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Synopsis

Hydrogels are soft materials known for their exceptionally high-water content. Hydrogelators,
the compounds that bring about gelation, have extensive chemical and structural diversity.
Given the wide range of biomedical applications of hydrogels, there is growing interest in
developing biocompatible hydrogelators. Peptides have emerged as promising candidates for
this purpose due to their inherent structural versatility, well-established synthetic protocols,
and well-understood folding and self-assembly mechanisms. Numerous peptides are reported
in the literature that can spontaneously organize into B-sheet-rich fibrillar networks, leading to
hydrogel formation. However, most peptide-based hydrogelators incorporate bulky, non-
natural aromatic groups, such as naphthalene or Fmoc, which promote self-assembly through
n—7 stacking interactions. While effective in facilitating hydrogelation, the presence of such
foreign moieties raises safety concerns for biomedical use. As a result, there is an increasing
focus on developing hydrogelators composed exclusively of natural amino acids. Native
peptide sequences are further advantageous for therapeutic applications as they are non-
immunogenic. Amyloid-forming peptides are particularly notable for their ability to self-
assemble into fibrillar structures and have been widely studied for their hydrogel-forming

capabilities.

In my doctoral research, I investigated the hydrogel-forming ability of Ac-PHF6 and its
including aromatic and aliphatic analogs. PHF6 is a peptide fragment derived from the human
tau protein (tau>*®!"), which is known to play a key role in Alzheimer's disease through the
formation of paired helical filaments (PHFs). The effects of salt and the aromatic tyrosine
residue were systematically examined by designing and synthesizing analogs with either
aromatic or aliphatic substitutions to understand the influence of specific structural features on
gelation. Additionally, I investigated the gelation of Ac-PHF6%*, a native peptide similar to Ac-

PHF6 lacking aromatic residues.
The content of this thesis is arranged in six chapters.
Chapter 1: Introduction

This chapter overviews peptide-based hydrogels, including their classification and diverse
biomedical applications. It discusses various classes such as Fmoc-protected peptides, peptide
amphiphiles, amphiphilic peptides, and amyloid-derived peptides, with emphasis on their self-

assembly and hydrogelation. Special focus is on amyloidogenic peptides, known to form B-

XV
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sheet-rich fibrils. The chapter also introduces the rationale behind selecting native short peptide

stretches for hydrogelation without foreign aromatic moieties, enhancing biocompatibility.
Chapter 2: Ac-PHF6 as a promising injectable hydrogelator

Native short peptide sequences with self-assembling potential were screened for salt-induced
gelation. Peptides were shortlisted based on three key criteria: (i) the presence of one or more
charged residues, (ii) at least one aromatic residue, and (iii) the ability to self-assemble via
parallel B-sheet structures, preferably with in-register arrangement. These criteria led to the
identification of the tau-derived hexapeptide VQIVYK (tau’®3!!). I evaluated the
hydrogelation propensity of the uncapped (VQIVYK) and capped (CH3CO-VQIVYK-NHo,
also called Ac-PHF6) peptides. Both peptides readily dissolved in water. However, upon
dilution in PBS, the uncapped peptide failed to induce gelation at concentrations up to 20 mM.
In contrast, Ac-PHF6 formed soft hydrogels at 10 and 15 mM, and a much stronger gel at 20
mM concentration. Ac-PHF6 caused gelation of cell culture media as well. The hydrogel was
characterized using rheology, and the underlying superstructures were characterized using CD
and FTIR spectroscopy, fluorescence spectroscopy, and TEM. The structures underlying
hydrogels were found to be B-sheet-rich amyloid-like fibrils. The hydrogel was found to be
biocompatible, which allowed cell culture, as demonstrated using HEK-293 cells. Besides, the
drug entrapment followed by sustained release was also investigated. Ac-PHF6 was turned out

to be a potent injectable hydrogelator.

Chapter 3: Investigations into the self-assembly and hydrogelation of Ac-PHF6 analogs with

electron-deficient aromatic rings

The findings from Chapter 2 inspired a follow-up investigation focused on the role of the Tyr
residue in Ac-PHF6, specifically by exploring the impact of aromatic substitutions. In this
study, Tyr was replaced with Phe, and the phenyl ring was further modified with various para-
substituted electron-withdrawing groups (H, F, CN, NO, CF3). While most analogs formed
viscous solutions in water, only Ac-VQIVF(CF3)K-am induced hydrogelation upon heating to
70 °C, followed by cooling to room temperature. Notably, all analogs formed stable, self-
supporting hydrogels in PBS at 20 mM concentration with comparable mechanical strength.
Among the analogs, Ac-VQIVF(CF3)K-am showed the highest mechanical strength, likely due
to its increased hydrophobicity. These hydrogels were comprehensively characterized using
rheology, CD, fluorescence spectroscopy, FTIR, and TEM imaging. MD simulations of the

steric zipper assemblies for Ac-PHF6 and its analogs revealed comparable stability across all
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systems. The results suggest that hydrophobicity, rather than electronic effects of the aromatic
substituents, plays a dominant role in promoting hydrogelation. Thus, the function of the Tyr
residue in Ac-PHF6 appears to be more related to its bulky hydrophobic nature than its

aromaticity.
Chapter 4: Investigating the hydrogelation of Ac-PHF6 aliphatic analogs

The results in chapter 3 show that Ac-PHF6 analogs, wherein tyrosine's phenolic group is
substituted with phenyl or electron-deficient phenyl groups, also form hydrogels. The
formation of hydrogels with comparable rheological properties, irrespective of the aromatic
moiety, led me to speculate that the Tyr310 residue contributes to Ac-PHF6 hydrogelation
through its hydrophobicity, rather than its aromaticity. This hypothesis was tested in chapter 4.
Ac-PHF6 analogs wherein Tyr was replaced with aliphatic amino acids with different side-
chain hydrophobicities, viz. Lys, Ala, Met, Val, and Ile, were investigated, along with Ac-
PHF6* (tau?’>2%). Ac-PHF6* (CH3;CO-VQIINK-NH>) is another peptide motif similar to Ac-
PHF6, but without an aromatic residue. All the peptides caused instant gelation of PBS, except
Ac-VQIVKK-am, which formed a soft gel after about 2 h. Peptides containing Val and Ile
formed stiffer hydrogels than Ac-PHF6. Met and Ala have lower hydrophobicities relative to
Val and Ile, and form hydrogels with lower stiffness. Ac-VQIVKK-am formed softer gel with
a storage modulus of about 1 kPa. Ac-PHF6* had lower solubility compared to that of Ac-
PHF6, but formed hydrogel at 10 mM concentration. These data establish that tyrosine's role
in Ac-PHF6 self-assembly is primarily due to its hydrophobicity rather than its aromaticity.
Additionally, Ac-PHF6* shows cytocompatibility and cell-viability against HEK-293 cells.

Chapter 5: Hydrogelation by Ac-PHF6 and Ac-PHF6* analogs with cationic N-terminus

Tuttle and coworkers suggested that the terminal charge coupling in tripeptides, such as a
cationic N-terminus and/or an anionic C-terminus, contributes to hydrogelation propensity.
Guided by these insights, this chapter examined Ac-PHF6 and Ac-PHF6* analogs harboring
an N-terminal Lys residue. The peptides were systematically designed and synthesized to
assess the influence of terminal charge coupling on self-assembly and gelation. The study
included a retropeptide (KYVIQV), bola-amphiphilic variants (Ac-KVQIVYK-am, and Ac-
KVQIINK-am), and charged-flipped analogs (KVQIVY-am, Ac-KVQIVY-am, and Ac-
KVQIIN-am). Among these, KYVIQV-am and Ac-KVQIVYK-am formed clear, viscous
solutions in water and successfully formed transparent hydrogels in PBS at 20 mM
concentration. Analogs of Ac-PHF6* form rigid hydrogels at 15 mM concentration with
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rheological properties comparable to 20 mM Ac-PHF6 hydrogel. Ac-KVQIVY-am also
formed PBS hydrogel at 15 mM concentration. The gel, however, was turbid, and the storage
modulus was ~8 kPa. Rheological analysis showed that the retropeptide formed a softer gel
than Ac-PHF6, whereas the bola-amphiphilic analog demonstrated greater mechanical strength
than Ac-PHF6 at 20 mM. Cytocompatibility assays conducted with the retropeptide and bola-
amphiphilic gels using HEK 293 cells demonstrated their ability to support cell growth,
highlighting their potential for biomedical applications.

Chapter 6: Conclusions and future directions

This chapter concludes the thesis by summarizing its major outcomes, discussing the
unexplored possibilities of Ac-PHF6 and its analogs, and provides future directions with

relevant examples.
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Chapter 1

1. Peptide self-assembly and hydrogelation

The spontaneous formation of ordered structures from discrete molecular building blocks has
garnered significant attention due to its relevance in chemistry, materials science, and biology.
Molecular self-assembly is a reversible and spontaneous process whereby molecules organize
into well-defined architectures without external direction [1]. This process is driven primarily
by non-covalent interactions, including hydrogen bonding, hydrophobic interactions,
electrostatic forces, n-m stacking, and van der Waals interactions that may occur intra- and/or
intermolecularly. Two key prerequisites for efficient self-assembly are chemical
complementarity and structural compatibility of the constituent molecules [2]. Another factor
is the balance between attractive and repulsive forces: sufficient attraction (hydrophobic,
hydrogen bonding, aromatic stacking) must overcome repulsion (electrostatics, solvation
effects, conformational entropy) to nucleate assembly. Among the various classes of self-
assembling molecules, proteins and peptides are particularly attractive when it comes to
biocompatible materials [3], [4], [13]-[20], [S]-[12]. They are native to biological systems and
are made up of diverse functional groups that bring chemical diversity. Chemical moieties such
as hydrophobic groups, aromatic rings, charged groups, and hydrogen-bond donors and
acceptors collectively drive assembly into higher-order structures. This chemical versatility not
only underlies natural processes such as protein folding but also enables the design of minimal
peptide motifs capable of forming fibers, sheets, or other nanostructures in vitro [21]. In
materials science, peptides can be rationally designed to assemble into nanostructures with
tunable physicochemical properties, offering a biomimetic route to functional materials.
Aromatic residues, for instance, promote stacking interactions, while charged residues impart
solubility or responsiveness to ionic conditions. The modular nature of peptides allows for
systematic variation to elucidate sequence—structure relationships, making them ideal model

systems for studying self-assembly principles at the molecular level.

