindentation were used to determine
adhesion and elastic modulus maps of the individual AIP-1 and AIP-2 nanofibers and
the coassembled AIP nanofibers during approach (Figure 2.28) and retraction of the
AFM tip (Figures 2.27b-c and 2.29c-f). In the maps, monolayer islands of peptides
were also resolved on silicon, correlated with similar characteristics in the topography
(Figures 6 and S11).

Figure 2.27 AFM topography images of

coassembled AIP nanofibers (a); and

adhesion force (b) and (c) elastic modulus maps of the nanofibers determined from the
slope of force-distance curves (Modulus, Pa) during retraction
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Figure 2.28 Adhesion force (a, c, e) and elastic modulus maps (b, d, f) of individual
AIP-1 and AIP-2 nanofibers and the coassembled AIP nanofibers during approach

Figure 2.29 The topography (a,b), adhesion force (c,d) and elastic modulus maps (e,
f) of individual AIP-1 and AIP-2 nanofibers during retraction
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Since the only visual maps alone did not provide a good insight for the mechanical
properties of the nanofibers, the slope and adhesion histograms of the nanofibers were
also presented for a better comparison. Slope and adhesion histograms of individual
AIP-1 and AIP-2 and the coassembled AIP nanofibers (Figures 2.30a-d) were obtained
at the similar maximum pressing forces given in Figure 2.32. The slope of the forcedistance curves was positively correlated with the elasticity of the nanofibers, hence it
was strongly related with the strength of non-covalent interactions between the peptide
molecules which were assembled into the nanofibers.
Surfaces containing the coassembled AIPs and individually formed AIP-1 and AIP-2
nanofibers showed single peak elasticity distributions given in Figure 2.30. The
elasticity of undisturbed nanofibers was the coassembled AIPs and individually
formed AIP-1 and AIP-2 nanofibers, respectively (Figure 2.30a). On the other hand
AIP-1 and AIP-2 nanofibers showed wider elastic moduli distributions, while the
coassembled AIP nanofibers continued to display a single peak in the histogram during
retraction as given in Figure 2.30b.
The change in the elasticity histograms of AIP-1 and AIP-2 nanofibers was pointed us
the organizational change of the supramolecular nanofibers, possibly related with the
disruption of the non-covalent interactions within and in-between nanofibers during
the nanoindentation. The appearance of a tail towards lower elasticity values in the
histogram in Figure 2.30b might be related with the structural changes, where the
individual nanofibers of nanofibers AIP-1 and AIP-2 triggered via pH stimuli might
show a transition from a closed cylindrical shell to a partially or completely ripped
shell. On the other hand, the coassembled AIP nanofibers continued to reveal a single
peak elasticity distribution.
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Figure 2.30 Slope (a, b) and adhesion force histograms (c, d) of the coassembled AIPs
at pH 7 and individually formed AIP-1 at pH 5 and AIP-2 nanofibers at pH 10 during
approach and retraction of the AFM tip (― Gaussian fittings). Schematic
representation of nanofiber and AFM tip interactions during nanomechanical
characterizations (e)
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In complementary to the slope histograms of the nanofibers, similar results was
obtained in the adhesion force histograms of the coassembled AIPs at pH 7 and
individually formed AIP-1 at pH 5 and AIP-2 nanofibers at pH 10 (Figures 2.30c, d).
While individual AIP-1 and AIP-2 nanofibers showed multiple peaks in the approach
(Figure 2.30c), the coassembled AIP nanofibers exhibited a single peak with increased
adhesion force. It was thought that the individual AIP-1 and AIP-2 nanofibers had a
multiple nanoscale configurations or exposed sites during the tip-structure
interactions.
The lower adhesion forces for AIP-1 and AIP-2 compared to the coassembled AIP
nanofibers also indicated the stronger non-covalent interaction and bond formation
within the coassembled nanofibers. Stronger adhesion in the coassembled nanofibers
was expected to outcome in greater strength and storage modulus for the
supramolecular AIPs gels complementary to the macroscopic rheology results.
Furthermore, the adhesion histograms of the coassembled nanofibers during at both
approach and retraction of the tip (Figure 2.30c, d) revealed a single peak in the
adhesion distribution; on the other hand, the significant changes in the distributions for
the individually formed nanofibers via pH effect. AIP-1 and AIP-2 nanofibers were
observed. That was also supported the conclusion related with the greater strength,
structural integrity and stability of the coassembled AIP nanofibers compare to the pH
triggered individually formed supramolecular architectures.
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In addition to comparison of the nanofibers and understanding nanomechanical
behaviors of the AIP nanostructures, the adhesion and stiffness properties of the
coassembled AIP nanofibers at pH 7 were used to categorize these supramolecular
architectures compare to the other natural proteinaceous materials. Hence, the
coassembled AIP nanofibers presented mechanical stiffness up to 10 GPa (Figure 2.31)
similar to mechanical properties of natural amyloid fibrils and collagen[257] found in
natural organism.

Figure 2.31 Modulus (Pa) histograms of AIP-1+2 at pH 7, AIP-1 at pH 5, and AIP-2
at pH 10 nanofibers; a) approach and b) retraction of AFM tip (―: Gaussian fittings)
In addition, nanoindentation studies were performed under relatively small peak forces
such that on the order of 10 nN as given in Figure 2.32. The peak indentation depth
was determined using the Hertzian contact theory, which gave us a value of 2 nm for
a 25 nm radius tip, for 10 nN applied force. The thickness of the AIP nanofibers and
bundles that can reach up to 40 nm as seen in Figures 2.27a and 2.29a, b. Hence the
obtained results could not affected by the indentation forces since the indentation depth
was smaller than a typical fiber diameter.
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Figure 2.32 Maximum force histogram of the coassembled AIP nanofibers at pH 7,
AIP-1 at pH 5, and AIP-2 at pH 10 nanofibers applied by AFM tip during the
nanomechanical characterizations
2.3.5 Biocompatibility of AIP Nanofibers and Supramolecular Gels
The dynamic nature of ECM, soluble factors and cell-cell interactions control cellular
behavior and determine the cell fate in natural organisms. Interfering cellular behavior
towards the directed cellular responses has recently gained tremendous interest due to
recent advances on the tissue/organ regeneration and other therapeutic applications.
Within this perception, self-assembling peptides and their supramolecular
architectures emerged as useful biomaterials due to their adaptability, bioactivity and
biocompatibility. Hence, we aimed to investigate the potential of AIP nanofibers and
gels as cell culture scaffold; and understand the cell-material interaction at in vitro
conditions quantifying the critical cellular responses such as adhesion, spreading,
viability, and proliferation.
For this purpose, Human umbilical vein endothelial cells (HUVECs) were selected as
model cells since they had previously been used for similar studies[297]. To prevent
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the interference of soluble ECM factors enhance cellular adhesion with our results, the
experiments were conducted under serum-free medium which was prepared with the
addition of cyclohexamide translation inhibitor eliminating the effect of endogenous
proteins on cell adhesion. HUVEC adhesion and spreading was sustained on the AIP
nanofibers for 2 h, and then the adhered cells which were stained via calcein were
imaged and quantified using fluorescence microcopy as given Figure 2.33a. As it was
seen, the adhered cell numbers were comparable with the control groups after 2h; and
there was no significant difference.

Figure 2.33 a) Relative cell adhesion for 2 h, b) viability for 24 h; c) proliferation for
48 h; and d-f) the confocal images of the cells after 24 h cultured on the AIPs
nanofibers, collagen I and bare glass.
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Although the significant difference on the adhered cell numbers between the AIPs
nanofibers and collagen I control groups were not seen, the spreading of the cells on
collagen I was higher compared to the AIPs nanofibers (Figures 2.34) due to bioactive
peptide sequence of collagen I interacting with the integrin receptors of the cells.
Although the coassembled AIPs nanofibers did not present any bioactive epitopes on
the supramolecular nanostructures, the average cell diameter were longer on the AIPs
nanofibers compare to the other groups (Figure 2.34a).

Figure 2.34 Spreading of the cells on the AIPs nanofibes, collagen I and glass after 2
h based on a) cell diameter b) cell area (n.s.: Not significant).
The viability of the cells were also determined at 24 h, and showed that there were no
cytotoxic effect of the coassembled AIPs nanofibers on the cellular viability
comparable to collagen I coated and bare glass surfaces (Figure 2.33b). On the other
hand, the proliferation of the cells were faster rate on the surfaces coated with collagen
I compare to the other groups which was quantified via the proliferation assay at 48 h
(Figure 2.33c). The cells cultured on the AIPs nanofibers and the controls groups were
also stained with Phalloidin-TRITC and TO-PRO®-3 Iodide for the confocal imaging
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of their morphologies. As it was seen in Figures 2.33 and 2.35 for 24 h and 48 h,
respectively, the native morphologies of the cells were preserved on all the surfaces.
Hence, it was concluded that the biocompatibility of the coassembled AIPs nanofibers
was comparable with bioactive collagen I network which is a natural ECM component.
Furthermore, the integration of bioactive epitopes on AIP building blocks and
presentation of the supramolecular nanofibers which had unique mechanical properties
can make these architectures promising candidates for biomedical studies.

Figure 2.35 The confocal images of the cells after 2 and 48 h cultured on the AIPs
nanofibers, collagen I and bare glass.
The stability of amyloid-inspired peptide coated surfaces incubated with cells under
standard cell culture conditions (37 oC, 5 % CO2) for 24 h were investigated using
SEM imaging, also. Nanofibrous peptide layer was clearly identifiable in Figure 2.36,
pointing the stability of the peptide coating during the in vitro experiments.
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Figure 2.36 SEM images of the coassembled AIPs coated surfaces incubated with the
cells under standard cell culture conditions for 24 h.
The 3D cell culturing studies were also performed to analyze the cell-material
interactions on the coassembled AIPs gels at 4 and 3 % (w/v) concentrations. HUVECs
cells were cultured on the gels for 24 h and then, SEM images of the gels with the cells
were obtained (Figure 2.37). As it was seen in the images, the coassembled AIPs gels
sustained the cell-material interactions. The enhanced the cellular spreading and cellcell contacts on the surfaces also pointed the biocompatibility and the stability of the
supramolecular assemblies of AIPs as functional biomaterials for biomedical
applications.
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Figure 2.37 SEM images of HUVECs cultured on the 3D coassembled AIPs gel
surfaces after 24 h later
2.4 Conclusion
The design of short self-assembling synthetic peptides, inspired by noncovalent
interactions in native amyloid aggregations, allows the formation of co-assembled
supramolecular nanostructures at neutral pH through hydrogen bonding, hydrophobic
and electrostatic forces. The interactions between the oppositely-charged short
amyloid-inspired AIP-1 and AIP-2 peptide molecules supported the formation of
stable nanofibers at physiological conditions.
The aggregation behavior and secondary structure organization of these oppositely
charged peptides was also studied via both molecular dynamic simulations of the selfassembly process and other experimental techniques. The coassembly kinetics of the
peptides displayed nucleation-dependent, amyloid-like aggregation characteristics
above a critical monomer concentration, which was monitored via both ThT binding
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and turbidity assays. In addition, fragmentation of the AIP nanostructures by
ultrasonication enhanced the aggregation of the 1% (w/v) AIP mixture, which
normally could not reach maximum turbidity within 1 h.
Models developed by the detailed SAXS analysis of co-assembled AIP nanostructures
also revealed the core-shell nanofibrous organization of the oppositely charged short
AIP molecules, which is likely to stem from the hydrophobicity of aromatic residues
and hydrophilicity of –Lys and –Glu residues on AIP-1 and AIP-2 molecules,
respectively. In addition to the structural model and estimated organizational
parameters, in situ SAXS analysis suggests that no transition in the structural
organization of peptide molecules during the co-assembly process of 2% (w/v) AIP
mixture.
The stability of the co-assembled AIP nanostructures in both nanoscale fiber
organization and bulk viscoelastic properties was shown via temperature dependent
SAXS analysis, nanoindentation using AFM and oscillatory rheology measurements.
The nanomechanical characterization via AFM underlined the increased resilience and
stability of AIP-1+2 nanofibers under applied pressure by the AFM tip as compared to
AIP-1 and AIP-2 nanofibers.
Furthermore, in vitro biocompatibility of the non-bioactive AIP nanofibers and their
supramolecular gels comparable to Collagen I showed their potential as ECM mimetic
scaffold and nanosized delivery system. Although a variety of short peptide designs
and self-assembled architectures were reported to display amyloid-like structural
organizations in the literature, the facile self-assembly mechanism of the AIPs into
mechanically stable nanofibers and supramolecular gels at physiological conditions
provide an advantage particularly for possible biomedical applications. Furthermore,
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the systematic information about the self-assembly process of short synthetic peptides
presented in this study can facilitate the development of therapeutic strategies for
protein-folding disorders and the design of improved materials derived from selfassembled amyloid inspired peptides.
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Chapter 3
3. Controlled Local Chemotherapeutic Drug Delivery
through Supramolecular