Notably, such processes reinforce the formation of many functional soft materials. A prominent
example is the peptide-based hydrogels, where nanofibrous peptide network immobilizes water
to yield three-dimensional, hydrated matrices [22], [23]. In these systems, self-assembly
dictates the formation, stability, and responsiveness of the gel, illustrating how fundamental
supramolecular principles can be translated into practical biomaterials [24]. Conventional
hydrogels are often derived from natural or synthetic high-molecular-weight polymers [9].
Peptide-based hydrogels and their different classes have been discussed in the following

section.
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1.1. Peptide-based hydrogels

Natural or synthetic polymers, including proteins and carbohydrates, make up the vast bulk of
hydrogels. In the last two decades, a distinct class of hydrogels has emerged: peptide-based
hydrogels, built from amino acids or their derivatives [25]. Owing to their modularity, these
systems offer an attractive alternative to conventional polymeric matrices. Unlike large
biomacromolecules, short peptides are easier and less expensive to synthesize yet retain the
essential motifs required for supramolecular self-assembly [26]—[28]. In the standard approach
to fabricating peptide-based hydrogels, individual peptide units adopt specific secondary
structures and self-assemble into nanoscale assemblies, most frequently fibrillar architectures.
As these fibrils elongate and assemble, they form larger supramolecular aggregates that,
through non-covalent cross-linking and physical entanglement, generate a continuous, self-
supporting network. The resulting mechanical properties of such hydrogels are influenced by
multiple parameters, including the peptide's primary sequence, concentration, and the balance
between hydrophobic and hydrophilic residues. Furthermore, the incorporation of non-natural
amino acids or chemical modifications at termini allows fine control over properties such as
hydrophobicity, charge, pKa, and isoelectric point, dramatically expanding the structural and

functional diversity accessible to these materials [29].

Peptide-based hydrogels are typically classified as low-molecular-weight gelators whose
assembly is driven by non-covalent interactions such as hydrogen bonding, hydrophobic
effects, electrostatic attractions, van der Waals forces, and nt-w stacking [30]. These interactions
direct the peptides to adopt secondary structures such as B-sheets, a-helices, or turns. The
resulting ordered motifs then aggregate hierarchically into nanostructures (fibrils, ribbons, or
tapes) that entangle or cross-link to form a percolating network capable of trapping large
volumes of water [31]. This hierarchical organization mirrors natural protein folding and offers
tunable viscoelasticity and mechanical strength suitable for biomedical use [32]. Because
peptides are inherently biocompatible and biodegradable, their hydrogels can be engineered to
provide defined microenvironments for cells, encapsulate and release bioactive molecules, or
respond to environmental cues such as pH, temperature, and light. Stimuli-responsive
hydrogels adapt their structure to environmental changes, making them valuable for biomedical
uses [33]-[38]. The pH-responsive hydrogels contain ionizable groups whose protonation
shifts with pH, altering electrostatic and hydrogen-bonding interactions to drive swelling,
collapse, or re-gelation [39]-[41]. Temperature-sensitive hydrogels exploit the thermal

dependence of non-covalent forces; many peptide systems show sol-gel transitions near body
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temperature, enabling injectable delivery and in situ solidification [42]-[45]. Light-responsive
hydrogels incorporate photoactive moieties (e.g., azobenzene, photolabile linkers) that change
conformation or break cross-links upon irradiation, enabling reversible sol-gel transitions or
spatial control over mechanical properties [46][47][48]. These attributes make them highly
attractive for applications ranging from three-dimensional cell culture, tissue engineering, and
wound healing to drug delivery, microfluidic systems, and self-healing biomaterials [49]-[52].
Notably, the modular chemistry of amino acids allows precise tailoring of gelation kinetics,
mesh size, and degradation profiles, enabling customization for specific therapeutic or

industrial needs.

Most peptide-based hydrogels rely on B-sheet-rich assemblies in which individual gelators
form fibrils that bundle into larger fibers through supramolecular forces [53]. These extended
aggregates establish a self-supporting, water-laden network without requiring covalent
crosslinkers. Such supramolecular gels not only mimic aspects of the extracellular matrix
(ECM) but also offer controllable nanostructure and mechanical properties, positioning them
as promising next-generation biomaterials. The major types of B-sheet peptide hydrogelators

are discussed in the following subsections.

1.1.1. Fmoc-protected amino acids and peptides

Short peptides containing an aromatic group at their N-termini have a strong tendency to self-
assemble in aqueous environments, often causing hydrogelation [54]. The self-assembly of
very short gelators strongly depends on aromatic stacking interactions and hydrogen bonding.
The modification at the N-terminus with aromatic moieties such as Fmoc [N-(fluorenyl-9-
methoxycarbonyl)] makes up a considerable portion of peptide-based gelators reported in the

literature (Fig. 1.1) [25], [55]-[58].

One of the simplest scaffolds used to manufacture a variety of hydrogels is an aromatic Phe-
Phe dipeptide (FF) [59]. Fmoc-Phe-Phe self-assembled through aromatic stacking interactions,
forming transparent hydrogel [55]. Substitution of Co hydrogen atom with methyl group in
one or both Phe groups in Fmoc-FF significantly impacts the self-assembly and hydrogelation

[54]. Selected examples of the Fmoc-protected peptide-based hydrogels are listed in Table 1.1.
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Figure 1.1. Structure of the Fmoc moiety coupled to primary amine via the urethane linkage.

Table 1.1 Selected examples of Fmoc-protected amino acid and peptide hydrogelators.

Peptides Finding Reference
Fmoc-Leu-Asp Role of aromatic stacking in hydrogelation. [60]
Fmoc-Ala-Asp

Fmoc-Ile-Asp

Fmoc-PAla-PAla | Ligand-receptor interaction of Vancomycin with Fmoc- | [61]
DAla-PAla.

Fmoc-Tyr Gelation study by dephosphorylation of Fmoc-Tyr | [62]
phosphate in the presence of alkaline phosphatase
enzyme.

Fmoc-Phe Entrapment of model dyes (Direct Red and Naphthol | [63]
Yellow) and their release from hydrogel.

Fmoc-F> and | Chemical functionalization of the peptide scaffolds | [64]

Fmoc-F2-X improves cell compatibility and enables tunable chemical

(X = Lys, Ser, | and mechanical properties for in vitro cell culture.

Asp)

Fmoc- A new library of aromatic Fmoc-dipeptides was | [65]

FRGD/RGDEF/2- | developed, and a biophysical study of Fmoc-peptide

Nal/FG/FF hydrogels reveals how aromatic interactions govern their

(2-Nal = 2- structure, thermal stability, and self-assembly for medical

naphthyl-L- applications.

alanine)

Fmoc-FF/RGD Biomimetic peptide-derived nanofibrous hydrogel self- | [66]
assembles into 3D scaffolds that support anchorage-

5
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dependent cell adhesion, proliferation, and in vitro tissue

regeneration.

Fmoc-F5-Phe Enhancement in gelation due to fluorous effect and | [67]
hydrophobicity.

Fmoc-VLK(Boc) | Self-assembly of peptides shows sequence inversion | [68]

Fmoc-K(Boc)LV | markedly alters fibril morphology and hydrogel
properties, enabling tunable material design.

Fmoc-FF/KGM The hybrid hydrogel shows enhanced stability and | [69]
mechanical strength with tunable sustained release of
hydrophobic drugs, making it a promising drug delivery
carrier.

Fmoc-BAla-Val Incorporation of B-amino acid to prepare proteolytically | [70]

Fmoc-BAla-Phe resistant and mechanically strong hydrogel.

Fmoc-FFF or | The obtained hydrogels of wvarying chirality were | [71]

Fmoc-F*F*F* evaluated as tissue-engineering and controlled drug-

(F* = PPhe) delivery scaffolds.

Fmoc-X-Car Fmoc-protected tripeptides form pH-sensitive and | [72]

(X = Ala, Val, | proteolytically stable supramolecular hydrogels.

Leu, Ile, Met, Phe,

Tyr; and Car = L-

carnosine)

Fmoc-FF Preparation of self-supporting hydrogels at physiological | [31]
pH with tunable properties and morphology for tissue | [73]
engineering and drug delivery.

Fmoc-XX  (X= | Introduction of the methyl group at the a-carbon of Phe | [54]

F/mF/PF) (mF) to observe its influence on self-assembly and
gelation.

Fmoc- Multicomponent peptide blends yield seven self-sorted | [74]

FF/Cationic hydrogels with tunable rigidity, high biocompatibility,

peptide and enhanced cell adhesion.

Fmoc-FFpY Formation of NaCl-induced supramolecular hydrogels | [75]

with self-healing, thermo-responsive behavior, and

mixed B-sheet/a-helical structures.
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1.1.2. Peptide amphiphiles

Peptide amphiphiles (PAs) are hybrid molecules combining a hydrophobic component, often
an alkyl lipid tail, with a peptide segment that can include charged or bioactive residues (Fig.
1.2) [15]. This design allows PAs to self-assemble into well-ordered supramolecular
nanostructures under aqueous conditions, such as nanofibers, micelles, or vesicles [15], [76]-
[78]. Their amphiphilic nature yields a strong driving force for hierarchical assembly, mediated
by hydrophobic collapse, hydrogen bonding, and often n-n interactions when aromatic residues

are present [79].

Figure 1.2. Peptide amphiphile designed by Stupp and coworkers. (A) Chemical structure, and
(B) molecular structure of peptide amphiphile depicting conical shape of the molecule [15],
[17].

PAs are particularly promising for biomedical applications because they mimic native ECM
features while being biodegradable and biocompatible. The peptide region can be engineered
to present cell-adhesion motifs, enzymatic cleavage sites, or responsive elements that react to
environmental stimuli like pH, ions, or temperature [80]-[82]. Moreover, their nanoscale
morphology and gelation behavior can be tuned by modifying tail length, sequence
composition, or ionic headgroups, enabling control over mechanical stiffness, porosity, and
degradation rate. Such tunable peptide amphiphile hydrogels have been successfully used as
scaffolds for tissue engineering, platforms for controlled drug delivery, wound healing
matrices, and in 3D cell culture systems [82]-[84]. Studies revealed that peptide amphiphiles

self-assemble into nanofibers directing hydroxyapatite mineralization, while double-chain
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alkyl amphiphiles with oligo-L-glutamic acid head groups enhanced aggregation control,
mimicking bone-like structural and functional properties [85], [86]. Due to their overall conical
geometry, ionic peptides bearing long alkyl chains tend to self-assemble in water into
supramolecular nanostructures, such as cylindrical micelles, which can further organize into
fibrous assemblies [86]. Rational design of the peptide segment allows the formation of B-sheet
domains near the alkyl tail, while distal charged or bioactive residues enhance solubility and
functional activity. The resulting nanofibers may be reversibly cross-linked, providing tunable

internal architectures that modulate hydrogel formation [78].

The first systematic demonstration of PAs was reported by Stupp and coworkers in 2001, who
synthesized a peptide amphiphile bearing a C16 alkyl chain conjugated to a peptide segment
containing tetra-cysteine, glycine spacers, a phosphoserine residue, and a C-terminal RGD
motif. This PA self-assembled into nanofibrous scaffolds mimicking extracellular matrix
(ECM) features and promoted hydroxyapatite mineralization upon treatment with CaCl> and
NaxHPOg4 solutions [15]. Subsequently, the same group investigated a series of analogs by
varying the alkyl tail length (from none to C22), substituting the tetra-cysteine domain (e.g.,
Cys — Ala), modifying ionic head groups, and incorporating cell adhesion motifs. These
derivatives displayed pH-responsive gelation and could also be triggered to self-assemble by

surface drying or treatment with divalent cations (Ca*") [76].

They further advanced the field by introducing branching architectures via orthogonal
protecting-group strategies at lysine residues to incorporate multiple bioactive epitopes. For
instance, RGDS motif was introduced into the branched PAs to produce nanofibrous 3D
matrices suitable for regenerative medicine applications and in situ cell encapsulation [87]. In
a related study, histidine-functionalized branched PAs exhibited esterase-like activity,
catalyzing the hydrolysis of 2,4-dinitrophenyl acetate at their fiber surfaces [88]. In another
study, they showed that the mechanical properties of self-assembled peptide-amphiphile
nanofiber gels could be tuned by altering intermolecular interactions; for example, gels formed
with CaCl, exhibited stronger cross-linking and higher strain tolerance. In contrast, those
prepared with HCI displayed superior recovery after deformation, enabling the design of
materials with tailored mechanics for specific biological responses [89]. Since these seminal
reports, numerous peptide amphiphile-based hydrogelators with diverse architectures and
bioactivities have been developed, establishing PAs as versatile scaffolds for biomedical
applications [5]. Kokkoli and colleagues reported the development of peptide-amphiphile
nanofibers, particularly PR g (fibronectin-mimetic peptide-amphiphile) hydrogels, which

8
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served as effective scaffolds for tissue engineering. These materials outperformed conventional
gels in supporting cell adhesion and ECM deposition, demonstrating strong potential as ECM-
mimetic scaffolds [90]. Das and coworkers examined the influence of counterion variation on
the antimicrobial activity and biocompatibility of amino-acid-based hydrogelating
amphiphiles, demonstrating enhanced efficacy against Gram-positive bacteria and fungi and
improved cytocompatibility, with further broad-spectrum antimicrobial action achieved
through the incorporation of silver nanoparticles [91]. Banerjee and coworkers explored a
series of peptide amphiphiles capable of forming thermoresponsive hydrogels with
nanofibrillar network architectures, which exhibited antimicrobial activity against both Gram-
positive and Gram-negative bacteria, low cytotoxicity, and proteolytic stability, thereby
highlighting their promise as next-generation antimicrobial materials [81]. Sleep and
coworkers developed an injectable PA scaffold (Ci6VaAnEs) with liquid-crystalline order that
closely resembled the ECM, which improved the survival, alignment, and differentiation of

transplanted muscle stem cells and enhanced tissue regeneration [92].

1.1.3. Amphiphilic peptides

Amphiphilic peptides, i.e. the composed of alternating hydrophobic and hydrophilic amino acid
residues, have emerged as a powerful class of biomaterials owing to their predictable self-
assembly, tunable properties, and high compatibility with biological systems. Such peptides
derive amphiphilicity from arranging residues like Leu, Val, and Phe (hydrophobic) alternately
with Lys, Arg, Glu, or Asp (hydrophilic). This periodic polarity leads to a well-defined
interface that drives self-assembly, aggregating into fibers, tapes, or sheet-like networks [93].
These principles, like alternate polar/non-polar residues, charge balance, and hydrophobic face
exposure, allow amphiphilic peptides to offer precise control over assembly morphology,
mechanics, biodegradability, and responsiveness. Such peptides were designed by emulating
the native protein patterns that comprise regular repetitions of oppositely charged residues

separated by 1 or 2 hydrophobic residues [2].

Peptides designed with alternating polar and nonpolar amino acid residues, such as CH3CO-
(AEAEAKAK)>-NH; (EAK16), have been shown to readily adopt B-sheet conformations [94].
In these assemblies, nonpolar residues are typically oriented toward the interior of the B-sheet,
while polar residues are exposed on the exterior surface, conferring both structural stability and
aqueous compatibility [95]. The first of such sequences was identified as part of the yeast
protein zuotin, a factor initially characterized by its binding affinity to left-handed Z-DNA [96].

Self-assembling  scaffolds based on analogous sequences, such as CH3CO-
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RADARADARADARADA-NH; (RADA16-I) and CH3:CO-RARADADARARADADA-NH>
(RADA16-1I), have been investigated for their ability to support cell adhesion and
differentiation, promote neurite extension, and facilitate the formation of functional synapses

in primary and cultured neuronal cells [97].

Building on these findings, Ruan and coworkers reported a nine-residue peptide (PSFCFKFEP)
that organizes into a robust, fishnet-like nanostructure whose morphology depends on peptide
concentration and mechanical perturbation. Remarkably, this peptide demonstrated self-
healing characteristics and could encapsulate hydrophobic model drugs such as pyrene,
enabling their gradual release from coated microcrystals or liposomal carriers [2]. Similarly,
alternating co-polypeptides such as poly(Glu-Val-Lys-Val) and others demonstrated highly
stable B-sheet structures over wide ranges of pH and ionic strength, underscoring the robustness
of sequences with hydrophobic-hydrophilic alternation [98]. Recent studies have shown that
amphiphilic peptides can be engineered into highly functional biomaterials with remarkable
biomedical potential. An investigation by Seow and coworkers described an ultrashort
amphiphilic peptide hydrogel that formed transparent hydrogel with high shape fidelity,
creating a moist and biocompatible matrix that significantly accelerated the healing of full-
thickness skin wounds in mice [99]. A separate study used enzymatic triggers to guide the self-
assembly of the amphiphilic peptide A9K,, demonstrating that its morphology could be
switched between micelles, fibers, and gels under physiological conditions, which allowed fine
control over the rate of gel formation and its mechanical strength [100]. Collectively, these
findings illustrate how rationally designed amphiphilic peptides can generate a wide variety of
nanostructured hydrogels and scaffolds, whose properties can be tuned by cross-linking,
enzymatic cues, or molecular ordering to meet the demands of applications ranging from

wound dressings to cell-delivery systems.

Another notable study varied the balance between hydrophobic and hydrophilic residues in
designer a-helical peptides, systematically altering Leu/Lys ratios to study how relative

hydrophobic area influences self-association, membrane interaction, and assembly [101].

1.1.4. Amyloidogenic peptides

One class of peptides extensively studied for self-assembly and hydrogelation is amyloids
[102], [103]. Amyloid fibrils are insoluble protein/peptide assemblies that are associated with
many diseases [104], [105]. Their accumulation in tissues is widely implicated in pathological

processes, with Alzheimer’s disease being one of the most well-known examples [106]. During
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fibrillization, the peptide molecules self-assemble to adopt a cross-B-sheet architecture, in
which B-strands run perpendicular to the fibril axis, a structural hallmark historically linked to
disease [107], [108]. The cytotoxicity of amyloids is largely caused by the prefibrillar amyloid
oligomers [109]-[111]. Even though amyloid fibrils were first discovered as disease associated
pathogenic structures, research over the past two decades has identified amyloid-like
architectures in native proteins, establishing cross-3 sheet as a legitimate and functional protein
fold [112]-[117]. The discovery of amyloid as a functional fold led to the proposition that
amyloidogenic peptides could turn out to be interesting biomaterials [118], [119]. Their
nativeness opens up new opportunities for their use as functional biomaterials [103], [120]-

[123].

Short amyloidogenic peptides have been widely explored for hydrogel formation. Short
peptides offer several advantages. They are easy to synthesize, and therefore cost-effective.
Besides, the self-assembly is dictated by a smaller number of interactions, enabling better
control over self-assembly and hydrogelation. Hydrogels comprising amyloid nanofibrils
derived from Fmoc-protected di- and tri-peptides have since been developed to support cell
culture and stem-cell differentiation [124]. Jean and coworkers investigated islet amyloid
polypeptide associated with type II diabetes, which was shown to form gels in bulk solution
and at hydrophobic-hydrophilic interfaces, producing condensed fibril matrices stabilized by
non-covalent B-sheet interactions [125]. Hen egg-white lysozyme (HEWL) was reported to
form amyloid-like fibrillar hydrogels upon thermal cycling between 60 °C and 25 °C [126].
Ma and coworkers produced an injectable HEWL-derived hydrogel by pre-incubating peptides
under acidic conditions with Mg?" to accelerate fibrillation; the lyophilized powder formed a
colloidal solution in phosphate buffer (pH 7.4) and rapidly gelled at 37 °C [123]. Juszczak and
coworkers demonstrated that the N-terminal taus.19 peptide forms hydrogel with polyproline-II
like fibrils resembling collagen I, stabilized by weak proline carbonyl hydrogen bonds. Studies
suggest that the presence of water critically shaped gel architecture, and spectroscopic assays
suggest a sequential gelation, syneresis, and aggregation process in Alzheimer's disease, with
fibril formation driven by entropy from water release [127]. Krysmann and coworkers
demonstrated the self-assembly of the ABis-20 fragment (KLVFF) into a hydrogel at 3 wt% in
phosphate-buffered saline (PBS) [128]. Paik ad coworkers examined hydrogel formation by a-
synuclein, where horseradish peroxidase was successfully immobilized within the gel and
catalyzed 3,3',5,5'-tetramethylbenzidine oxidation [129]. Chaudhary and coworkers
investigated the hydrogelation of APis22 (CH;CO-KLVFFAE-NH») and its analog APie-
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22(F20Y). The APi6-22 was turned out to be a non-gelator up to 20 mM concentration while the
analog ABi6-22(F20Y) formed hydrogel at 2 mM concentration [121]. Interestingly when two
peptide units were connected via B-turn-supporting motifs, both the peptides caused

hydrogelation [122].