Peptide Amphiphile

(PA)

Nanofiber Gels
3.1 Introduction
Peptide amphiphiles (PA) self-assemble into three dimensional supramolecular
nanofiber gels providing a suitable environment for the encapsulation of both
hydrophobic and hydrophilic drug molecules. PA gels have significant advantages for
the controlled drug delivery applications due to their high capacity to retain water,
biocompatibility, and biodegradability.
Doxorubicin hydrochloride (Dox) is FDA approved and clinically used
chemotherapeutic molecule for the treatments of variety of cancer types.[331, 332]
However, systemic administration of the drug to whole body via intravenous injection
causes serial health problems.[333, 334] To overcome the limitations of the Dox
treatments, we developed biocompatible, biodegradable and injectable PA nanofiber
gels which provide both hydrophilic and hydrophobic nanofibrous environment for the
local delivery of the Dox molecules at physiological conditions.
For this purpose, oppositely charge PA molecules were designed as the building blocks
of the self-supporting gels which encapsulate the drug molecules with 100% efficiency
during the sol-gel transition at pH 7.4 in water. The chemical and physical properties
of the nanofibrous PA networks including secondary structure, viscoelastic behaviors
depending on PA concentration and injectability were studied using several
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characterization techniques. Biodegradability of the coassembled PA gels via different
proteases was also tested at the physical conditions. After the bulk materials
characterizations of the PA nanofiber gels, the controlled release characteristics were
investigated via in vitro bulk release experiments and Fluorescence Recovery After
Photobleaching (FRAP) technique. The transport parameters including diffusion
coefficients and immobile fractions of the drug molecules within the PA gels were
estimated using semi-empirical methods. In addition, biocompatibility of the PA gels
and controlled drug release dependent cellular viability were studied in vitro
conditions. Finally, we examined the potential of the PA nanofiber gel as local delivery
system at in vivo conditions developing a breast cancer tumor model on Balb/c mice.
3.2 Experimental Section
3.2.1 Materials
All protected amino acids, rink amide MBHA resin and 2-(1H-benzotriazol-1-yl)1,1,3,3-tetramethyluronium hexaﬂuorophosphate (HBTU) were purchased from
NovaBiochem.

Other

chemicals

including

dichloromethane

(DCM),

dimethylformamide (DMF), acetonitrile, piperidine, acetic anhydride, N,NDiisopropylethylamine (DIAE), trifluoroacetic acid (TFA), uranyl acetate and
doxorubicin hydrochloride were purchased from Fisher, Merck, Alfa Aesar or SigmaAldrich. The enzymes; proteinase K from tritirachium album and α-chymotrypsin from
bovine pancreas were purchased from VWR chemicals and Sigma, respectively. All
chemicals and solvents used in this study were analytical grade.
3.2.2 Synthesis and Characterization of PA Molecules
E3PA (Lauryl-VVAGEEE) and K3PA (Lauryl-VVAGKKK-Am) were synthesized
according to the solid phase 9-fluorenylmethoxycarbonyl (Fmoc) peptide synthesis
103

method reported previously.[34] An Agilent 1200 series reverse-phase high
performance liquid chromatograph (HPLC) equipped with an Agilent 6224 high
resolution mass time-of-flight (TOF) mass spectrometer and an electrospray ionization
(ESI) source was used for the characterization of the synthesized PAs (Figure S1). 1
mg/mL E3PA in water was analyzed at pH 7 using an Agilent Zorbax 300SB-C18, 3.5
µm (100 x 4.6 mm) column in an optimized gradient of water (0.1% NH4OH) and
acetonitrile (0.1% NH4OH) as the mobile phase, while an Agilent Zorbax Extend-C18,
3.5 µm 80A (100 x 4.6 mm) column was used for the analysis of 1 mg/mL K3PA at
pH 7 in water in an optimized gradient of water (0.1% formic acid) and acetonitrile
(0.1% formic acid).
3.2.3 Preparation of the PA Nanofiber Gels
E3PA and K3PA were dissolved in water, separately and the pH of the individual
solutions were adjusted to 7.4 using 1 M NaOH. Negatively charged E3PA solution
was mixed with the positively charged K3PA solution with 3:4 volumetric ratio to
trigger coassembly of PAs into supramolecular nanofiber gels via overall charge
neutralization. The final PA concentrations within the coassembled gels were 3, 2, 1
and 0.5% (w/v), respectively.
3.2.4 Imaging of the PA Nanofibers and Gels
For the TEM imaging of the individual PA nanofibers, 1% (w/v) PA gel was diluted
by addition of water, and the sample was casted onto TEM grid for the staining with
2% (w/v) uranyl acetate. After air-drying of the sample, a FEI Tecnai G2 F30 TEM
instrument was used for the imaging. For the SEM imaging, the coassembled PA
nanofiber gels at 3, 2, 1 and 0.5% (w/v) concentrations at pH 7.4 in water were
prepared. The water content in the gels was replaced by series of ethanol (40%, 60%,
104

80% and 100%) to preserve their nanofibrous architecture during critical point drying
(CPD). The samples were coated with 6 nm Au/Pd; and then imaged using a FEI
Quanta 200 FEG Scanning Electron Microscope.
3.2.5 Zeta Potential Measurements
E3PA and K3PA solutions at 0.186 mM and 0.132 mM concentration were prepared,
respectively; and the pH of the solutions were adjusted to 7.4 using 1 M NaOH. The
mixtures of the PAs were prepared by adding 0.4 ml E3PA solution onto the 10 ml
K3PA solution, continuously. After each addition of the E3PA, the mixture was well
mixed and then the zeta potential of the mixture was measured. The analysis was
performed with Malvern Nano-ZS Zetasizer equipped with a titrator and pH meter.
3.2.6 Secondary Structure Analysis using CD and FTIR
For the CD analysis, the coassembled PA gel were prepared according to the protocol
given in above. Then, the gel was diluted up to 0.272 mM for the analysis. As control
groups, E3PA and K3PA solutions at the same concentration were prepared at pH 7.4
in water. Jasco J-815 CD spectrophotometer was used for the analysis between 190 to
300 nm. For the FTIR measurement, 1% (w/v) PA gel was formed on petri dishes and
instantly frozen in liquid nitrogen in order to preserve their architectural integrity. The
frozen sample was kept at -80 °C overnight and then freeze-dried to remove water
content. 1 mg dried gel powder was mixed with 100 mg KBr to prepare KBr pellets
for the analysis. Bruker VERTEX 70 FTIR spectrometer was used for the
measurement between 300 and 4000 cm-1.
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3.2.7 Oscillatory Rheology
Time sweep analysis of the coassembled PA nanofiber gels at 3, 2, 1 and 0.5% (w/v)
concentrations at pH 7.4 was performed for 1 h at the constant angular frequency and
strain; 10 rad/s and 0.1%, respectively. The sample volume was determined as 250 µL
with 0.5 mm measuring distance from the stage. Anton Paar MCR-301 Rheometer
with 25 mm PP25-SN17979 measuring device was used for the measurements. The
viscoelastic properties of the 1% (w/v) PA gel mixed within the syringe and injected
through a ½ inch 26 gauge needle to the rheometer stage were also determined via time
sweep analysis and compared with the non-injected control PA gel at the same
concentration. The same parameters given above were also used for the analysis.
3.2.8 Controlled Drug Release Experiments
For the drug encapsulation, E3PA and K3PA solutions at 3, 2, 1 and 0.5% (w/v)
concentration were prepared at pH 7.4 in water. The stock solution of Dox (833.3 µM)
was also prepared in water. The stock drug solution initially was mixed with positively
charged K3PA and then co-assembly was triggered upon addition of the negatively
charged E3PA at physiological conditions with 3:4 volumetric ratio. The final Dox
concentration within 100 μl of PA gels prepared within small vials was 40 μM. After
2 h incubation, 100 μl of water was added onto the PA gels and at the determined time
intervals, 1 μl of the sample was removed for the fluorescence based concentration
determination using ThermoScientific Nanodrop 3300. After the each measurement,
the same amount of the water was put onto the gels. The measurements were replicated
for 4 different groups for each gel concentration. For the measurements, λexcitation and
λemission were determined as 565 and 630 nm; and the maximum RFU value at 588 nm
was recorded.
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3.2.9 FRAP measurements
SNOM Confocal Raman microscopy was used for the FRAP experiments with a 20X
magnification. The area was monitored by pre-bleach scanned images at low laser
intensity, then bleached at 100% laser intensity (40 mW) for 15 sec, and followed by
detection of the fluorescence recovery again at low intensity. The Dox encapsulated
PA gels at 3, 2, 1 and 0.5% (w/v) concentration were prepared according to the
protocol given above. Instead of small vials, the Dox encapsulated gels were prepared
within the closed petri dishes to prevent drying. The final concentration within the PA
gels was 40 µM.
3.2.10 In Vitro Studies
The 4T1 breast cancer cell line was maintained in DMEM (Dulbecco's modified
Eagle's medium) supplemented with 1% antibiotics and 10% fetal bovine serum at 37
o

C with 5% CO2 flow. The cellular viability and apoptotic behavior on the 1% (w/v)

PA gel (with or without 40 µM Dox) prepared according to the procedures given above
were determined via flow cytometry technique.
Before seeding the cells, all groups were treated with cell medium for 1h, and 4T1
breast cancer cell lines (5x104 cells/well) were seeded onto 48-well culture plates. The
cells were treated for 24h and 48h; and then trypsine/collagenase (1:1 (v/v)) were used
in order to degrade the gels and remove the cells from the peptide extract. Then, the
degraded samples was strained with falcon strainers (40 μm pore size) and centrifuged
at 4000 rpm for 6 mins. The supernatants were removed and the remained cells were
washed with PBS in order to get rid of cell medium. After that, the cells were
centrifuged at 4000 rpm for 6 mins, discarding supernatant and dissolved with 1X
annexin binding buffer in 100 μl. For the flow cytometry analysis, cells were labeled
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with Annexin V and PI and incubated at room temperature for 15 mins. Before the
analysis, 400 μl 1X annexin binding buffer added to all samples and immediately read
out flow cytometry.
3.2.11 4T1 Tumor Model and In Vivo Studies
All protocols involving animals were approved by Institutional Animal Care and Use
Committee of Diskapi Yildirim Beyazit Training and Research Hospital. A total of 40
female Balb/c mice (8-10 week old) from ADACELL Laboratories (Ankara, Turkey)
were used for the drug delivery experiments and histological studies. Animals were
housed under specific pathogen-free environment with 12 hour light–dark cycles and
ad libitum access to food and water.
In order to develop orthotropic 4T1 mammary carcinoma model, 4T1 cells were
purchased from American Type Culture Collection (ATCC, Manassas, VA, USA) and
were cultured in RPMI 1640 supplemented with 10% fetal calf serum (Biowest,
Nuaillé, France), 100 U/ml penicillin and 100 μg/ml streptomycin (Gibco/Invitrogen,
Carlsbad, CA, USA). Just before the inoculation, 2 x 106 viable 4T1 cells were
suspended in 1 ml serum free RPMI 1640 medium. Cells in 50 µL medium were
subcutaneously injected into the second mammary fat pad on the right of BALB/c mice
using a ½ inch 26 gauge needle. Tumor formation was observed 8 days after
implantation.
Tumor volume was calculated according to following formula; V= ½ (D x d2) where
the tumor volume, defined as V, D was the measurement of the greatest longitudinal
diameter of the tumor and the d was the greatest transverse diameter of the tumor as
measured with digital caliper. When the tumor volume reached 100 mm3, forty mice
were randomly divided into four groups and treated with Dox encapsulated 1% (w/v)
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PA gel or controls (n=8): Dox/PA, only Dox, only PA and PBS. Treatments were
administered via subcutaneous injection near to the tumor at equivalent dose of 10 mg
Dox/kg body weight. The body weight and tumor volume were monitored every 3
days. Animals were sacrificed by day 18.
On day 18 after injection, the rats were sacrificed and the tumors were individually
dissected and removed from the subcutaneous abdomen. The tissues were immediately
fixed with 10% (v/v) formalin and embedded in paraffin. The embedded specimens
were sectioned (5 μm) along the longitudinal axis of the tumor, and the sections were
stained with hematoxylin and eosin (H&E). Caspase-3 mediated apoptosis in tumor
tissue of different treatment groups were also evaluated with histology analysis. The
tumor sections were stained using the antibodies; caspase-3 (Asp 175) 1:300 (9661
Cell Signalling Technology, Danvers, MA, USA) and HRP conjugated Goat-Anti
Rabbit (GAR) secondary antibody. Bright-field microscopy was used to obtain the
histology images.
3.2.12 Statistical Analysis
All statistical analyses were carried out by one-way, two-way ANOVA or unpaired
student t-test whichever applicable. For the statistical significance, a p-value of less
than 0.05 was determined.
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3.3 Results and Discussion
3.3.1 Design, Synthesis and Characterizations of the PA Assemblies and
Nanofiber Gels
Two different PA molecules (E3PA and K3PA) were designed as building blocks of
the drug delivery system and synthesized via Fmoc-solid phase method[34] (Figure
3.1). The purity of the PA molecules were higher than 90%.