Although self-assembly into B-sheets underlies the vast majority of peptide hydrogelators
reported in the literature, assembly through o-helical coiled-coil motifs can also lead to
hydrogelation. These peptides have repeating heptapeptide units such as (HPPHPPP), where H
represents a hydrophobic residue and P a polar residue [130]. However, the relatively long
sequences (20-40 residues) and high concentrations (1-12% w/v) required for gelation have
limited their broader application. Nevertheless, peptide-based hydrogels are inherently
biocompatible and proteolytically degradable, making them promising candidates for various

biomedical and therapeutic uses [131].

1.2. Applications

Hydrogels, particularly those composed of peptides, look promising for many biomedical
applications. They can be used for drug delivery, wound healing, gene therapy, cell and tissue
culture, organoid formation, among other applications (Fig. 1.3). The unique structure of
peptide hydrogels, characterized by their network of interconnected fibers, enables them to
effectively encapsulate and release small molecules, making them highly suitable for drug

delivery applications [121], [132], [133].
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Figure 1.3. Applications of peptide-based hydrogels.
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These hydrogels can offer controlled release profiles by responding to environmental stimuli
such as pH or enzymes, which can trigger the release of drugs at targeted sites, enhancing
therapeutic efficacy while minimizing side effects [52]. Peptide-based gels conjugated with
antigenic peptides can serve as adjuvant systems capable of eliciting antibody responses [134].
Several amyloidogenic peptide hydrogels have been shown to effectively encapsulate and
release the anticancer drug doxorubicin [44], [121], [123]. Besides controlled drug delivery,
these hydrogels provide a protective milieu for cells, facilitating nutrient transport and creating
a favorable environment for cell adhesion. [135]. These hydrogels mimic native extracellular
matrices by forming stable, biocompatible networks with tunable mechanical properties and
enhanced bioactivity through functional motifs [136], [137]. They support cell adhesion,
proliferation, migration, and differentiation, while enabling controlled growth factor delivery,
making them promising platforms for regenerative medicine and organotypic tissue models
with superior structural and biological performance [138]-[141]. Due to their high-water
content and close resemblance to the ECM, these have also been evaluated for wound-healing
efficacy and infection control. Ultrashort peptides facilitated rapid autolytic debridement and
re-epithelialization, whereas multidomain hydrogels promoted angiogenesis and neurogenesis
[99], [142]-[144]. The resveratrol-loaded hydrogels were found to suppress inflammation and
minimize scarring, enhancing tissue regeneration [145]. As far as antimicrobial activity of the
hydrogels is concerned, they can be broadly classified into two categories: (i) hydrogels with
intrinsic antibacterial activity, typically constructed from antimicrobial peptides (AMPs), and
(i1) hydrogel platforms designed for the controlled delivery of conventional antibiotics [146],
[147]. Peptide-based hydrogels display significant and selective antimicrobial activity, with
several studies confirming their efficacy against both Gram-positive and Gram-negative
bacteria, including drug-resistant strains like MRSA and E. coli [81], [100], [148]—[152]. These
hydrogels kill bacteria chiefly by disrupting cell membranes, demonstrating low cytotoxicity
and excellent biocompatibility with mammalian cells. Their promising versatility and safety

pave the way for future breakthroughs in clinical therapies.

1.3. Rationale behind the thesis work

A large number of peptides have been reported in the literature that self-assemble to form -
sheet-rich fibrils, eventually causing hydrogelation. A vast majority of these peptides, however,
employ bulky non-native aromatic moieties, such as fluorene and naphthalene. Hydrogelators
with foreign aromatic moieties are usually very small in size. Incorporation of foreign aromatic

moieties, however, raises safety concerns as far as biomedical applications are concerned. For
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instance, the degradation of Fmoc-FF hydrogel causes cell death through necrosis [153].
Therefore, the peptides that lack foreign moieties have gained considerable attention as
biocompatible hydrogelators. Unfortunately, peptide hydrogelators lacking foreign aromatic
moieties are generally much larger [76], [154]. The large size of the designed peptides raises
concerns about immune response when it comes to applications such as drug delivery or
scaffolds in regenerative medicine. An interesting approach, therefore, could be identifying
short native peptide stretches that can undergo hydrogelation under physiological conditions
or be engineered into hydrogelators through minimal modifications. Tuttle and coworkers
investigated the tripeptide sequence space with free termini and proposed certain guidelines
that promote tripeptide gelation [155]. They proposed that a positively charged residue is
preferred at the N-terminus, while aromatic residues are more favourable at positions 2 and 3
in the tripeptide. Position 3 of a tripeptide is the C-terminal residue. I surveyed short self-
assembling native peptide sequences that could be salt-triggered to self-assemble. The
following three criteria were applied to shortlist the peptides: (i) the peptide has one or more
charged residues, (ii) there is at least one aromatic residue, and (iii) the peptide self-assembles
through parallel B-sheet formation, preferably the in-register B-sheet. Parallel in-register -
sheet has been observed for many amyloidogenic proteins/peptides [156]. Such an arrangement
places the identical residues juxtaposed in the strands of the B-sheet. These selection criteria
led me to the peptide VQIVYK (tau®*®3!!). Mandelkow and coworkers first identified this
peptide as the minimal interaction motif for tau self-assembly [157], [158]. The hexapeptide,
termed PHF6, was shown to form fibrils in the presence of heparin. Kirschner and coworkers

investigated the end-capped tau*?®3!!

, where the N-terminus of the peptide was acetylated
while the C-terminus was an amide (CH3CO-VQIVYK-NH>, also known in the literature as
Ac-PHF6). The peptide rapidly forms amyloid fibrils in the presence of 150 mM salt [159].
Eisenberg and coworkers subsequently investigated the microcrystals formed by VQIVYK, the
peptide with free termini. They find that the peptide self-assembles through parallel in-register
B-sheets [160]. These two studies convinced me that VQIVYK could be a promising salt-

triggered gelator. Tau??6-31!

self-assembly has been extensively investigated using theoretical
as well as various experimental methods [161]-[165]. Despite a large volume of literature on
the tau’*3!! self-assembly, there is no report on its hydrogelation. In this thesis, I report that
the peptide forms hydrogel as soon as it encounters the salt, an attribute that makes it a

promising injectable hydrogelator.
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1.4. Tau protein

Tau is a microtubule-associated protein predominantly found in neuronal cells, where it plays
a key role in stabilizing microtubule structure [166]. Characterized as an intrinsically
disordered protein, it contains an unusually high proportion of polar and charged amino acids,
with Gly, Lys, Ser, Thr, and Pro making roughly half of its composition [167]. Under
physiological conditions, tau is phosphorylated with approximately two to three phosphate
groups per protein molecule [168]. In Alzheimer's disease and related tauopathies, tau protein
undergoes hyperphosphorylation and accumulates within neurons as filamentous aggregates
[169]. This leads to microtubule disassembly and promotes the aggregation of free tau
molecules into paired helical filaments (PHFs). In the brains of individuals with Alzheimer's
disease, tau aggregates are present as neurofibrillary tangles (NFTs), neuropil threads, and
neuritic plaques, with the burden of NFTs being most strongly associated with neuronal
degeneration [169]. These NFTs were thought to consist of PHFs, which predominantly adopt
a B-sheet conformation [170]-[172]. Tau protein exists in six isoforms due to alternative RNA
splicing. The primary structure organization of the longest isoform is shown in Fig. 1.3. The
primary structure can be broadly divided into two regions: an N-terminal projection domain of
approximately 120, predominantly acidic residues, and a complementary region that interfaces
with the microtubule surface. The latter contains proline-rich segments along with 3-4 pseudo-
repeats (R1-R4) and inter-repeat sequences, which together form the core microtubule-binding
region (MTBR) (Fig. 1.4) [173]-[176]. The MTBR domain, other than microtubule binding, is
recognized as a key region driving tau aggregation [177], [178].

Projection domain Proline rich region MTBR domain
I ] ] |

1 45 74 103 151 158 244 275 306 337 368 44l

[ p1 [ p2 [ R IRz ’n’s [ Ra | cterminal

265 KHQPGGGKVQIINKKLDLSNVQSKCGSKDNIKHVPGGGSVQIV YPVDL 1S |
PHF6" PHFG ,__,,PHF*"T R
TSVQINK?  20syQIyyK!:

Figure 1.4. The 4R isoform of tau protein showing projection domain, protein rich region, and
the MTBR domain. The positions of hexapeptide stretches PHF6, and another related
hexapeptide stretch PHF6* are also indicated.

Two hexapeptide stretches, viz. *VQIVYK?!! and 2>VQIINK?*°, commonly referred to as
PHF6 and PHF6*, respectively, are key stretches that drive tau aggregation in Alzheimer's

disease. PHF6, located at the start of the R3 repeat, is conserved across all tau isoforms. PHF6*,

15
TH-3931_206106020



Chapter 1

by contrast, is located at the start of the R2 repeat and is present exclusively in the 4R tau
isoform. Owing to their strong aggregation tendencies and ability to form fibrils, both peptide
segments were chosen for this study. Nevertheless, information on hydrogel formation by tau-
derived peptides remains limited. Literature reports indicate that tau can undergo liquid-liquid
phase separation (LLPS) within cells, producing dynamic droplets that gradually transition into
gel-like states and ultimately promote the pathological aggregation of tau observed in
Alzheimer's disease and related tauopathies. Ambadipudi and coworkers demonstrated that
under physiological conditions, tau's lysine-rich microtubule-binding repeats undergo
electrostatically driven liquid-liquid phase separation (LLPS). They showed that polyanions
such as heparin or RNA accelerate amyloid formation. Their study revealed that alternative
splicing and phosphorylation modulate Tau's LLPS propensity, suggesting a mechanistic link
between splicing, phase separation, and neurotoxicity in tauopathies [179]. Wegmann et al.
showed that soluble tau, including phosphorylated, mutant, and Alzheimer's-derived forms,
undergoes LLPS in cells and model systems, forming droplets that mature into gel-like,
amyloid-competent aggregates [180]. Their study showed that the phosphorylation and the
aggregation-prone mutations caused enhanced droplet formation, that in turn promoted tau
aggregation and seeding, implicating LLPS as a critical intermediate in tauopathies. Amyloid-
based hydrogels remain relatively underexplored. Emerging research, however, is exploring
them as promising materials for biomedical applications. While some initial investigations
have demonstrated promising results, widespread practical applications of hydrogels in areas

such as drug transport and cellular scaffolding are still developing.
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CHAPTER 2

Ac-PHF6 as a promising injectable hydrogelator
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2.1. Introduction

As discussed in Chapter 1, a vast majority of peptide hydrogelators harbor a bulky, non-native
aromatic moiety. Such foreign moieties raise safety concerns as far as biomedical applications
of hydrogels are concerned [153]. The hydrogel research, therefore, has branched to another
dimension; to identify native or native-like short peptide stretches that could cause the gelation
of biological fluids. Schneider and coworkers designed peptides with a B-turn-inducing motif
that self-assembled under specific cues, causing hydrogelation [154], [181], [182]. Stupp and
coworkers designed a peptide amphiphile wherein a palmitoyl chain was attached to the N-
terminus of the peptidic moiety [86]. The peptide self-assembles at acidic pH, forming
hydrogels that direct the hydroxyapatite mineralization when treated with calcium chloride and
dibasic sodium phosphate. Peptide amphiphile is an interesting template for designing self-
assembling peptides with different properties and applications [12], [76], [77], [149]. Native
peptides are attractive gelators for biomedical applications as concerns about toxicity and
immunogenicity are not there. Amyloid fibrils constitute an important class of self-assembling
peptides [183]-[185]. Hauser and coworkers have reported hydrogelation by several short
native N-acetylated amyloidogenic peptides [186]. Banerjee and coworkers reported hydrogel
formed by a tetrapeptide from human amylin, hIAPP24.27 [44]. Maji and coworkers have also
reported several amyloid peptide hydrogelators [187], [188]. The potential of amyloid peptides

as hydrogelators has been reviewed elsewhere [103].

My aim was to identify native peptide(s) that could be dissolved in water to a very high
concentration without gelation and diluted in PBS to obtain the gel. I surveyed short
amyloidogenic peptides and applied simple selection criteria i.e. presence of one or more
charged residues with non-zero net charge, presence of one or more aromatic residues, and self-
assembly through parallel B-sheets. These criteria led me to PHF6. The peptide harbors a lysine
residue, a tyrosine residue, and self-assembled via parallel B-sheet formation [160]. In this
chapter, the uncapped (VQIVYK) and the end-capped (CH3CO-VQIVYK-NH,) tau®*®3!! were
investigated. The uncapped peptide remained a clear solution in water as well as in PBS (137
mM NaCl, 2.7 mM KCI, 10 mM Na;HPO4, and 1.8 mM KH>POs4, pH 7.4). The end-capped
peptide CH3CO-VQIVYK-NH; (Ac-PHF6), on the other hand, formed a clear solution in water
but caused instant gelation of PBS as well as the cell culture media DMEM and RPMI.
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2.2. Materials and methods

2.2.1. Materials

Rink amide resin, Fmoc-protected amino acids, 1-Hydroxybenzotriazole hydrate (HOBt), and
N,N,N’,N “tetramethyl-O-(1H-benzotriazol-1-yl)uronium hexafluorophosphate (HBTU) were
acquired from Novabiochem. Fmoc-Lys(Boc)-Wang resin was purchased from GL Biochem
(Shanghai) Ltd., China. N,N-dimethylformamide, N, N-diisopropylethylamine (DIPEA),
trifluoroacetic acid (TFA), acetic anhydride, thioflavin T (ThT), calcein, calcein-AM, diethyl
ether, triisopropylsilane (TIPS), and rhodamine B were procured from Merck. Doxorubicin
hydrochloride was purchased from Tokyo Chemical Industry (India) Pvt. Ltd. HEK cell line
was obtained from the National Centre for Cell Science (NCCS), Pune, India. Dulbecco's
Modified Eagle Medium (DMEM) and fetal bovine serum (FBS) for cell culture were procured
from HiMedia, while RPMI 1640 medium and antibiotic-antimycotic cocktail were procured
from Gibco. RNAiso Plus reagent was purchased from Takara Bio, Shiga, Japan, while
MultiScribe™ Reverse Transcriptase was purchased from Applied Biosystems, Waltham,
Massachusetts, USA. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)

was procured from Sisco Research Laboratories Pvt. Ltd. (India).

2.2.2. Peptides synthesis and characterization

The peptides were synthesized by employing Fmoc chemistry with HBTU/HOBt/DIPEA
activation. The uncapped peptide (VQIVYK) was assembled on Fmoc-Lys(Boc)-Wang resin,
while Ac-PHF6 was assembled on Rink amide resin. N-terminal acetylation for Ac-PHF6 was
carried out on-resin using 10-equivalents each of acetic anhydride and DIPEA. The peptides
were cleaved from the resins using a cleavage cocktail containing 95% TFA, 2.5% TIPS, and
2.5% water. The peptides were precipitated in ice-chilled diethyl ether, followed by multiple
rounds of washing with diethyl ether. The peptides were air-dried and dissolved in water for
analytical reversed-phase HPLC and purification. The identities of the peptides were
ascertained using MALDI-TOF mass spectrometry on a Bruker Autoflex Speed MALDI-TOF

mass spectrometer.

2.2.3. Peptide dissolution, hydrogelation, and rheology

Both peptides readily dissolved in water to very high concentrations (>20 mM). The peptide
stock solutions were prepared in water, and their concentrations were estimated using the Tyr
molar absorption coefficient of 1280 Mlcm™ at 280 nm. Both peptides formed clear, viscous
solutions up to about 25 mM concentration. The 10-fold concentrated PBS (10% of the final
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gel volume) was taken in the clean vials. Peptide stock solution (1.11 times the desired
concentration in the hydrogel) was added to obtain the hydrogel. The cases wherein the stock
concentration was higher than 1.11X, required amount of deionized water was added to the
10X PBS, followed by addition of peptide. All gelation reactions were carried out at 27 °C and
incubated undisturbed for 24 hours. The mixing order was same for all the subsequent studies
carried out in this thesis. Gelation of PBS was attempted by diluting the peptide solutions to
achieve 5, 10, 15, and 20 mM concentrations. Hydrogelation was established by gently
inverting the 24-hour-old tubes. Rheology measurements of 20 mM PBS gel were carried on
an Anton Paar Rheometer MCR 102 using 25 cm parallel plates at 0.5 mm gap. The amplitude
sweep test was carried out at an angular frequency of 10 rad/s by varying shear strain from
0.01% to 10%. The gel showed a linear regime up to at least 0.2% strain. Frequency sweep
data was recorded with 0.1% strain. Unless mentioned otherwise, all subsequent studies were
carried out with 20 mM Ac-PHF6 samples prepared in water or PBS that were incubated at

room temperature for 24 h.

2.2.4. Intrinsic tyrosine fluorescence spectroscopy

Intrinsic tyrosine fluorescence spectra were recorded for the 20 mM Ac-PHF6 samples
prepared in water and PBS on a Jasco FP8500 spectrofluorometer. As 20 mM is a very high
concentration, the spectra were recorded by diluting the samples in respective dispersants
(water or PBS) to 100 uM concentration. Fluorescence emission spectra were recorded from

290-400 nm with 5 nm slit width by exciting the samples at 280 nm (2.5 nm slit width).

2.2.5. Tyrosine fluorescence quenching

Tyrosine fluorescence quenching assay was carried out for the water and PBS samples at 100
and 200 uM concentrations. As ionic strength plays a critical role in the self-assembly of Ac-
PHF6, acrylamide was used as the collisional quencher. The samples were excited at 280 nm,
and fluorescence emission spectra were recorded. An increasing amount of acrylamide was
added, and fluorescence emission spectra were recorded. The fluorescence intensities were
taken at the emission Amax corresponding to the unquenched samples, and data are presented as

Stern-Volmer plots.

2.2.6. Thioflavin T (ThT) fluorescence spectroscopy

The ThT fluorescence emission spectrum for the Ac-PHF6 gel sample was recorded in PBS.
As ThT fluorescence quantum yield strongly depends on pH, the fluorescence emission

spectrum for the water sample was not recorded in water but in 10 mM phosphate buffer, pH
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7.4, to enable direct comparison with the gel sample. The assay was carried out at 100 uM
peptide concentration and 10 uM ThT concentration. The samples were excited at 450 nm (slit

width = 2.5 nm), and emission spectra were recorded from 465-555 nm with 5 nm slit width.

2.2.7. Circular dichroism (CD) spectroscopy

Far-UV electronic CD spectra were recorded on a Jasco J-1500 spectropolarimeter. The 24-
hour-old 20 mM peptide samples were diluted to the desired concentrations in respective
dispersants, and spectra were recorded in a 1 mm path-length quartz cell. The spectra were
recorded from 250-195 nm at 1 nm bandwidth with a 100 nm/min scanning speed. Each
spectrum 1is the average of 8 accumulations. The spectra were corrected by subtracting the
respective dispersant’s spectrum. The data was converted to mean residue ellipticity using the

following formula (Equation 2.1):

6 (mdeg) x 10° .
Pathlength (mm) X Peptide (uM) x (n—1) (Equatlon 2. 1)

Oure (deg.cm?.dmol™1) =

where n is the number of amino acids in the peptide.

2.2.8. Fourier transform infrared (FTIR) spectroscopy

FTIR spectra were recorded on a Shimadzu IRAffinity-1S Fourier transform infrared
spectrometer equipped with a diamond ATR crystal. The samples were diluted 2-fold, and ~5
ul volume of the diluted sample was deposited on the diamond crystal and allowed to dry. Each

spectrum is the average of 40 scans recorded at 4 cm™! resolution.

2.2.9. Transmission electron microscopy

The samples were diluted 2-fold in water and deposited on the carbon-coated copper grids.
After 10 minutes, the excess solvent was removed using lint-free tissue paper, and grids were
stained with uranyl acetate for 10 minutes. The grids were air-dried, and the images were

captured at 200 kV using a JEM-2100F transmission electron microscope (JEOL, Japan).

2.2.10. Hydrogel stability

The stability/degradation of Ac-PHF6 hydrogel was investigated by monitoring the release of
peptide molecules from hydrogel to the bulk solution. The 20 mM Ac-PHF6 hydrogel (100 ul)
was prepared in PBS. The gel was washed once with 100 ul PBS, and 1.4 ml PBS was carefully
added on top of the hydrogel. The concentration of Ac-PHF6, released into PBS from the
hydrogel, was estimated using Tyr molar absorption coefficient of 1280 Mcm™ at 280 nm.

The hydrogel was subsequently sheared by vigorous vortexing and diluted 10-fold in PBS to
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measure the absorbance. The concentration of the sheared hydrogel was considered to be 100%

degradation.