Figure 3.1 Liquid chromatograms and mass spectra of the synthesized PAs a) E3PA;
[M-H]- (calculated)= 912.50, [M-H]- (observed)= 912.48, (observed [M-2H]-2 m/z =
455.73) b) K3PA; [M+H]+ (calculated)= 910.67, [M+H]+ (observed)= 910.68,
(observed [M+2H]+2 m/z = 455.84)
The PA molecules consists of aliphatic tail, beta sheet forming motif (-VVAG-) and
oppositely charged amino acids to trigger the co-assembly via hydrophobic
interactions, hydrogen bonding and electrostatic interactions at physiological
conditions. Especially, the overall charge neutralization within the system which was
determined with the zeta potential measurements of the PA mixtures (E3/K3PA) enable
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the formation of the self-supporting supramolecular PA gel upon mixing the E3PA and
K3PA solutions with 3:4 molar ratio (Figure 3.2c, d) above 0.5% (w/v) PA
concentration. The nanofibrous structural organization within the PA gels prepared at
different concentration was analyzed via SEM imaging (Figure 3.3) and the individual
co-assembled PA nanofibers were shown in the TEM image (Figure 3.2e).

Figure 3.2 a) Chemical representation of E3PA and K3PA molecules a) Zeta potential
change of the E3PA upon addition of the K3PA at pH 7.4 in water c) Supramolecular
PA network showed self-supporting gel property d) SEM and TEM image of the
coassembled PA nanonetwork and nanofibers, respectively
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Figure 3.3 SEM images of the self-assembled PA nanonetworks prepared using
critical point dryer at different peptide concentrations
The structural organization of the PA coassemblies was revealed via CD and FTIR
techniques (Figure 3.4). CD spectra of the E3/K3PA assemblies with strong positive
and negative peaks at around 190 and 220 nm, respectively showed the formation of
twisted β-sheets within the PA nanofibers. On the other hand, E3PA and K3PA
solutions as control groups did not show any aggregation and preserve their random
coil organization at pH 7.4 in water, separately. FTIR analysis of the PA assemblies
was also pointed the beta-sheet organization of the coassembled nanofibers with the
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observed peaks at around 1632 cm-1 and 1672 cm-1 within Amide I[184] region in
complementary to the CD spectra.

Figure 3.4 a) CD spectra of E3PA, K3PA and E3/K3PA and (b, c) the FTIR analysis of
the E3/K3PA assemblies prepared at pH 7.4 in water
The viscoelastic behavior of E3/K3PA assemblies depending on the PA concentration
were characterized using dynamic oscillatory rheology technique. Time sweep
analysis of all groups revealed the gel-like behavior since the storage modulus (G`)
values of the samples were higher than the loss modulus (G`) (Figure 3.5a). In addition,
the equilibrium storage and loss modulus values of the PA gels were modulated
depending on the PA concentration within the co-assembled gels (Figure 3.5b).
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Although these architectures formed via non-covalent interactions between the PA
building blocks, the viscoelasticity of the gel systems were reached up to 10 kPa and
provide the mechanical stability as drug delivery systems for the local soft tissue
applications.

Figure 3.5 a) Time sweep analysis of the supramolecular PA nanofiber gels prepared
at the different concentrations and b) Equilibrium storage (G') and loss moduli (G'') of
the PA gels.
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Figure 3.6 a) Time sweep analysis of the 1% (w/v) coassembled PA gels injected
through a syringe or directly mixed on the rheometer stage b) Equilibrium storage (G')
and loss moduli (G'') of the PA nanofiber gels.
3.3.2 Biodegradability of the PA Nanofiber Gels
The degradation profile of the 1% (w/v) coassembled PA gel via proteases were
monitored based on the gel mass change over the time. Two different serine proteases,
proteinase K and α-chymotrypsin were selected due to their broad specify for the
cleavage of the peptide bonds primarily from the aromatic or hydrophobic
residues.[335] The gels were incubated with the enzyme solutions prepared in Tris
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buffer at pH 7.4 or only the buffer as control group. At the time intervals, the solutions
were removed and the remaining gel mass was weighted (Figure 3.7). The PA gel via
proteinase K were rapidly degraded via proteinase K and only 10% of the gel mass
was remained at day 25. On the other hand, the degradation of the PA gel via αchymotrypsin was slower compare to the proteinase K for 25 day; and approximately
50% the gel were remained without degradation at the same concentration.

Figure 3.7 Biodegradability of 1% (w/v) coassembled PA nanofiber gel via different
proteases at pH 7.4 in Tris buffer
In the literature, it was showed that α-chymotrypsin predominantly cleaves the peptide
bonds from the aromatic residues.[336] On the other hand, proteinase K has also
affinity to the aliphatic amino acids in addition to the hydrophobic and aromatic
residues.[337] This difference on the degradation behavior could be related with easier
cleavage of the aliphatic beta sheet forming motif (-VVAG-) that interspace the
hydrophobic aliphatic tail and hydrophilic amino acids of the PA molecules via
proteinase K compare to the α-chymotrypsin. Additionally, control group incubated
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with the only buffer system without the enzymes remained its weight for 25 days and
the stability of the co-assembled gel system was reported at this condition.
3.3.3 Drug Encapsulation and Controlled Drug Release through the PA
Nanofiber Gels
To encapsulate the Dox molecules within the supramolecular PA nanofiber gels, the
drug solution initially was mixed with positively charged K3PA and then coassembly
was triggered upon addition of the negatively charged E3PA at physiological
conditions. This approach enabled the 100% encapsulation and homogenous
dispersion of the drug molecules within the PA gels. In addition, the nanofibrous
architecture of the gels provided suitable nanoporous environment for the controlled
release of the small molecules and sustain the therapeutic level for the local application
of the delivery system through the soft tissues (Figure 3.8).

Figure 3.8 Schematic representation of the drug encapsulation and coassembly of the
molecules into supramolecular PA nanofiber gel
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Drug release profiles depending on the PA concentration within the coassembled PA
gels were monitored and quantified based on the concentration dependent fluorescence
intensity calibration of the molecules. The sustained release of the drug molecules
through the PA gels were observed for 48 h, and then in vitro release kinetics were
slowed down reaching an equilibrium for 156 h (Figure 3.9a).
Non-linear transport kinetics of the all PA groups indicated the non-Fickian release
behavior of the co-assembled PA gel which consists three different interfaces: i) the
hydrophobic alkyl domain, ii) the hydrophilic amino acids carrying both negative and
positive charges and iii) the water molecules entrapped within the system. The possible
non-covalent interactions between the Dox molecules and these interfaces could be the
reason of this non-linearity on the transport properties and prevent the complete release
of the encapsulated drug molecules through the gel system. In addition, the release
kinetics and the amount of the released molecules at equilibrium conditions were
modulated via PA concentration (Figure 3.9b) which has an effect on both porosity of
the network and entanglement of the nanofibers[222] within the co-assembled PA gel
system.
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Figure 3.9 a) Controlled release profile of Dox through the PA gels prepared at
different concentrations at physiological conditions and b) The release ratios of the
chemotherapeutic drug were modulated depending on the PA concentration within the
gels.
In addition to the in vitro bulk release studies; the mobility of the drug molecules
within co-assembled PA gels were investigated via FRAP technique in which the
fluorescence molecules are photobleached through a high power laser source and the
recovery of the fluorescence intensity at the bleached area was followed to estimate
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the transport parameters of the molecules. Dox encapsulated gels at different PA
concentrations were prepared within closed system to prevent drying effect. The
fluorescence intensity change after photobleaching of the drug molecules were
monitored (Figure 3.10a); and the data analysis was performed using the program
developed via Jönsson et al.[338]

Figure 3.10 Mathematical fitting results of FRAP experiments a) the estimated
diffusion constants and b) immobile fractions of the drug molecules encapsulated
within the PA gels prepared at the different concentrations
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The diffusion constants of the Dox molecules within the 3, 2, 1 and 0.5% (w/v) PA
nanofiber gels were estimated via Hankel transform of the data, respectively (Figures
3.10b and 3.11). It was seen that the drug release and mobility of the molecules can be
modulated and controlled depending on the PA concentration.
In addition, immobile fractions of the Dox molecules within the gels were also
determined as 0.56±0.17, 0.26±0.05, 0.19±0.05 and 0.17±0.02, respectively using the
FRAP technique. The increase in immobile Dox molecule amount depending on the
PA concentration within the gel systems also pointed us the affinity of the PA network
towards the drug molecules in complementary to the non-Fickian transport
characteristics of the gels. Although the non-covalent interaction between the PA
nanofiber gels and the drug molecules led to entrapment of the some portion of the
molecules within the system, the biodegradability of the nanofibrous PA system could
improve the availability of the immobile drug molecules via enzymatic degradation of
the PA delivery system.
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Figure 3.11 Hankel transform of the photobleaching profiles of Dox encapsulated selfassembled PA hydrogels prepared at different concentrations.
3.3.4 In Vitro Biocompatibility of the PA Nanofiber Gels
To determine biocompatibility and the controlled drug release dependent cellular
viability using flow cytometry, the breast cancer cells were cultured on the only PA
gel, Dox encapsulated PA gel (Dox/PA) or TCP. The same amount of Dox
encapsulated within the gels was also directly administrated to the cell culture media
as a positive control for 24 and 48 h. As it was seen in Figures 3.12 and 3.13, only PA
gel was not showed any cytotoxicity compare to the TCP control. On the other hand,
the cellular viability was decreased for 24 h and 48 h at both only Dox and Dox/PA
groups. Although the significant difference was not obtained on the viability of the
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cells cultured on the Dox/PA gel or directly treated with Dox for 24 h, this difference
on the cellular viability became clear for 48 h due to the sustained release of the Dox
molecules through the gel system. The PA nanofiber gel providing a suitable
protection environment for the drug molecules enhanced both bioavailability and
activity of the drug molecules at in vitro conditions.

Figure 3.12 Cellular viability on (a) the control, (b) 1% (w/v) PA gel, (c) 1% (w/v)
Dox/PA gel and (d) only Dox for 24 h and 48 h.
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Figure 3.13 Flow cytometry histograms of only Dox, Dox/PA, only PA and control
groups at (a) 24 and (b) 48 h
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3.3.5 In Vivo Applicability of the PA Nanofiber Gels
After the examining of the biocompatibility of the PA gels and controlled drug release
dependent cellular viability at in vitro conditions, the applicability of the Dox/PA gels
as a local drug delivery systems was tested developing a solid tumor model on the
animals at in vivo conditions. For this purpose, highly aggressive and metastatic 4T1
breast cancer cells were subcutaneously injected to the mammary fat pad of the Balb/c
mice for the tumor growth. When the tumor volume reached to 100 mm3; same amount
of 1% (w/v) Dox/PA gel, only PA gel, Dox solution or PBS as a control group were
injected to the tumor site; and the tumor sizes were measured each three days using
electronic caliper. Tumor growth rate was followed for 18 days at which the animals
were sacrificed for the histological analysis of the tumors and organs (Figure 3.14a).
As it was seen in Figure 3.14b, the local delivery of the Dox molecules via
coassembled PA gels significantly limited the tumor growth compare to the direct
injection of the drug solution. Furthermore, the PA gels without the drug encapsulation
did not cause additional cytotoxicity compare to the PBS control that indicated the in
vivo biocompatibility of the coassembled PA nanofiber gels as local delivery system.
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Figure 3.14 a) Tumor growth of the only Dox, only PA, Dox/PA and control groups
for 18 days and b) the final tumor volume (mm3) at day 18
To reveal the effects of the administration of the Dox molecules via controlled delivery
system on the tumor tissue, the caspase 3 immunostainings which is the apoptotic cell
marker were performed on the tissues. Doxorubicin demonstrates its chemotherapeutic
activity by inducing caspase-3 activation which mediates apoptosis and DNA
fragmentation through the p53 pathway.[339] Therefore, the efficiency of the drug
delivery system was evaluated by the caspase-3 immunostaining of tumor tissues. The
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cleaved caspase-3 positive cells were clearly observed in tumor tissues treated with
Dox/PA. Analysis of tissue sections stained with caspase-3 indicated that the sustained
release of the drug molecules through the PA gels enhanced the apoptosis of the cells
within the tumor tissue and facilitated the activity of the chemotherapeutic Dox
molecules at the local site (Figure 3.15) compare to the local injection of the Dox
molecules without controlled delivery system.