2.2.11. Calcein release assay

Calcein at 500 pM concentration was trapped inside the gel. Briefly, 5 pl of 5 mM calcein stock
solution prepared in 10X PBS was added to the cuvette. 45 ul of 22 mM peptide stock solution
in water was subsequently added. The cuvette was left undisturbed for 24 hours, resulting in a
colored gel. The release of calcein was studied by gently adding 700 pl of PBS on top of the
dye-containing gel and monitoring fluorescence emission intensity at 520 nm after exciting at

490 nm. The excitation and emission slit widths were 2.5 and 5 nm, respectively.

2.2.12. Doxorubicin release assay

Doxorubicin (23 uM) was trapped inside the Ac-PHF6 gel. Briefly, 5 ul of 0.23 mM
doxorubicin stock solution prepared in 10X PBS was added to a quartz fluorescence cuvette.
Subsequently, 45 pl of 22 mM peptide stock solution in water was added, and the cuvette was
left undisturbed for 24 h at room temperature. After 24 h, 700 pl of PBS was gently added on
top of the doxorubicin-loaded gel. Doxorubicin release was monitored by recording
fluorescence emission intensity at 560 nm over time by exciting at 490 nm. The excitation and

emission slit widths were 2.5 and 5 nm, respectively.

2.2.13. Drug loading efficiency

The drug loading efficiency of Ac-PHF6 hydrogel was assessed using doxorubicin as the
representative drug. A 20 mM Ac-PHF6 hydrogel was prepared (100 ul volume). A 10 mM
doxorubicin stock solution was prepared in PBS, 100 ul volume was carefully added on top of
the gel, and incubated for 18 hours. After 18 h incubation, the doxorubicin solution was
removed, and the hydrogel was quickly washed once with 100 pul PBS. PBS (1.4 ml) was then
added to the hydrogel, and the gel was sheared by vortexing. The sheared sample was 10-fold
diluted, and absorbance was recorded at 495 nm. The concentration of doxorubicin was

estimated using a molar absorption coefficient of 9250 M cm™! at 495 nm [189].

2.2.14. Injectability

The experiment was designed to qualitatively assess whether Ac-PHF6 instantaneously gels
upon contact with PBS. A 20 mM Ac-PHF6 stock solution was prepared in water that contained
0.4 mM rhodamine B. The peptide was carefully injected into a glass cuvette containing 3 ml

PBS. While injecting the peptide, the pipette tip was gently withdrawn from the cuvette. Instant
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gelation resulted in a colored thread of peptide hydrogel dispersed in PBS. Immediate thread
formation was visually monitored and images of the glass cuvette containing the hydrogel

thread were captured at different times to see the rhodamine B release from the gel thread.

2.2.15. Cell culture assay

Human embryonic kidney (HEK-293) cells were cultured in a T25 flask using Dulbecco's
Modified Eagle's Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1%
antibiotic-antimycotic cocktail. The cells were incubated at 37 °C with 5% CO. for growth and
maintenance. The cells were harvested using trypsin. The 10 or 15 mM PBS gels (70 pl
volume) were set up in a 96-well plate. After 24 h, 200 pl complete DMEM was added to the
wells having gels, and the gels were incubated at 37 °C with 5% CO: for 24 h. The medium
was removed, and the gels were equilibrated with fresh complete medium for 10 minutes.
Finally, the medium was removed, and the gels were seeded with HEK-293 cells (10*
cells/well) and kept at 37 °C with 5% CO; for 48 h. The wells were subsequently washed with
PBS. A 5 uM calcein-AM solution was prepared in incomplete DMEM, and 200 pl volume
was added to the wells for staining the cells. After 30 minutes of incubation, the cells were
washed with PBS thrice, and images were recorded using a Nikon Eclipse Ts2R fluorescence

microscope.

2.2.16. RNA isolation and polymerase chain reaction

The total RNA was isolated from HEK-293 cells using RNAiso Plus reagent (Takara Bio,
Shiga, Japan). The ¢cDNA was synthesized using MultiScribe™ Reverse Transcriptase
(Applied Biosystems, Waltham, Massachusetts, USA). PCR (40 cycles) was carried out using
primers designed for GAPDH amplification as described elsewhere [121].

2.2.17. Cell viability assay

The biocompatibility of Ac-PHF6 was assessed through MTT assay [149]. Briefly, 10,000
HEK-293 cells in complete DMEM were seeded in a 96-well plate and incubated at 37 °C with
5% CO; for 24 h. The cells were then treated with Ac-PHF6 (50, 100, 150, 200 uM), and
further incubated for 24 h. Subsequently, the growth medium was discarded, 100 ul of MTT
(1 mg/ml in plain DMEM) was added to each well and incubated for 3 hours. The MTT solution
was then removed, and 100 ul dimethylsulfoxide was added to each well. The absorbance was

recorded at 570 nm in a multiwell plate reader (Multiskan GO, Thermo Scientific).
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2.2.18. Molecular dynamics simulation

The extended conformation (¢ =y = 180°) of VQIVYK was created using UCSF Chimera. N-
terminal acetylation and C-terminal amidation were carried out using BIOVIA Discovery
Studio. The self-assembly was investigated by including 216 randomly oriented peptide
molecules in a cubic box having 8157.38 nm? volume. NaCl (150 mM) was subsequently added
to the box. This setup corresponds to a peptide concentration of about 44 mM, a concentration
much higher than the concentration at which gelation was experimentally observed. The C-
terminal lysine residue contributes a positive charge to the peptide chain. Therefore, a chloride
ion per peptide molecule was added to achieve an electrically-neutral system. Molecular
dynamics simulation was performed with the GROMACS software package utilizing the
CHARMM27 force field and a TIP3P water model [190], [191]. The modelled system was
subjected to energy minimization using the steepest descent algorithm and was equilibrated
through NVT and NPT ensembles (500 ns each) before a 200 ns production MD run. The
simulation employed the leap-frog integration method along with the Verlet cutoff scheme.
Long-range electrostatic interactions were handled using the Particle Mesh Ewald (PME)
method, while bond lengths were constrained with the LINCS algorithm. Periodic boundary
conditions were applied throughout the simulation. The results were analyzed using VMD,

UCSF-Chimera, and Gromacs built-in tools.

Additionally, fully extended peptide molecules of Ac-PHF6 (¢ = y = 180°) were further
investigated for their capability to attain parallel B-sheet conformation by incorporating some
turn inducing residues between the strands of peptide. Gly and Pro are known to induce turns
in the protein chains. Both residues are associated with unusual conformational flexibility. To
investigate the parallel B-sheet formation, 3 diglycine motifs (¢pi+1 = 60, yi+1 =30, ¢pi+2 = 90, and
yi+2 = 0) were incorporated between four strands of Ac-PHF6 (named VGGK). The peptide
was prepared in UCSF-Chimera and the N-terminal acetylation was done in BIOVIA
Discovery Studio. CHARMM36 (all atom protein forcefield) forcefield was used for the
simulation [192]. The forcefield has parameters for acetyl and amide groups. For C-terminal
amidation, I need to choose CT2 option and no need to add amide group beforehand. The
peptides were placed in the box with a 1 nm distance from the edges followed by solvation, ion
addition (with 150 mM NacCl), energy minimization, and equilibration with NVT (100 ns) and
NPT ensembles (200 ns). The system was then subjected to 200 ns production MD run, and

results were analyzed.

24
TH-3931_206106020



Chapter 2

2.2.19. Fluorescence resonance energy transfer

To further confirm whether Ac-PHF6 molecules assemble in parallel or antiparallel B-sheet
arrangements, fluorescence resonance energy transfer was employed wherein efficiency of
energy transfer was determined using time-correlated single photon counting (TCSPC). At pH
>10, excitation of tyrosine residue gives appreciable fluorescence from the tyrosinate form.
The tyrosinate emission is red-shifted, with an emission maximum around 350 nm, the
wavelength at which the dansyl moiety absorbs. Ac-K(dan)VQIVYK-am was employed for
the study. Stock solutions of Ac-PHF6 and Ac-K(dan)VQIVYK-am were prepared in water
with concentrations of 22 mM and 18.72 mM, respectively. These stocks were diluted in PBS
and NaOH (0.1 M) to achieve the final concentration of 100 puM. The samples were excited at
280 nm, and emission spectra were collected from 290-690 nm. Fluorescence intensities at 350
nm of Ac-PHF6 and Ac-K(dan)VQIVYK-am were analyzed to investigate energy transfer. No
significant difference in the intensity could be observed. Therefore, I sought to compare the
tyrosine fluorescence lifetime for Ac-PHF6 and Ac-K(dan)VQIVYK-am. The stock solutions
of Ac-PHF6 and Ac-K(dan)VQIVYK-am were diluted in PBS to a final concentration of 20
uM. The samples were excited using a 290 nm LED light source, and the emission was

recorded at 303 nm, with 1,000 photons in the highest intensity channel.

2.3. Results and discussion

The synthesized peptides were characterized using analytical HPLC and MALDI-TOF mass
spectrometry. The peptides were found to be >95% pure, as ascertained by the areas under the
peaks in the chromatograms. The MALDI-TOF mass spectra confirmed the identity of the
peptides.

2.3.1. Hydrogelation and rheology

Both peptides (VQIVYK and CH3CO-VQIVYK-NH>») readily dissolved in deionized water to
>20 mM concentration, giving clear, viscous solutions that could be easily pipetted out. The
peptides were diluted to achieve 5, 10, 15, and 20 mM concentrations in PBS. Instant gelation
was observed for Ac-PHF6 at 20 mM concentration. All the samples were kept undisturbed for
24 h and assessed visually for gelation by gently inverting the vials. Ac-PHF6 formed soft and
fragile gels at 10 and 15 mM concentrations but a much stronger gel at 20 mM (~1.6 wt%)
concentration. The 10 and 20 mM gels in inverted tubes are shown in Fig. 2.1. The peptide
caused instant gelation of cell culture media DMEM and RPMI 1640 as well at 20 mM
concentration. The inverted tube showing DMEM gel is shown in Fig. 2.1D. The stock solution
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prepared in water remained viscous for at least a week and could also be stored at 4 °C without
gelation. These attributes make Ac-PHF6 a promising injectable hydrogelator. The uncapped
peptide VQIVYK, on the other hand, failed to cause gelation. Both water and PBS samples of
VQIVYK remained as solutions up to at least 20 mM peptide concentration. VQIVYK,
therefore, was not further investigated. Unless mentioned otherwise, all investigations were
carried out for 20 mM Ac-PHF6 samples that were incubated for 24 h at room temperature.
The 20 mM Ac-PHF6 hydrogel was subjected to rheological characterization. An oscillatory
strain sweep was carried out to identify the linear viscoelastic region, i.e., the oscillatory strain
through which the complex stress varies linearly [193]. The gel displays a linear relationship
for at least up to 0.2% strain. Frequency sweep, therefore, was carried out at a strain of 0.1%
(Fig. 2.1E). The gel exhibits a storage modulus of around 20 kPa in the entire frequency range
(624 - 0.01 rad/s).
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Figure 2.1. Hydrogelation caused by Ac-PHF6. (A) Chemical structure of Ac-PHF6, (B) PBS
gel formed by 10 mM peptide, (C) PBS gel formed by 20 mM peptide, (D) DMEM gel formed
by 20 mM peptide, and (E) frequency sweep rheological characterization of 20 mM PBS gel.

2.3.2. Secondary structure characterization

The CD spectra were recorded by diluting the 20 mM samples to 100 uM concentration (Fig.
2.2A). The CD spectrum of the water sample suggests a largely unstructured peptide. On the
other hand, the PBS sample displays a negative band around 225 nm and a positive band around
200 nm, suggesting a distinct 3-sheet conformation. Interestingly, however, attenuated total
reflectance-Fourier transform infrared (ATR-FTIR) spectra of the dried peptide exhibit amide
I band ~1626 cm™! for both the samples, indicating B-sheet structure (Fig. 2.2B) [194]. At first,
the infrared spectroscopy data may appear to contradict the CD data. However, it is important
to note that ATR-FTIR spectra were recorded in the dried form, while CD spectra were
recorded in solution. Drying is associated with a gradual increase in peptide concentration that
can facilitate self-assembly in water as well, eventually showing the amide I band around 1626

cm’!. To validate this interpretation, I recorded the CD spectra for 20 mM water sample by
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diluting it to 400 and 200 uM concentrations (Fig. 2.2C). The spectrum recorded at 400 uM
concentration shows distinct bands around 219 and 206 nm, suggesting a mixture of -sheet
and random coil conformations. At 200 uM concentration, these bands are blue-shifted.
Besides, the intensity of the 214 nm band is much smaller than the 198 nm band, suggesting a
larger contribution from random coil conformation. These data indicate that the peptide takes

up a B-sheet conformation at high concentrations, and dilution shifts the equilibrium towards

unordered conformation.
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Figure 2.2. Characterization of self-assembled structures underlying the hydrogel. (A) CD
spectra at 100 uM, (B) FTIR spectra, (C) CD spectra of water sample at 200 and 400 uM.

2.3.3. Molecular dynamics simulation

MD simulation of 216 Ac-PHF6 molecules in 150 mM NaCl was carried out for 200 ns. The
peptide molecules in extended conformation were randomly oriented in the box. The 200 ns
snapshot is shown in Fig. 2.3A, where peptide molecules can be seen forming clusters, some
of them elongated. The simulation time (200 ns), however, was insufficient to attain the

equilibrium, as suggested by the increasing root mean squared deviation throughout the 200 ns

simulation (Fig. 2.3B).
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Figure 2.3. MD simulation of Ac-PHF6. Snapshots after 200 ns molecular dynamics
simulation, showing clustering of peptide molecules in 150 mM NaCl (A). RMSD plotted
against time, showing that the peptide assembly did not attain equilibrium (B).

The MD simulation of GG mediated peptide structure was carried out for 200 ns in 150 mM
NaCl to gain insight about the conformation obtained by Ac-PHF6. The trajectory was
analyzed for cluster analysis to obtain the predominant conformation of peptide, RMSD
calculation, and to calculate distance between the a-carbons of terminal residues and residues
present before and after the GG. The initial structure is shown in Fig. 2.4A. The middle
structure of the largest cluster of simulated system was obtained at 61 ns (Fig. 2.4B). Strands
1 and 3 can be seen arranged somewhat parallel to each other. The second largest cluster shows
stands 1 and 3 forming a 2-stranded parallel B-sheet (Fig. 2.4C). It was clearly evident that Ac-
PHF6 stretches prefer to arrange in parallel orientation. The RMSD plot show that the system
had large fluctuations at starting of simulation which got stable when it forms contacts in
parallel assembly and RMSD value decreased to 0.6 nm (Fig. 2.4D). The distances were
calculated between the a-carbons of Vall and Vall7 and between Tyr5 and Val20 (Fig. 2.4E).
The distance between Vall and Vall7 was higher initially (~2 nm) which reduced to 0.6 nm
when these two strands came in contact. The distance between Tyr5 and Lys22 was 1 nm
initially and during the simulation it reduced to 0.4 nm. These simulation data indicate that Ac-

PHF®6 prefers to be in parallel B-sheet assembly.
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Figure 2.4. MD simulation of Ac-PHF6 with GG mediated turn. (A) Initial structure of peptide,
(B) middle structure of the largest cluster, (C) middle structure of the second largest cluster,
(D) RMSD plot, and (E) distance between V1Ca and V17Ca (black traces) and between Y5Ca
and V20Ca (red traces).

2.3.4. Fluorescence resonance energy transfer

Computational data for parallel B-sheets assembly of Ac-PHF6 was reported by Eisenberg and
coworkers and the simulations ran by me also indicate that it prefers parallel B-sheet formation
[160]. To investigate it through experimental data, I carried out FRET and TCSPC. First
approach was to convert Tyr into tyrosinate at pH > 10, which is a weakly fluorescent moiety
with an emission maximum around 350 nm. This was carried out to make tyrosinate-dansyl
pair for energy transfer. Unfortunately, in basic environment (0.1 M NaOH), the emission of
tyrosinate at 350 nm was too weak to accurately determine the efficiency of energy transfer.
No appreciable difference in fluorescence intensity was observed between Ac-PHF6 and Ac-
K(dan)VQIVYK-am. Therefore, the energy transfer through TCSPC was carried out by
investigating the lifetime decay of Ac-PHF6 and Ac-K(dan)VQIVYK-am (Fig. 2.5A). The
decay observed for Ac-PHF6 was slower than the dansyl-labeled peptide, on the basis of which

the distance between donor (Tyr) and acceptor (dansyl) was calculated. The lifetimes of donor
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in the absence of acceptor (t0) and in the presence of acceptor (t) were 2.116 and 0.945 ns,
respectively. The relation between r (distance between donor and acceptor) and Ro (Forster

distance) is calculated as follows:

The efficiency of energy transfer, E = 1 — tl =1- % = 0.553
i} .
Eo R
r® + R§
(r)f‘_l 1= - 1=0281
R/ E =~ 0553 = 7
r = 0.96R,

I could not find the Ry for Tyr-dansyl pair in the literature. The Ro, however, is reported for the
Trp-dansyl pair, which is 21 A. Assuming that Tyr-dansyl pair also has the same Forster
distance, the distance between Tyr and dansyl in the peptide would turn out to be around 20 A.
However, it is important to note that the Forster distance depends on the quantum yield of the
donor and the spectral overlap between donor’s emission and acceptors absorption maxima. In
neutral aqueous solutions, there is not much difference in the quantum yields of Trp and Tyr.
Therefore, the Forster distance is largely determined by the spectral overlap. The molar
absorption coefficient of dansyl at 303 nm is about two-third of that at 350 nm, the wavelength
at which Trp-dansyl Forster distance is reported in the literature. Therefore, it is safe to assume
that the Trp-dansyl Ro used for distance calculation can only be an overestimation. This implies
that the distance between Tyr and dansyl in the self-assembled Ac-K(dan)VQIVYK-am is <
20 A. In proteins, the distance between the a-carbons of adjacent residues is ~3.5 A.
Considering a distance between two strands in amyloid-like structure to be ~4.7 A, the
theoretical distance between the Tyr residue and dansyl moiety in parallel in-register structure
of Ac-K(dan)VQIVYK-am would be ~17-18 A. This data, though not very conclusively,
suggests that Ac-PHF6 self-assembles through parallel -sheet formation.

2.3.5. ThT fluorescence

ThT fluorescence spectra were recorded to investigate the nature of self-assembled structures.
ThT is a benzothiazole dye that displays enhanced fluorescence emission intensity when bound
to cross-f sheet-rich fibrillar structures, the structure that forms the core of amyloid fibrils
[195]. As ThT fluorescence emission quantum yield is sensitive to pH, the spectrum for the

water sample was recorded in low ionic strength buffer (10 mM phosphate buffer, pH 7.4)
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instead of water. The PBS sample causes a large enhancement in ThT fluorescence intensity,

whereas no significant enhancement is observed for the water sample (Fig. 2.5B).

2.3.6. Intrinsic tyrosine fluorescence

As very high concentration brings in the inner-filter effect, intrinsic tyrosine fluorescence
spectra for 20 mM samples were recorded by diluting them to 100 uM concentration in the
respective dispersant. Excitation at 280 nm resulted in emission spectra with Amax around 303
nm for both samples (Fig. 2.5C). The PBS sample, however, displays a much lower quantum
yield than the water sample. The lower quantum yield could be multifactorial. These factors
include absorption flattening due to self-assembly-induced local increase in chromophore (Tyr)
concentration, the self-quenching of the stacked tyrosine side chains, and quenching by 150

mM chloride ions present in PBS.

Tyrosine fluorescence quenching data are presented as Stern-Volmer plots (Fig. 2.6A-D). The
data for both water and PBS samples could be fit linearly. The Stern-Volmer constants (Ksv)
observed for water samples at 100 and 200 uM peptide concentrations were 15.6 + 3.1 M"!
(Fig. 6A) and 15.11 + 2.77 M™! (Fig. 2.6B), respectively. The Ksv values obtained for PBS
samples, on the other hand, were lower. The 100 and 200 pM PBS samples displayed Ksv
values of 11.4 +2.96 M! (Fig. 2.6C) and 10.6 £ 2.44 M™! (Fig. 2.6D), respectively. The lower
Ksv values observed for PBS samples suggest that the peptide self-assembly in PBS shields

the tyrosine residues from the aqueous quencher.
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Figure 2.5. Fluorescence spectroscopy. TCSPC spectra of Ac-PHF6 and Ac-K(dan)VQIVYK-
am (A). ThT fluorescence spectra of Ac-PHF6 samples in water and PBS (B). Intrinsic tyrosine

fluorescence emission spectra (C).
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Figure 2.6. Stern-Volmer plots for Ac-PHF6 in water at 100 uM (A) and 200 uM (B) peptide
concentrations, and Stern-Volmer plots for Ac-PHF6 in PBS at 100 uM (C) and 200 uM (D)

peptide concentrations.