Figure 3.15 Caspase 3 immunohistochemistry staining of the tumor tissues of a) only
Dox, b) only PA, c) Dox/PA and d) control groups at day 18
H&E staining of the tumor tissue and other tissues obtained from liver, kidney and
spleen was also pointed the promoted activity and reduce side effects of the drug
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molecules when introduced to the animals within the supramolecular PA nanofiber
gels (Figure 3.16). Especially, the spleen tissue preserved its native morphology

Figure 3.16 Histology staining of the different tissues obtained from the only Dox,
only PA, Dox/PA and control groups at day 18
3.4 Conclusion
The advances on the biocompatible and injectable drug delivery systems can facilitate
the local chemotherapeutic applications for the treatment of soft-tissue cancer types.
Especially, supramolecular PA nanofiber gels are potential candidates for the
prolonged local delivery of the chemotherapeutics at physiological conditions. In this
study, we showed the PA gels consisting coassembled nanofibers with β-sheet
secondary structure organization can form with facile assembly properties at pH 7.4 in
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water due to the non-covalent interactions between the oppositely charged PA
molecules. In addition, the controlled drug release characteristics of the PA nanofiber
gels were modulated depending on the PA concentration; and the non-covalent
interaction between the PA network and drug molecules enabled us to obtain affinity
controlled release behavior in complementary to the concentration gradient triggered
molecule release. Biocompatibility and biodegradability of the PA nanofiber gels also
other advantages of these architectures for drug delivery. The significant decrease in
tumor growth rate via injection of Dox/PA gels at in vivo conditions compare to the
other groups also showed us the potential of the supramolecular PA nanofiber gels for
the clinical applicability for the local chemotherapy applications.
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Chapter 4
4. Self-Assembled Peptide Amphiphile Nanofibers and PEG
Composite

Hydrogels

As

Tunable

ECM

Mimetic

Biomaterials
Part of this thesis is published in the following article; Reprinted from “SelfAssembled Peptide Amphiphile Nanofibers and PEG Composite Hydrogels as
Tunable ECM Mimetic Microenvironment”; Goktas, M.; Cinar, G.; Orujalipoor, I.;
Ide, S.; Tekinay, A. B.; Guler, M. O., Biomacromolecules, 2015, 16 (4), 1247-1258,
with permission from American Chemical Society
4.1 Introduction
Extracellular Matrix (ECM) is highly complex and dynamic microenvironment and
cells get necessary information through its heterogeneous composition such as
proteins, proteoglycans and also signaling molecules found in the system.[340] It is
not only physical support and protection environment for the cells but also the
hierarchal architecture to orchestrate biochemical processes including cell survival,
proliferation, migration and differentiation.[341] Hence, overall understanding of
these properties and cell material interactions are quite important to design successful
ECM mimicking biomaterials for cell culture and tissue engineering applications.
There are different examples of natural and synthetic polymeric biomaterials which
are designed as ECM analogs to direct cellular behavior and differentiation.[342]
Within a variety of examples, hydrogels[343, 344] consisting high water content and
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porous structural organization mimic native ECM properties and have been used in
biomedical applications.[345-347]
Poly(ethylene glycol) (PEG) is one of the widely used synthetic polymeric building
block of hydrogels which can be chemically functionalized with different crosslinkable
chemical groups.[348] PEG hydrogels provide several advantages compare to the
other synthetic approaches due to its good solubility, non-immunogenicity,
biocompatibility and formation of the three dimensional mechanically controllable
systems at mild conditions. On the other hand, the lack of bioactivity and its proteinrepellent material property are the drawbacks of the PEG hydrogels for biomedical
applications. Hence, the different approaches have been develop to obtain bioactivity
in the PEG hydrogels to sustain cellular adhesion and viability and direct cellular
activity. The chemically conjugation of ECM-derived functional epitopes such as
RGD peptide was commonly used strategy via crosslinking reactions.[349-352] This
specific peptide sequence enhanced the adhesion of the cells on the PEG hydrogels
and introduce the bioactivity.[349,

353]

However, the limited porosity of the PEG

hydrogels results in the lack of accessibility of the biological signals through the cells
and prevents the cell-material or cell-cell interactions. Although the porosity of the
PEG hydrogels can be further enhanced via several approaches including freezedrying[354], salt leaching[355] or enzymatic degradation of the hydrogel
component[356]; these approaches still cannot support the homogenous and
distributed pore interconnectivity and not present the physical properties of the native
ECM microenvironment.
Self-assembling PA molecules can form supramolecular nanofiber gels with tunable
bioactivity depending on the design of amino acids sequences. These biomaterials use
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the advantages of molecular self-assembly and eliminates the drawbacks of current
synthetic polymeric hydrogels without the requirement of covalent crosslinking or
chemical reactions.[357] The dynamic and bioactive nature of the supramolecular PA
networks also closely mimic the nanofibrous ECM organization and its
biofunctionality through the incorporation of the specific amino acid residues to the
PA molecules. The different bioactive moieties and ligands can be presented on the
surface of one-dimensional self-assembled nanofibers within the PA gels with high
density; and it can be tuned via epitope dilution using non-bioactive group bearing PA
molecules for the coassembly.[358] For example, the self-assembled PA nanofibers
presenting αvβ3 integrin binding RGD epitope increased the cellular adhesion the
synthetic scaffolds.[359,

360]

The cooperation of DGEA bioactive peptide sequence

derived from collagen type-1 on the PA nanofibers promoted the osteogenic
differentiation of human mesenchymal stem cells (hMSCs)[361, 362] via specifically
binding α2β1 integrin on the cell membrane[363]. Although the native biofunctionality
of the self-assembled PA networks provides many opportunity to create ECM
analogues architectures, their low mechanical stability due to the dynamic nature of
molecular self-assembly and relatively poor control over their mechanical properties
limits their usage especially for tissue engineering applications.
In the literature, hybrid hydrogel and dual-network approaches have been developed
to enhance and control physical and biochemical material properties.[352] The
cooperation of the covalently crosslinked polyacrylamide chains with ionically
triggered alginate network resulted the formation of highly tough and stretchable
hydrogels.[364] In another example, the combination of collagen network with
chemically crosslinked poly(ethylene glycol)diacrylate (PEGDA) hydrogel promoted
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the cellular adhesion and elongation as being biofunctional scaffolds for vascular
tissue engineering.[365]
In this part of the thesis, the development of a double network composite hydrogel
system to eliminate individual drawbacks of the chemically crosslinked and selfassembled synthetic polymeric biomaterials was presented. Synergistic combinations
of different class of building blocks (chemically crosslinkable PEG monomers and
self-assembling PA molecules) created new matrix opportunities with independently
tunable biochemical, mechanical and physical properties.[34] The bioactivity was
modulated via the incorporation of the self-assembling PA building blocks which
formed nanofibrous functional cytoskeleton of the composite hydrogel due to the noncovalent interaction. In addition, the crosslinked PEG network sustained the
mechanical stability and rigidity that was also tuned via the PEG concentration within
the system.
4.2 Experimental Section
4.2.1 Materials
The chemical used for the peptide synthesis including Fmoc-Glu(OtBu)-Wang resin,
Rink amide MBHA resin, Fmoc-Aps(OtBu)-Wang resin, Fmoc protected all protected
amino acids, lauric acid, N,N,N′,N′-Tetramethyl-O-(1H-benzotriazole-1-yl) uronium
hexafluorophosphate (HBTU), diisopropylethylamine (DIEA), triisopropylsilane
(TRIS) and trifluoroacetic acid (TFA) were obtained from Novabiochem, Merck, Alfa
Aesar or Sigma-Aldrich. The other chemical, reagents and solvent used in materials
characterizations and in vitro experiments were analytical grade and purchased from
Invitrogen, Fisher, Merch, Alfa Aesar, and/or Sigma-Aldrich.
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4.2.2 Synthesis and Characterizations of the Bioactive PA Molecules
Lauryl-Val-Val-Ala-Gly-Lys-Lys-Lys-Am (K3-PA), Lauryl-Val-Val-Ala-Gly-GluGlu-Glu (E3-PA), Lauryl-Val-Val-Ala-Gly-Glu-Arg-Asp (RGD-PA), Lauryl-Val-ValAla-Gly-Glu-Gly-Asp-Gly-Glu-Ala-Am (DGEA-PA) were synthesized via Fmocsolid phase method. As a solid support, Rink amide MBHA resin was used for the
synthesis of K3-PA and DGEA-PA while Fmoc-Glu(OtBu)-Wang resin (100-200
mesh) and Fmoc-Asp(OtBu)-Wang resin (100-200 mesh) were used for E3-PA and
RGD-PA, respectively. The carboxylate group of 2 mole equivalents of amino acid
was activated by 1.95 mole equivalents of HBTU, and 3 mole equivalents of DIEA on
the 1 mole equivalent of the solid support. Prior to the amino acid couplings which
was carried out for at least 2 h, Fmoc protecting groups were cleaved with 20% (v/v)
piperidine/dimethylformamide (DMF) mixture for 20 min; and that step was repeated
at each coupling. To the conjugation of the alkyl tail to the peptide domain, lauric acid
was used and the reaction was performed similar to the amino acid coupling. For the
protection from the side reactions, 10% (v/v) acetic anhydride/DMF mixture was used
to acetylate the unreacted amine groups for 30 min. The cleavage solution prepared as
the mixture of 95% TFA, 2.5% water, 2.5% TRIS was used to cleave the amino acid
side chain protecting groups and remove the PA molecules form the solid support for
3 h. After the cleavage step, the resins were washed with dichloromethane (DCM) to
obtain the synthesized PA molecules in the solution phase. The excess organic solvent
and TFA was evaporated using the rotary evaporation system, and then cold diethyl
ether was added onto the synthesized PAs for the precipitation and sedimentation for
overnight. The PA precipitate was then centrifuged at 4 °C and collected. The
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precipitate was dissolved in distilled water and freezed at -80 °C. The water content
was removed via lyophilization and the dried PA powders were obtained.
The purity of the synthesized PAs was determined using Agilent 6530 quadrupole time
of flight (Q-TOF) mass spectrometry with electrospray ionization (ESI) source
connected to reverse-phase analytical high performance liquid chromatography
(HPLC) system. The further purification was carried out with Agilent 1200 series
preparative HPLC system.
4.2.3 PA/PEG Composite Hydrogels Preparation
The stock solutions of Poly(ethylene glycol) dimethacrylate (PEGDMA) with Mn=550
and 1% (w/v) photoinitiator, 2,2’-Azobis (2-methyl-propionamidine) dihydro-chloride
were prepared in distilled water. 3% (w/v) stock solutions of PAs were also prepared
at neutral pH in water. Firstly, E3-PA, RGD-PA or DGEA-PA which carries negatively
charged amino acids residues was mixed with the stock solutions of PEGDMA
consisting the initiator for UV crosslinking reactions. Then, K3-PA consisting
positively charged lysine residues at neutral pH PA was added to the solution to sustain
self-assembly of PAs via charge screening and form one-dimensional nanofibrous
architecture within the composite system due to the non-covalent interactions. The
mixtures containing both PEGDMA, the initiator and the self-assembled PA network
were put into to the wells of 48 or 96 well-plates to obtain chemically crosslinked
composite system exposing to ultraviolet (UV) light at 365 nm wavelength for 15 min.
The 8 Watt UVP™ UVLMS-38 EL series UV lamp was used for the chemical
crosslinking, and it was placed to the top of the cell culture plates with an
approximately 0.5 cm distance. 1:1 volumetric ratio of PEGDMA to mixture of PAs
was obtained within the composite hydrogels to trigger self-assembly of the PA
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building blocks. Hence, the final PA concentrations within the composite hydrogels
were 1.5% (w/v) for all samples. Since the self-assembly of the PA molecules was
dependent on the complete charge neutralization of the system due to the electrostatic
interactions, the volumetric ratios of oppositely charged PA mixtures were decided as
3:4 for E3-PA:K3-PA, 3:2 for RGD-PA:K3-PA, 1:1 for DGEA-PA/K3-PA mixtures
within the system. The final crosslinkable polymer concentrations were determined as
4%, 8% and 12% (w/v), and initiator concentration was 0.1% (w/v). For the
preparation of control hydrogels (without self-assembled PA network), the stock
solutions of PEGDMA were mixed with the distilled water at the same volume of PA
solutions and the final polymer concentrations were kept as similar with the other
groups.
4.2.4 Transmission Electron Microscopy Imaging
The self-assembled PA nanofibers were obtained via mixing the oppositely charged
PA solutions (1.5% (w/v)) at the volumetric ratios as 3:4 for E3-PA:K3-PA, 3:2 for
RGD-PA:K3-PA, 1:1 for DGEA-PA/K3-PA as given above. Then, the samples were
diluted using the distilled water and dropped casted on the TEM grid for uranyl acetate
staining with the 2% (w/v) dye solution. The excess dye was removed via washing of
the grid with the distilled water. After the air-drying of the samples, the imaging was
performed using A FEI Tecnai G2 F30 TEM instrument.
4.2.5 Scanning Electron Microscopy Imaging
The structural organization and physical properties of the composite hydrogels and the
control groups were analyzed using scanning electron microscopy (SEM). The
composite hydrogels and control groups were prepared according to the protocol given
in the section 4.2.3 in details on the surfaces of the cleaned silicon wafers. After the
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sample preparation, the water content within the hydrogels was replaced with the
gradually increasing concentrations of ethanol prior to the drying of the samples with
a Tourismis Autosamdri-815B critical-point-drier (CPD) to keep the nanofibrous
architecture network structure. After the CPD procedure, the samples were covered
with 4 nm electron conductive Au/Pd coating using a sputter; and then SEM imaging
was carried out using an FEI Quanta 200 FEG scanning electron microscope equipped
with an ETD detector.
4.2.6 Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy
(ATR-FTIR)
The composite hydrogel system (E3/PEG) and the control PEG group without
nanofibrous architecture were prepared according to the procedure discussed above.
Before the analysis, the hydrogels were dried in ambient air at 25 °C for two days. The
crosslinking reaction, the newly formed covalently crosslinked bonds and the
secondary structure organization of the self-assembled PA network within the
composite hydrogels were analyzed obtaining FTIR spectra between 800 to 4000 cm−1,
with a 16 scan per sample cycle using a Thermo Scientific NICOLET 6700-FTIR
system attached with a universal ATR accessory.
4.2.7 Brunauer-Emmett-Teller (BET) Analysis
BET analysis of the dried composite hydrogel system (E3/PEG) and the control PEG
network was conducted to estimate pore size distribution, total pore volume and
specific surface of the samples. The nitrogen adsorption isotherms obtained via this
technique was used for the determination of the critical physical parameters related
with the porosity of the synthetic polymer hydrogels in the literature.[366, 367] The
samples were prepared following the same drying procedure given at SEM imaging
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part. For the analysis, the dried networks were degassed at 150 °C for 4 h; and then
nitrogen adsorption isotherms were collected at 77 K. The data analysis was performed
based on quenched solid density functional theory (QSDFT) and the structural
parameters including total pore volume and specific surface area were estimated.
4.2.8 SAXS Analysis of the PA/PEG Composite Hydrogels
The samples (E3/PEG composite hydrogel and 4% (w/v) PEG control group without
containing PA network for the SAXS analysis were formulated according to the
protocol given above. However, the crosslinked reactions using with a UV light source
at 365 nm were carried out within in quartz capillaries instead of the cell culture plates
for 15 min to obtain the hydrogels. The measurements were conducted under Nickelfiltered CuKα–radiation (λ=1.54 Å), originating from a Philips X-Ray generator with
copper anode operating at a power of 2 kW (50 kV and 40 mA). A SWAXS system
with Kratky optic HECUS (Hecus X-ray systems, M. Braun, Graz, Austria) and
attached to a linear collimation system was used for the SAXS measurements. The
scattering data in small angle q ranges (0.004-0.55 Å-1) was collected via a linearposition sensitive detector OED 50-M (M. Braun, Garching, Germany) with 1024
channel resolution. Prior to the analysis, silver behenate was used for the calibration
of the system. The distance between the channels were determined as 54 µm; and the
sample was placed to 28.1 cm far behind to the detector, respectively. The analysis
was performed at the room conditions with 600 s exposure time. ASAV2.3 (HECUS
M. Braun, Graz, Austria) program was used for the scattering data acquisition.
4.2.9 Oscillatory Rheology
The viscoelastic behavior of the composite hydrogels, the control PEG gels and selfassembled only PA gels were analyzed using an Anton Paar Physica RM301
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Rheometer with a 25 mm parallel-plate measuring device attached to the equipment.
The sample volume was determined as 300 µL; and the composite hydrogels and only
PEG control were prepared within 48-well cell culture plates; and then they were
placed on the stage of the equipment. On the other hand, PA gels were prepared on the
stage mixing the individual PA solutions at given volumetric ratios above. The
distance between the measuring devise and the samples was determined as 0.5 mm.
Initially, time sweep analysis at constant angular frequency (10 rad s-1) and shear strain
(0.01%) was conducted on the gels to reveal gelation behavior at the room temperature.
At the end of the time sweep, the gels were equilibrated; and amplitude sweep
measurements were continued on the same sample to reveal the linear viscoelastic
range (LVR) of the gels at constant angular frequency of 10 rad s-1 with logarithmically
ramping the strain amplitude from 0.01 to 1000%.
4.2.10 In Vitro Studies
All in vitro experiments including cellular viability, adhesion, spreading,
immunocytochemistry (ICC) staining and quantitative Reverse TranscriptionPolymerase Chain Reaction (qRT-PCR) gene expression analysis were carried out
using Saos-2 human osteosarcoma cells (ATCC®HTB-85TM) cultured in 75 cm2 cell
culture flasks using Dulbecco’s Modified Eagle Medium (DMEM) supplemented with
10% Fetal Bovine Serum (FBS), 1% penicillin/streptomycin and 2 mM L-glutamine.
The cells were incubated within a humidified chamber supplied with 5% CO2 at 37 °C.
When 80 to 90% confluency was reached, the cells were passaged using trypsin and
EDTA reagents. The cell culture medium was replaced with the freshly prepared
DMEM for every 3–4 days. The osteogenic medium consisting DMEM additional with
10% FBS, 10 mM β-glycerophosphate, 50 μg mL−1 ascorbic acid and 10 nM
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dexamethasone was used for the osteogenic osteogenic differentiation experiments
including ICC stainings and qRT-PCR analysis.
All samples used in the in vitro experiments were prepared according to the sample
preparation protocol given above. Differently, the hydrogels were incubated within the
PBS overnight prior to the cell culturing. The viability of the cells cultured on the
surfaces of the composite hydrogels or only PEG at a density of 1.5 x 104 cells/cm2
was analyzed using Calcein-AM/Ethidium homodimer staining method in 48 well cell
culture plates. As a positive control, the cells were also cultured on the surfaces of
tissue culture plates (TCP). After the incubation of the cells on the surfaces of the
samples placed within the media for 3 days, the incubation medium was removed from
the top of the samples; and all samples were washed with PBS. Then, the PBS solution
consisting 2 μM Calcein-AM/Ethidium homodimer (Invitrogen) was transferred to the
wells and incubated for 20–30 min at room conditions. Cellular imaging at 10X
magnification was performed using a fluorescence microscope taking the random
images from each well.
For the cellular viability within 3D conditions, the cells were encapsulated within into
200 µL of 3D matrices prepared with DMEDM instead of water. Prior to the
crosslinking reaction, the cell suspension was mixed with PEGDMA solution
consisting the initiator; and then the PA solutions were added into the mixture at the
determined volumetric ratios. After the preparation of pre-crosslinked samples, the
system consisting PEGDMA monomers with the initiator, self-assembled PA
architectures and the cells were placed into the small tubes and exposed to UV light at
365 nm for 15 min for the final crosslinking of the 3D gels. Then, synthecon RCCS4H bioreactor was used to culture the PEG and RGD/PEG composite gels with Saos140

2 cells sustaining 3D microenvironment with rotating vessels. Calcein-AM/Ethidium
homodimer staining was also performed to visualized live/death cells within the
matrixes after 7 days cultivation.
The adhesion behavior of the cells on the PEG and PA/PEG hydrogels were also
determined by quantifying the attached cells on the hydrogel surfaces stained with
Calcein-AM. For these experiments, the cell density on the hydrogels were determined
as 5 x 103 cells/cm2 in serum-free culture conditions with DMEM media supplemented
with 1% penicillin/streptomycin and 2 mM L-glutamine incubating at the similar cell
culture conditions given above. After the cell culturing for 24, 48 and 72 h, the nonadhered cells were removed by washing the gels with away with PBS. Then, the
staining of the cells was performed using Calcein-AM. The fluorescence images of the
adhered cell numbers on the gels were analyzed using Image J program to count the
cell numbers.
For the spreading and morphological analysis of the cells cultured on the PEG and
PA/PEG hydrogels for 72 h, the samples were prepared similar to the adhesion assay.
On the other hand, the cells were treated with 3.7% formaldehyde for 15 min for the
fixation and permeabilized with 0.1% Triton X-100 for 10 min before the staining.
TRITC-conjugated phalloidin (Invitrogen) prepared within 1X PBS was placed onto
the gels for the staining of the actin filaments for 20 min. For the fluorescence imaging
of the actin filaments, Zeiss LSM 510 confocal microscope was used. The spreading
areas of the cells were quantified using Image J program.
For the analysis of the osteogenic differentiation potentials of the cells cultured on the
PEG and PA/PEG hydrogels, ICC stainings were performed. The cells cultured with
differentiation medium were fixed using 4% formaldehyde for 15 min and the cell
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membranes were permeabilized with 0.5% Triton-X for 10 min at room temperature.
As a blocking solution, 3% (w/v) BSA prepared in PBS was placed onto the samples
and incubated for 1 h. Rabbit-raised, anti-human, RUNX2 and COL1 primary
antibodies and a goat-raised, antirabbit, IgG H&L DyLight 488 conjugated secondary
antibody (Abcam) were used for ICC staining. The confocal imaging of the stained
cells was performed using Zeiss LSM 510 confocal microscope.
qRT-PCR technique was used to determine RUNX2 and COL1 gene expression
profiles of Saos-2 cells cultured on the PEG and PA/PA composite hydrogels for 3 and
7 days. The RNA isolation from the differentiated cells was carryout out using TRIzol
reagent (Ambion). The amount and the purity of the isolated RNA was determined
using Nanodrop 2000 (Thermo Scientific). Primer 3 software was used to design the
primer sequences. The PCR reaction was continued with a temperature cycling as 55
°C for 5 min, 95 °C for 5 min, 40 cycles of 95 °C for 15 s, Tm (58.0 °C for RUNX2
and GAPDH, 60.0 °C for COL1) for 30 s, and 40 °C for 1 min. The expression of the
GAPDH gene was quantified as control, and RUNX2 and COL1 expressions were
normalized to the control gene.
The experiments were conducted at least twice, independently and at least three
replicates for each group were prepared. The error between the replicates were
presented as ± standard error of means (s.e.m). One-way or two-way analysis of
variance (ANOVA) methods were applied for statistical analyses of the results,
whichever applicable. The significance between the groups were concluded when a Pvalue of less than 0.05.
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4.2.11 Controlled Protein Release Experiments
For the preparation of the protein encapsulated PEG and E3/PEG composite hydrogels
consisting 4%, 8% or 12% (w/v) PEGDMA with a final concentration of 0.1% (w/v)
initiator and 1.5% (w/v) self-assembled PA network, the same procedure given above
was followed. Differently, the stock solution of bovine serum albumin (BSA) (10
mg/mL) was added into the mixture before the addition of PA solutions. The final BSA
concentration in the composite hydrogels was determined as 2 mg/mL. The distilled
water was added onto the samples to obtain concentration gradient and sustain release
of the proteins through the samples. The release experiments were carried out at the
room temperature. For the quantification of the released BSA amount, the Bradford
assay was performed to obtain standard BSA concentration dependent UV absorbance
graph as a calibration curve. 2 mg/mL stock solution of BSA was prepared; and it was
diluted up to 31.3 µg/mL with serial dilutions to prepare the standard samples. The
Bradford reagent (Bio-Rad) was diluted 5-fold in water. 5 µL of the standards were
put into the wells of 96-well plate and then, 250 μL of the diluted Bradford reagent
was added to the all wells. The samples with the reagent were incubated for 15 min.
The UV absorbance at 595 nm was measured for each sample; and the calibration
curve was obtained. The same procedure was followed to determine the released BSA
amount at the determined time intervals converting the measured absorbance to the
BSA concentration using the standard calibration curve.
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4.3 Results and discussion
4.3.1 Design, Synthesis and Characterizations of the Bioactive PA Molecules
In this study, four different PA molecules including negatively charged E3-PA, RGDPA, DGEA-PA and positively charged K3-PA (Figure 4.1) were designed and
synthesized using Fmoc-solid phase synthesis method. The liquid chromatographymass spectrometry (LC-MS) results of the synthesized PAs were given in Figure 4.2.
As it was seen in LC histograms of the PA molecules, the purities of the all samples
were higher than 90%.
All PA molecules consist of lauryl tail, beta-sheet forming region (-VVAG-) and the
charged hydrophilic segments such as integrin binding bioactive –RGD- or –DGEA-,
non-integrin binding bioactive –EEE- or non-bioactive –KKK- amino acid residues.
The self-assembly of the bioactive negatively charged PA molecules (E3-PA, RGDPA, DGEA-PA) into one-dimensional supramolecular fibers were trigged upon
addition of the negatively charged K3-PA at different volumetric ratios determined
based on the overall charge neutralization of the each system. TEM images of the all
PA combinations given in Figure 4.3 showed the similar nanofiber formation and
structural properties. The details of the PA mixing ratios, net charges of PA molecules
at physiological conditions were given in Table 4.1 and Table 4.2.
Table 4.1 Bioinspired self-assembling PA building blocks
PA sequence

Lauryl-VVAGEEE
Lauryl-VVAGKKK-Am
Lauryl-VVAGERGD
Lauryl-VVAGEGDGEA-Am
*
Theoretical net charge at pH 7.4.

Nomenclature

E3-PA
K3-PA
RGD-PA
DGEA-PA
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Net charge*
-4
+3
-2
-3

Table 4.2 Nomenclature and composition of PEG (w/o PA nanofibers (PNFs)) and
PA/PEG composite hydrogels
Nomenclature
PEG (w/o PNFs)
E3/PEG
RGD/PEG
DGEA/PEG

Nanofiber composition
-----E3-PA/K3-PA
RGD-PA/K3-PA
DGEA-PA/K3-PA

Molar mixing ratio
-----3:4
3:2
1:1

Figure 4.1 Chemical representations of the synthesized PA molecules
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Figure 4.2 Liquid chromatography-mass spectrometry (LC-MS) results of the
synthesized PAs
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Figure 4.3 Transmission Electron Microscopy (TEM) images showing the nanofiber
assembly of PA combinations. A), B) E3-PA/K3-PA; C), D) RGD-PA/ K3-PA; E), F)
DGEA-PA/ K3-PA
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4.3.2 Chemical and Physical Characterizations of the PA/PEG Composite
Hydrogels
To obtain PA/PEG composite hydrogels, crosslinkable polyethylene glycol
dimethacrylate (PEGDMA, Mn=550) was selected due to its biocompatibility and nonimmunogenicity. Furthermore, the crosslinking reaction is quite rapid and can be
carried out at physiological conditions that provide an advantage for cell encapsulation
and the usage of the scaffolds for biomedical applications. The polymer concentration
within the hydrogels were determined as 4%, 8%, and 12% (w/v) to obtain a stiffness
range for the mechanical properties of the composite hydrogels.
To fabricate nanofibrous composite hydrogels with independently tunable mechanical
and biochemical properties, a simple method was developed (Figure 4.4. Initially, the
photoinitiator solution was mixed with the PEG solutions prepared at the different
concentrations. Then, negatively charged PA solutions (3% (w/v)) was added into the
system; and the self-assembly of the PA molecules was triggered via addition of the
positively charged K3PA solution, separately. The final PA concentration within the
composite system was determined as 1.5% (w/v) for all combinations. The PA/PEG
solutions were transferred to the cell culture plates immediately without any incubation
step, and exposed to ultraviolet (UV) light at 365 nm wavelength for 15 min to induce
photo-polymerization.
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Figure 4.4 Schematic representation of the fabrication approach for the PA/PEG
composite hydrogels
PEGDMA monomers within the hydrogels were crosslinked via radical
polymerization reaction which continued with the additional crosslinking of the system
into a branched polymeric architecture[368] (Figure 4.5a). Moreover, ATR-FTIR
analysis on the samples also indicated the formation of the self-assembled PA network
with β-sheet secondary structure organization[369] and the crosslinked methacrylate
groups[368] within the hydrogels (Figure 4.5b). The peaks on the FTIR spectra
corresponded to Amide II band (~1545 cm-1) and Amide I band (~1630 cm-1) due to
presence of self-assembled PA network[369] and C=O stretching (~1738 cm-1)[368]
due to stretch of a saturated aliphatic ester (crosslinked methacrylate chains).
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Figure 4.5 a) The schematic of the crosslinking reaction; and b) FTIR spectra of PEG
(w/o PNFs) and E3/PEG samples after 15 min of UV crosslinking
SEM imaging of the hydrogels clearly indicated that the self-assembly of the
oppositely charged PA molecules into the bioactive nanofibrous structures within the
composite hydrogels increased the porosity of the scaffolds compare to the PEG
network (w/o PA nanofibers (Figure 4.6). Although the bioactivity of the resulting
composite hydrogels were different due to the integration of different bioactive epitope
to the PA molecules, the structural organization and nanofibrous morphology were
similar for the all composite hydrogel groups (Figure 4.6).
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Figure 4.6 SEM images of PEG (w/o PA nanofibers, PNFs) and PA/PEG composite
hydrogels (scale bars are 4 µm)
The porous nature of the hydrogels were quantitatively determined using BrunauerEmmett-Teller (BET) method[366, 367]. The technique enable us to analyze the
samples reporting pore size distribution, cumulative pore volume and specific surface
area within the hydrogels which were dried using CPD device to prevent the
nanofibrous architecture. The hydrogels prepared at 4% (w/v) polymer concentration
were not be examined due to the high water content and disregarded for the analysis.
The addition of the self-assembled nanofibrous PA network within the hydrogel with
a composite approach led to significant increase in both total pore volume and specific
surface areas of the samples at both polymer concentrations (Figure 4.7). Furthermore,
the PA/PEG composite scaffold had a wide range of pore size distribution between 5
to 35 nm (Figure 4.8). That mesoporous pore distribution can enhance the cell-material

151

interactions and provide suitable environment for the encapsulation of protein
therapeutics.[370, 371]

Figure 4.7 Total pore volume and specific surface area of the hydrogels.
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Figure 4.8 The pore size distributions and cumulative pore volumes of only PEG and
PA/PEG composite hydrogels
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SAXS experiment was performed since the technique allows the analysis of the
samples at native conditions without any manipulation. 4% (w/v) PEG (w/o PA
nanofibers) and E3/PEG composite hydrogels were prepared in quartz capillaries with
a similar approach to preparation of 2D hydrogels. After loading of 4% (w/v) PEG
(w/o peptide nanofibers) and E3/PEG composite systems into the quartz capillaries, the
samples were exposed to ultraviolet (UV) light at 365 nm wavelength for 15 min for
the formation of crosslinked hydrogels, and then SAXS analysis was performed using
these samples without any dehydration step. Complementary to SEM and BET
analysis, SAXS results also showed us nanofibrous organization within the composite
hydrogel and the scattering data of the composite hydrogel was best fitted to a flexible
cylinder-polydisperse length model for the cylindrical nanostructures (Figure 4.9 and
Table 4.3).[288, 289] On the other hand, the ordered structural organization or
aggregation was not obtained for the only PEG hydrogel as a control. The details of
the structural model that the scattering data was fitted and the fitting procedure were
discussed below in details.

Figure 4.9 a) The scattering data and fitting model of the PEG and PA/PEG composite
hydrogels with (b, c) the PDD histograms of the samples
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Table 4.3 Structural results obtained from the fitting process of E3/PEG scattering data
using flexible cylinder-polydisperse length model
Fitting Results (Flexible cylinderpolydisperse length model)
Scale
Contour Length, L (nm)
Polydispersity of Contour Length
Kuhn Length, b (nm)
Length of cylinder, Lp (nm)
Radius, R (nm)
SLD cylinder (Å-2)
SLD solvent (Å-2)

E3/PEG

1.2
276.71±1.62
0.09
83.60 ± 0.75
41.83 ± 1.99
5.53 ± 0.12
2.3×10-5
9.3×10-6

Moore’s indirect Fourier transform method was used in the fitting process of 4% (w/v)
PEG (w/o PA nanofibers) scattering data to reach real space structural information
since the sample did not have structural organization and defined morphology.[372] In
addition, flexible cylinder-polydisperse length model which was convenient to the
nano-scale organization of E3/PEG composite hydrogel was used to determine nanostructural information.[288, 289] The acceptable χ2 values of 2.9 (for Moore.) and 1.4
(for Flex.Cyl.) indicate high-quality fitting and successful refinements of the scattering
data.
In the model given in Figure 4.10 below, the form factor for a flexible cylinder with a
circular cross section and a scattering length density were calculated. Polydispersity
of the length was determined using a Schulz distribution. The non-negligible diameter
of the cylinder was included accounting for excluded volume interactions within the
walk of a single cylinder. Inter-cylinder interactions were neglected. The form factor
is normalized by the particle volume such as;
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where < > is an average over all possible orientations of the flexible cylinder. An
instrument resolution smeared version was also provided. The chain of contour length,
L, (the total length) can be described a chain of some number of locally stiff segments
of length Lp. The persistence length, Lp, is the length along the cylinder over which
the flexible cylinder can be considered a rigid rod. The Kuhn length (b) used in the
model is also used to describe the stiffness of a chain, and is simply b=2Lp.
Polydispersity was included integrating the form factor over a Schulz distribution of
cylinder length. The integration has been normalized by the second moment of the
length distribution. This ensures that the invariant is constant when the polydispersity
is varied and all other structural parameters are held fixed. The returned value is in
units of [cm-1], on absolute scale.

Figure 4.10 Illustration of the structural organization of E3/PEG composite hydrogel
using flexible cylinder-polydisperse length model
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SLD (Scattering Length Density) is a measure of electron density and electron density
contrast related scatters and Scattering contrast () = SLD (cylinder or chain) - SLD
(solvent). The scale and contrast are both multiplicative factors in the model and are
perfectly correlated. If the scale factor is set equal to the particle volume fraction, f,
the returned value is the scattered intensity per unit volume;

However, inter-particle interference effects were not included in the calculation. The
structural results of the fitting process of E3/PEG scattering data were given in Table
S3.
One-dimensional pair distance distributions (PDDs) were also derived from the
scattering data using IGOR Pro6 program to obtain structural information related with
the origin of micro scale globular distribution.[373] PDDs are used to observe the
orientation, clustering of the aggregations and the homogeneity of the sample.
Symmetrical humps and well-ordered histogram bars are also evidences of nanosized
crystalline structures. The distance and thickness of the layers can be determined using
PDDs.[374]
PDDs histogram of E3/PEG composite hydrogel presented quasi-lamellar structural
properties with 8.27 ± 1.14 nm distance between the lamellar aggregations (Figure
4.9b, c). The homogenous structural organization within the composite hydrogel
resulted the uniform electron density the structures (2.3×10-5 Å-2) within the
composite hydrogel (Table 4.3). Although only E3/PEG composite hydrogel sample
was analyzed using this technique, structural differences between other composite
hydrogel groups consisting self-assembled RGD-PA and DGEA-PA nanofibers were
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not expected since change of the bioactivity did not affected the self-assembly
mechanism and nanostructure organization as it was also seen in SEM images of the
all samples.
The mechanical properties of the only PEG, only PA and PA/PEG composite
hydrogels prepared at different polymer concentration were examined using the
technique called as oscillatory rheology. The viscoelasticity and gel formation
capacities of the resulting hydrogels were examined. Time sweep tests were applied to
the all groups to determine equilibrium moduli of the hydrogels at the constant angular
frequency and sheer strain. As it was seen in Figure 4.11, all samples showed
viscoelastic gel behavior since storage modulus (G´) was higher than loss modulus
(G´´) values (Figure S6).

Figure 4.11 Equilibrium storage and loss moduli of the hydrogels
The gels were determined as soft, medium and stiff depending on the mechanical
properties ranging from 0.1-0.3 to 1-4 and 6-8 kPa (Figure 4.12a). The increase of PEG
concentration within the hydrogels led to the regular increase of the mechanical
properties of the both systems showing the changeability of the composite network to
control material properties.
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Figure 4.12 Equilibrium storage moduli (a) and limiting strain amplitude values (b) of
the hydrogels prepared at different concentrations. Photographs of PA/PEG composite
(c) and only PA hydrogel (d) with the same storage moduli.
Furthermore, the amplitude sweep analysis was applied to study viscoelastic behavior
of the hydrogels under gradually increased strain values. Linear viscoelastic range
(LVR) is defined as the region where the materials preserved their elasticity by keeping
the storage modulus constant under elastic deformation. When the gel modulus starts
to decrease depending on the increase of strain values, plastic deformation of the
material takes place and that boundary is called as limiting strain amplitude (LSA).
The stability and durability of a material can be determined based on the length of the
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LVR which is directly related with the elastic properties of the materials. It was seen
that LVR of PA/PEG composite hydrogels was comparable with only PEG controls,
while self-assembled PA nanofiber hydrogels showed was quite narrow LVR
properties (Figure 4.13). In addition, the LSA values of these supramolecular PA gels
without reinforcement with crosslinked polymer networks were under 0.5% (Figure
4.12b). On the other hand, PA/PEG composite systems showed similar LSA values
compare to the control PEG gels.
As it was seen in Figure 4.12, while the PA/PEG composite hydrogel was hold using
a tweezer, it was not possible to handle supramolecular PA nanofiber gel without
disrupting the gel integrity. Although both system had the same storage moduli, the
increased elasticity of the composite hydrogels highlighted via LVR measurements
resulted the enhanced hydrogel stability. That is a promising material quality for
clinical applications, especially on the tissue engineering applications of load bearing
bone and cartilage tissues.

Figure 4.13 Rheological characterizations of the hydrogels based on amplitude sweep
analysis
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4.3.3 In Vitro Studies
The complex cellular responses towards the mechanical and biochemical properties of
the hydrogels were examined to understand the potential of the biomaterials as an
ECM mimetic scaffolds for tissue engineering and regenerative medicine applications.
Osteoprogenitor Saos-2 cells are in the early commitment phase of osteogenic
differentiation. On the other hand, they can show changeable stages of their
commitment to the late osteogenic differentiation relying on the presence of variable
factors.[375] To reveal the synergistic outcome of different epitopes presenting on the
PA nanofibers along with the physical properties of the hydrogels including
mechanical stiffness and porosity on the cellular behavior; in vitro studies were
conducted.
The biocompatibility of PEG (w/o PA nanofibers) and PA/PEG composite hydrogels
were tested performing calcein-AM/ethidium homodimer live/dead assay. CalceinAM is normally non-fluorescent and cell membrane permeable substance. When it is
uptake by the live cells and hydrolyzed due to the metabolic activity of esterases found
in the cytoplasm, the product called calcein yields an intense fluorescence that enable
us to visualize live cells. On the other hand, ethidium homodimer can interact with
nucleic acids when cells lose their membrane integrity due to apoptosis or
necrosis.[376] As it was seen in Figure 4.14, the most of the cells were stained with
calcein (seen as green); and all samples sustained the cellular viability. Only a few
dead cells (stained with ethidium homodimer and indicated as red) were seen in the
images.
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Figure 4.14 Fluorescence images of Saos-2 cells cultured on PEG and PA/PEG
composite hydrogels and stained with calcein-AM (green) and ethidium homodimer
(red) (scale bars are 100 µm)
For the analysis of cellular adhesion on the hydrogels, serum-free culture medium was
used. The stiff PEG hydrogel did not enhance the cellular attachment due to lack of
bioactivity at 24 h as seen in Figure 4.15a. It was an expected outcome of the proteinrepellent property of the PEG system that hinder the cell-material interactions.[349]
However, the addition of the self-assembled PA networks into the hydrogel system
significantly supported the cellular adhesion on both medium and stiff PA/PEG
hydrogels independent from the availability of integrin binding epitopes responsible
for the cell adhesion (Figure 4.15b). E3/PEG composite hydrogel which did not present
bioactivity for integrin binding was also sufficient to enhance cellular adhesion similar
to RGD/PEG and DGEA/PEG composite systems (Figure 4.15b).
When the cellular adhesion on the soft hydrogels was examined, the PEG (w/o PA
nanofibers) system surprisingly sustained cellular adhesion similar to PA/PEG
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composites based on the quantification of the adhered cells on the hydrogels (Figure
4.15b). It was thought that this was an outcome of the physical entrapment of the cells
within the cells due to the soft nature of the hydrogels. Although the hydrogels was
washed several times, these physically embedded cells on the control were not
removed. On the other hand, the adhered cells on the PEG controls preserved their
spherical morphology and did not show any contact on the biomaterials shown by actin
staining (Figure 4.15c).

Figure 4.15 a) Fluorescence images of Saos-2 cells cultured on stiff PEG and PA/PEG
(prepared with E3-PA) composite hydrogels and stained with calcein-AM, b) he
number of adhered cells on the all systems at 24 h in serum free culture conditions, c)
the fluorescence images of the cells stained with phalloidin (green); and d) the
spreading areas of the cells cultured on the substances at 72 h
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The significant increase on the adhered cells on nanofibrous PA/PEG composite
hydrogel prepared with non-integrin binding E3PA was observed compare to the only
PEG system when the cell culturing period was continued to 48 and 72 h. That also
showed us the importance of the biofunctionality to sustain cell-material interactions
in long term applications (Figure 4.16).

Figure 4.16 Fluorescence images of Saos-2 cells cultured on stiff PEG and PA/PEG
(prepared with E3-PA) composite hydrogels and stained with calcein-AM (scale bars
are 200 µm)
F-actin staining of the cells using phalloidin was also conducted to examine the cellular
morphologies and interactions with the material surfaces. As it is seen in Figure 4.15c,
the cell-material interactions were sustained on all PA/PEG composite hydrogels. On
the other hand, the cells culture PEG hydrogels preserved a spherical morphology
independent of mechanical properties, since there was no bioactive epitopes guiding
the cells to sense material stiffness. The quantitative analysis of the cell spreading area
was completed using Image J program; and the results showed us the widespread
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cellular spreading on all of the PA/PEG composites when compared to PEG control
(Figure 4.15d). Especially, presentation of RGD epitope on PA nanofibers within the
crosslinked PEG system suppressed the protein-repellent property of PEG and
enhanced cell-material interactions as clearly observed in Figure 4.15c. The
quantification of the spreading area of the cells on RGD/PEG composite hydrogel was
significantly higher than other PA/PEG combinations for all of the soft, medium and
stiff hydrogels (Figure 4.15d).
Surprisingly, a pronounced effect between the mechanical properties and integrin
binding epitopes on the cellular adhesion and spreading was also observed. The
calculated spreading area of the cells increased depending on the increase stiffness of
the RGD/PA and DGEA hydrogels presenting integrin binding epitopes. On the other
hand, the cellular spreading areas were independent on the mechanical stiffness of nonintegrin binding E3/PEG combinations and not affected by the change of the hydrogel
stiffness (Figure 4.15d). It was concluded that the exact control on the mechanical
properties of PA/PEG composite hydrogels independently from their biochemical
properties made these systems novel ECM mimetic microenvironments for guiding of
the cellular behavior. Since both biochemical and biophysical properties of a scaffold
can affect cellular responses, it is quite challenging to develop a scaffold which
optimally directs cellular differentiation and tissue regeneration with the use of current
uni-functional strategies. The hydrogel system presented in this thesis can serve as a
convenient platform to direct cell behavior according to preferred outcomes.
To examine the osteogenic commitment and further differentiation capacity of Saos-2
cells cultured on the composite hydrogels presenting complex biochemical and
biophysical signals, Runt-related transcription factor 2 (RUNX2) and collagen type I
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(COL1) gene expressions of the cells were investigated. The fluorescence images of
the cells with ICC stainings for RUNX2 and COL1, indicated that both of RUNX2 and
COL1 genes were expressed on the only PEG and all combinations of PA/PEG
composite hydrogel (Figure 4.17).

Figure 4.17 Representative fluorescence images of the cells with ICC staining at day
7 (scale bars are 50 µm). Green indicated RUNX2 and COL1 expressions at the top
and bottom row images, respectively. In both rows, phalloidin staining was shown as
red color
To quantify and analyze the gene expression levels of the cells, qRT-PCR technique
was conducted. It was seen that both RUNX2 and COL1 gene expressions of Saos-2
cells cultured on the only PEG control hydrogels increased depending on the increase
in the hydrogel stiffness (Figure 4.18). Although the cellular viability was sustained
on the only PEG hydrogels regardless of their stiffness, the cellular morphology were
round shape and the cell-material interactions were limited on all of the PEG
concentrations (4%, 8% and 12% (w/v)) (Figure S8). Therefore, the increase level of
the genes related with the osteogenic differentiation cannot be the result of the cellular
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response towards the material properties. This behavior might be the consequence of
the non-natural cellular state due to the low cell numbers adhered on the surfaces.

Figure 4.18 The gene expression levels of the cells cultured on PEG and PA/PEG
composite hydrogels at day 3
The highest RUNX2 gene expression level was obtained from the cells cultured on
E3/PEG composite hydrogel groups both on day 3 and day 7. The expression level was
also correlated with the increase in hydrogel stiffness (Figure 4.18 and 4.19).
Moreover, the highest COL1 gene expression level was observed for E3/PEG
hydrogels with medium stiffness compared to integrin binding RGD/PEG and
DGEA/PEG hydrogels along with non-bioactive PEG control (Figure 4.18 and 4.19).
In the literature, it was shown that the integration of the non-integrin binding EEE
peptide sequence (E3) to PA molecules and their supramolecular nanofibrous
assemblies presented an osteoinductive effect on the hMSCs mimicking the acidic
residues of non-collagenous bone matrix proteins.[362] Hence, the culturing of the
cells on the E3/PEG composite hydrogels improved osteogenic differentiation of the
cells similar to the literature.
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Figure 4.19 The gene expression levels of the cells cultured on PEG and PA/PEG
composite hydrogels at day 3 and 7
The different differentiation patterns were obtained when the integrin-binding epitopes
were presented on the hydrogels compared to non-integrin binding E3/PEG system.
These cell cultured on these combinations showed the differentiation behavior
independent from the material stiffness.
The gene expression levels of the cells cultured on RGD/PEG hydrogels were not
dependent on the mechanical stiffness of the hydrogels; and they were close to each
other for all of the soft, medium and stiff hydrogels (Figure 4.18). The increase of
RUNX2 expression was not seen whereas 6 fold upregulation of COL1 expression was
obtained on RGD/PEG combinations independent from material stiffness on day 3. In
addition, soft and stiff DGEA/PEG composite hydrogels showed higher expression of
RUNX2 and COL1 (Figure 4.18) compared to medium DGEA/PEG. To understand
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the detailed cellular mechanism behind such a cellular behavior, the further
investigation is required. However, it is known that in the existence of complex signals,
different material stiffness and biochemical signaling can substitute each other under
different conditions.[377]
On the other hand, the increase on osteogenic differentiation on both soft and stiff
DGEA/PEG composite hydrogels can be clarified in the light of the literature studies
conducted on the osteoblast differentiation. The upregulated expression of α2-integrin
on the cell membrane depending on the increase of matrix stiffness was shown in
previously.[378] In addition, DGEA is a collagen type I derived bioactive epitope and
binds to α2β1 integrin receptor directing cell fate toward the osteogenic differentiation.
Depending on the increase of hydrogel stiffness, upregulated α2-integrin expression of
the cells may result to advance influence of DGEA signaling on the osteoblast
differentiation. On the other hand, it was also shown that in vitro osteogenic
differentiation can be enhanced on soft biomaterials consisting similar mechanical
properties with developing bone.[379, 380] Bone formation and osteogenic differentiation
happens within a soft matrix in the range of 100-1000 Pa shear modulus.[381, 382]
The gene expression profiles of the cells cultured on the DGEA/PEG composite
hydrogels also indicated similar consequences; and the importance of the optimum
biomaterial design as ECM mimetic microenvironment considering all aspects
including complex biochemical signaling factors and physical properties of the
materials.[383]
In vivo studies discussed above conducted on the surface of the materials and cellmaterial interactions were examined on the two-dimensional microenvironment. The
applicability of the nanofibrous PA/PEG composite hydrogels as three-dimensional
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microenvironment was also studied encapsulating the cells within the matrix via facile
fabrication method. We compared the cellular viability within the PEG and PA/PEG
hydrogels considering the effects of bioactive nanofibrous architecture of the
composite scaffolds on the 3D environment. To support cellular viability in 3D
microenvironment, all PA molecules, PEG monomers and the initiator were dissolved
in culture medium (DMEM) instead of water; and then the cells were mixed with the
polymer solution prior to the mixing with PA solutions. Hence, the cell-friendly
encapsulation process was followed; and the mixtures was exposed to the UV
irradiation (365 nm for 15 min) for the crosslinking of the system within the eppendorf
tubes. Finally, the hydrogels encapsulated with the cells were cultured in a bioreactor
with rotating apparatus (Synthecon RCCS-4H).
The cell culturing was proceed for 7 days, and then the viability within the 3D
hydrogels were assessed performing Calcein-AM/Ethidium homodimer assay. As it
was discussed above, the live cells were stained with calcein and seen as green on the
fluorescence images; on the other hand, ethidium homodimer interacted with nucleic
acids of the dead cells and shown as red on the images (Figure 4.20).
As it was seen in Figure 4.20, the 3D composite hydrogel system (RGD/PEG) was
sustained the cellular viability compare to the only PEG hydrogel; and the cytotoxic
effect of the composite 3D hydrogel was not observed. On the other hand, the cell
viability was significantly low within the 3D PEG system although the cytotoxicity
was reported for 2D conditions of the same material. It was thought that the
nanofibrous architecture of the composite system might sustain the nutrient and gas
transfer to the system efficiently compare to the non-porous PEG hydrogel.
Furthermore, the presentation of RGD integrin binding epitope on the PA nanofibers
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within the composite hydrogel could increase the cell-material interactions; and hence
support the biocompatibility of the composite system as being 3D ECM mimetic
microenvironment for tissue engineering and regenerative medicine applications.

Figure 4.20 Fluorescence images of Saos-2 cells cultured within the 3D PEG and
PA/PEG composite hydrogels and stained with calcein-AM (green) and ethidium
homodimer (red) (scale bars are 100 µm)
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4.3.4 Protein Encapsulation and Controlled Protein Release through the PA/PEG
Composite Hydrogels
Hydrogels have been studied for drug delivery purposes due to their high encapsulation
efficacy and controlled release of therapeutics for long term. The potential of the
composite hydrogels as controlled protein delivery system was also examined for the
possible therapeutic applications. It was though that the affinity of the bioactive PA
molecules to the therapeutic proteins such as growth factors and cytokines and highly
nanofibrous native architectures of the composite hydrogel system can provide both
protection environment and sustain the activity of the molecules presenting them
within a tunable ECM mimetic microenvironment for tissue regeneration.
As it was discussed above, PEG concentration within the composite hydrogels
controlled the mechanical stability and rigidity of the networks. In addition, porosity
of the PEG hydrogels was very low compare to the PA/PEG composite hydrogels as
seen in both SEM and BET analysis results. Considering both porosity and mechanical
rigidity, PEG concentration within the networks has to be optimized for controlled
release of therapeutics. For PEG concentration optimization experiments, BSA was
chosen as a model small protein molecule. In the literature, controlled BSA release
through the self-assembled peptide hydrogels were studied in details.[229] It was also
shown that the self-assembled networks can be used as delivery system protecting the
activity of the proteins at physiological conditions.[224]
Prior to the controlled release experiments, the standard calibration curve for the
determination of the released amount of BSA molecules through the hydrogels was
obtained using the Bradford assay was conducted. The standard curve of the BSA
concentration was given as Figure 4.21 below.
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Figure 4.21 The standard calibration curve for the determination of BSA concentration
based on absorbance measurements
The amount of encapsulated BSA within the hydrogels were determined as 2 mg/mL.
The release experiments were performed using 4%, 8% and 12% (v/v) PA/PEG
composite hydrogels and only PEG hydrogels prepared at the same concentrations as
controls. Within the time intervals, the samples from the buffer placed to the top of the
hydrogels were taken and freezed for the determination of concentration using
Bradford assay at the same time. The controlled release of BSA molecules through the
hydrogels was monitored and given in Figure 4.22.
As it was seen in Figure 4.22, the sustained BSA release was obtained for both only
PEG and PA/PEG composite hydrogels for all concentrations. On the other hand, the
initial burst release of the proteins were eliminated on the PA/PEG composite system.
The affinity of the PA network to the protein molecules due to the possible noncovalent interactions may prevent the initial burst release and provided a significant
advantage to the composite systems compare to the only PEG hydrogels. The protein173

repellent nature of the PEG network may also trigger the burst release of the molecules
at time zero.

Figure 4.22 The controlled release profiles of the BSA molecules through the only
PEG and PA/PEG composite hydrogels
To estimate apparent diffusivity coefficients the BSA molecules released through the
PEG and PA/PEG composite hydrogels for the quantitative comparison of the mass
transport properties of the hydrogels, Fick’s second law of diffusion for 1D unsteadystate systems given in Eqn. 1 was used. In the equation, Dapp, Mt, M∞, H and t was
defined as the apparent diffusivity, the cumulative mass of the diffused molecules at
time t and infinite and the thickness of the hydrogel, respectively.

.

174

(Eqn. 1)

The estimated apparent diffusion coefficients were given in Figure 4.23. Although the
composite PA/PEG hydrogels consist of the nanofibrous PA architecture and higher
internal porosity compare to the only PEG gels, the slower release of the BSA
molecules was obtained for the composite system. As discussed above, the possible
non-covalent interactions between the BSA molecules and PA network may decrease
the transport rate of the molecules. In addition, the difference between transport
properties of only PEG and PA/PEG composite hydrogels showed that controlled
release of proteins can be modulated self-assembled PA network in composite
hydrogels and sustain long term affinity controlled protein release system for
therapeutic applications such as growth factor and cytokine delivery to the
regenerating tissues.

Figure 4.23 The estimated apparent diffusion coefficients

175

4.4 Conclusion
In conclusion, design, synthesis and in vitro applicability of nanofibrous PA/PEG
composite hydrogels as ECM mimetic scaffold for tissue engineering and regenerative
medicine were presented in this chapter of the thesis. The fabrication method
developed for the composite hydrogel gave us the exact control on the physical
properties including porosity and mechanical stiffness independent form the
biochemical properties of the hydrogels. The cooperation of the self-assembled
bioactive nanofibers with the chemically crosslinked PEG network was the first
example of the straightforward development process of the composite hydrogels which
can be employed in different fields including materials biology, materials science and
engineering. Furthermore, the design principles of the composite system provide a
flexibility for fine-tuning biomaterial properties using different class of selfassembling molecules and chemically crosslinkable natural or synthetic polymers. The
biocompatibility of the composite hydrogels examined at both 2D and 3D in vivo
conditions made these nanofibrous architectures suitable ECM mimetic scaffold
candidates for tissue regeneration applications.
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Chapter 5
5. Conclusion and Future Prospects
The advances on the nanotechnology, material science and engineering; and the
integration of them with the fundamental scientific disciplines has pioneered molecular
self-assembly approach for the fabrication of highly adaptable and tunable
architectures inspired from the perfection of the nature. The non-covalent interactions
between the building blocks which are the sources of their responsive nature to the
environmental changes provide a tool-box set to control shape, size and also function
of the self-assembled materials developed for different applications.
Peptide self-assembly enable us to design and develop hierarchically assembled novel
biomaterials mimicking the structure and functionality of the components found living
cells, ECM microenvironment, tissues and also organs. Furthermore, these
supramolecular architectures are further functionalized to orchestrate biological
processes and direct cellular responses due to the small molecule delivery capacities
such as drugs, soluble factors, proteins, nucleic acids, growth factors or cytokines at
both nano and bulk scales. This thesis describes how to design and build peptide based
functional

biomaterials

such

as

biocompatible

coassembled

nanofibers,

supramolecular nanofiber gels or self-assembled PA and crosslinked polymer
composite scaffolds. In addition to the development of these hierarchical peptide based
architectures

as

functional

biomaterials

for

biomedical

applications,

the

biocompatibility and applicability of them were also examined for drug delivery and
tissue engineering purposes.
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In the first study, the design of short amyloid inspired synthetic peptides in view of the
noncovalent interactions found in native amyloid aggregations resulted the formation
of coassembled supramolecular nanostructures at physiological conditions. Especially,
the facile coassembly of the building blocks without any need of external factors;
biocompatibility and the mechanical stability of the supramolecular coassemblies at
both nano and bulk scales provide an advantage particularly for biomedical
applications. These amyloid inspired peptide molecules can be functionalized via
bioactive epitopes, soluble factors or therapeutic molecules for specific purposes. In
addition, the mechanistic experiments conducted to reveal the coassembly mechanism
and kinetics shown in this study can aid the progress of therapeutic strategies for
amyloid-aggregation related neurodegenerative diseases; and the design of
mechanically improved hierarchical architectures derived from self-assembled
amyloid inspired peptides.
The motivation of the second study was to develop biocompatible and injectable drug
delivery system for local chemotherapeutic applications to treat soft-tissue cancer
types such as breast cancer. Supramolecular PA nanofiber gels presented in the third
chapter of this thesis prolonged the local delivery of the chemotherapeutics at
physiological conditions; and improved the bioavailability of the drug molecules at the
specific area. The significant decrease in tumor growth rate via injection of the drug
encapsulated PA gels under in vivo conditions also showed us their high potential for
the clinical applications. In addition, this approach reduced the side effects of the
chemotherapeutic molecule for the healthy tissues by introducing the drug
encapsulated nanofiber gels to the tumor site. Biodegradability of these biomaterials
by the proteases found in body were also the additional advantages of these
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architectures. Moreover, the degradation properties of the self-assembled PA
nanofiber gels can be further modulated via the decoration of the PA molecules with
enzyme cleavable specific amino acid sequences as future research perspective.
The last study discussed in this thesis was the first example of development of the
composite hydrogel network consisting both self-assembled bioactive PA nanofibers
and chemically crosslinked non-bioactive PEG network in the literature. This approach
gave us the exact control on the physical properties including porosity and mechanical
stiffness independent form the biochemical properties of the composite hydrogels.
Furthermore, the design strategy of the composite system provide a flexibility to use
different class of self-assembling peptide based building blocks and chemically
crosslinkable natural or synthetic polymers depending on the application purpose. In
the study, the osteogenic differentiation capacity of these nanofibrous ECM mimetic
scaffolds decorating them with the bioactive epitopes which cascade the signaling
pathway related with the bone regeneration and remodeling was shown. In addition to
the bioactivity, these composite hydrogels can be also incorporated with the inorganic
biomineral content to mimic biophysical and biochemical properties of the native bone
tissue for further studies.
Although different self-assembled peptide based strategies and biomaterials have been
examined in the literature and also in this thesis for drug delivery and regenerative
medicine purposes in the pre-clinical studies, the widespread use of these
supramolecular peptide based architectures in clinical applications is still limited.
There are different aspects that prevent the progress in clinical applicability of these
materials such as cost effectiveness, technical limitations for the industrial scale
production and also safety concerns related with the nanosized materials. However,
179

the developments in fabrication techniques, the advances on fundamental biological
studies related with the safety of peptide based architectures and supramolecular
assemblies will contribute to the progress of this field. Moreover, industrial
collaboration with scientific community synergize the commercialization of the
developed systems for drug delivery and tissue engineering applications. Overall, I
believe that the advances on this field cooperating with other scientific disciplines and
industry will boost the clinical use of smart self-assembled peptide based biomaterials
for drug delivery, biomedicine and tissue engineering.
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