2.3.7. Transmission electron microscopy

TEM images reveal long fibrillar structures for both PBS (Figure 2.7A) and water (Figure 2.7B)
samples. The morphology of the fibers, however, looks very different. While the PBS sample
shows fibrils that are very typical of amyloid fibrils, those observed for the water sample are
more like tapes. As the Ac-PHF6 water sample displayed largely unordered conformation in
solution (Fig. 2.2A) and no appreciable enhancement in ThT fluorescence intensity when
diluted to 100 uM concentration (Fig. 2.5A), The tape-like structures observed in TEM
apparently formed during the drying process.

2.3.8. Hydrogel stability

The stability of Ac-PHF6 hydrogel was assessed by monitoring the release of peptide from the
hydrogel into the bulk solution. The 100 pl hydrogel was submerged in 1.4 ml PBS, and the
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peptide release was estimated by measuring peptide concentration in PBS as a function of time.

Less than 5% peptide accumulated in PBS after 2 weeks of incubation, suggesting good

hydrogel stability (Fig. 2.7C).
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Figure 2.7. Transmission electron microscopy and hydrogel degradation. TEM images for Ac-
PHF6 samples in PBS (A) and water (B). Scale bars represent 200 nm. The hydrogel
degradation (peptide release from hydrogel) over time (C).

2.3.9. Drug/dye release and cell culture

Small molecule entrapment, followed by subsequent release, was examined using fluorescent
dye calcein and anticancer drug doxorubicin. The gels were prepared in the fluorescence
cuvette, and these molecules were entrapped during the gelation process. PBS was carefully
added on top of the gel, and fluorescence emission intensity was measured as a function of time
(Fig. 2.8A and 2.8B). Steady release of the molecules is observed for about 12 hours, beyond
which no further enhancement in fluorescence emission intensity was observed. The effect of
drug entrapment on the morphology of fibrils underlying hydrogels was investigated. The 24-
h-old hydrogel containing 23 pM doxorubicin was investigated by TEM (Fig. 2.8C). No
noticeable change in fibril morphology is observed, suggesting that drug entrapment does not
adversely affect the Ac-PHFG6 fibrils. The doxorubicin loading capacity was determined by
layering an equal volume of concentrated (10 mM) doxorubicin solution on top of 20 mM
hydrogel and estimating the doxorubicin uptake after 18 h. The doxorubicin concentration in
the hydrogel was estimated to be 292.8 £ 19.4 uM. This corresponds to 169.8 = 11.2 ug

doxorubicin/ml hydrogel.

HEK-293 cells were used for cell culture assays. Ac-PHF6 gel prepared in PBS was
equilibrated with DMEM and seeded with about 10,000 cells, which were allowed to grow for

48 hours. The cells were stained with calcein acetoxymethyl ester (Calcein-AM). Calcein AM
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is a hydrophobic, non-fluorescent compound that readily crosses the cell membrane. Following
cellular uptake, it is hydrolyzed by cellular esterases to give fluorescent calcein. Therefore,
calcein fluorescence is directly related to the activity of cellular esterases, which in turn is
linked to cell viability. HEK-293 cells were found to grow inside the gel (Fig. 2.8D). Besides,
the expression of the housekeeping gene GAPDH was analyzed. The cells grown without Ac-
PHF6 (positive control), in 10 mM hydrogel, and in 15 mM hydrogel were harvested. The RNA
was isolated and amplified into DNA through reverse-transcriptase PCR. The cells grown in

the gel were found to express GAPDH (Fig. 2.8E).
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Figure 2.8. Biomedical applications. Release of calcein dye (A) and anticancer drug
doxorubicin (B) from PBS hydrogels, (C) morphology of the doxorubicin-harboring hydrogel
(scale bar = 200 nm), (D) calcein fluorescence image of HEK-293 cells growing in the
hydrogel. The scale bar represents 50 um (E) Agarose gel electrophoresis showing GAPDH
expression. L1 is the marker lane, L2 is negative control, L3 is positive control (HEK-293 cells
growing in DMEM, without peptide gel), and L4 and L5 represent the cells growing in 10 mM
and 15 mM gels, respectively. (F) HEK-293 cell viability, as assessed using MTT assay.

The biocompatibility of Ac-PHF6 was further assessed through cell viability assay. The
metabolically active cells reduce MTT into formazan that absorbs 570 nm light. Dead cells, on
the other hand, cannot reduce the MTT, failing to contribute to the signal. The percentage cell

viability was calculated with respect to the peptide-untreated cells (Fig. 2.8F). No significant
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decrease in cell viability was observed at the peptide concentrations tested, suggesting that the

peptide is non-toxic up to at least 200 pM concentration.

2.3.10. Injectability

All the assays discussed above were carried out with gel samples that were 24 h old. An
injectable hydrogelator should cause instant gelation of a biological fluid. To assess
injectability, a 20 mM peptide stock solution was prepared in water that contained 0.4 mM
rhodamine B. The colored solution thus obtained was slowly injected into the PBS while slowly
withdrawing the pipette tip. The peptide displayed gelation as soon as it came in contact with
the PBS. Withdrawal of the pipette tip from the PBS resulted in a long gel thread. The
photographs of the gel thread-containing glass cuvette, taken at different time points, reveal
the gradual release of rhodamine B from the gel thread. The release of dye was more or less
complete in 2 hours (Fig. 2.9). It is likely that the surface of the string gels quickly, and the
internal region gels somewhat slower. When it comes to injectability, the concentration of
phosphate plays an important role in pain sensation at the injection site [196]. The
recommended phosphate concentration is < 10 mM. The PBS that I used in this study contained
11.8 mM phosphate, a little higher than the recommended concentration. Therefore, I
investigated whether phosphate is essential for Ac-PHF6 self-assembly and hydrogelation. 1
found that 150 mM NaCl was sufficient to cause gelation, confirming that the gelation is a salt-

induced effect and phosphate is dispensable.

0 min 15 min 30 min

Figure 2.9. The photographs of the glass cuvette containing the gel thread suspended in PBS.

The gel thread contains rhodamine B that gradually releases to PBS.

35
TH-3931_206106020



Chapter 2

2.4. Conclusion

Amyloidogenic peptides and the short peptide stretches derived from them have a negative
connotation attached to them. It is often argued that the peptides derived from amyloidogenic
proteins/peptides could possess cytotoxicity. Research in the past few decades has established
that the cytotoxicity of amyloids is primarily associated with prefibrillar oligomers, with
mature fibrils being the inert species [197]-[202]. The kinetics of self-assembly, therefore, is
associated with cytotoxicity. Slow aggregation kinetics implies a longer life span of prefibrillar
species that could lead to cytotoxicity [203]. Therefore, the peptides that display rapid self-
assembly, preferably without any lag phase, display little or no cytotoxicity. This theory is
further supported by many functional amyloids discovered in very diverse organisms, including
humans, that show rapid aggregation kinetics [114], [204]. Amyloid fibrils are no longer
considered a pathogenic fold. Pituitary peptide hormones are stored in the form of amyloid
fibrils [205]. Maji and coworkers have designed peptide hydrogelators based on the
amyloidogenic stretches from B-amyloid and a-synuclein. The hydrogels thus obtained could
be used for stem cell differentiation [187], [188]. Besides, a vast majority of peptide
hydrogelators reported in the literature self-assemble through -sheet formation [55], [206].
The underlying architecture of these self-assembled structures is a cross-p-sheet, the so-called
amyloid fold [207]. Therefore, the concerns about the cytotoxicity of amyloid-derived peptide
hydrogelators may be unnecessary, especially when the peptides display rapid self-assembly
kinetics. Ac-PHF6 displays rapid self-assembly, wherein mere contact with PBS causes
gelation. The simple selection criteria that led me to identify Ac-PHF6 as a potential
hydrogelator could be used to identify more such peptides. To conclude, Ac-PHF6 is a
promising injectable hydrogelator that forms a viscous solution in water but causes instant

gelation of phosphate-buffered saline and cell culture media.
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CHAPTER 3

Investigations into the self-assembly and hydrogelation of

Ac-PHF6 analogs with electron-deficient aromatic rings
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3.1. Introduction

As many functional amyloids have been identified in the past few decades, amyloid fibrils are
no longer considered pathogenic fibrils [103], [117], [123], [208]. Amyloidogenic peptides,
therefore, have gathered significant attention as biocompatible materials. Compared to a much
better understanding of peptide self-assembly in the past two decades, the understanding of
peptide hydrogelation remains primitive. Hydrogelating peptides are often discovered
serendipitously or through empirical screening rather than rational design. A deeper
understanding of the molecular interactions governing self-assembly, such as hydrogen
bonding, dipole-dipole forces, hydrophobic effects, and m—m stacking, should enable the
prediction of hydrogelating peptides as well as their emergent properties [155], [209], [210].
Aromatic amino acids are crucial in peptide self-assembly, facilitating assembly through -
stacking interactions [211]-[215]. The occurrence of phenylalanine and tyrosine is far more
than that of tryptophan in self-assembling peptides [25]. Reches and Gazit reported nanotubes
formed by the peptide diphenylalanine [216]. They subsequently investigated the aromatic
homodipeptides wherein halogen groups were attached to the phenyl ring [213]. Halogen
modification had deterministic effects on the assembly of dipeptides and the emergent
superstructures. Fmoc-Phe-OH, Fmoc-Tyr-OH, and Fmoc-Phe-Phe-OH have been reported in
the literature to form hydrogels [55], [63], [73], [217]. The self-assembly has been attributed

to m—m interactions between the aromatic side chains and the Fmoc moiety.

A subtle perturbation of the aromatic ring’s electronic properties, therefore, can dramatically
affect self-assembly and hydrogelation. Nilsson and coworkers investigated the self-assembly
and hydrogelation of phenyl-ring substituted Fmoc-Phe-OH. Such modifications alter the
molecule’s hydrophobicity and electronic properties, thereby influencing n—m interactions and
self-assembly [56], [67], [218]. Fmoc-Tyr-OH is a better gelator than Fmoc-Phe. The hydroxyl
group is an inductively electron-withdrawing group but an electron-donating group through
resonance. The resonance effect usually outweighs the inductive effect of the hydroxyl group.
Considering this, the phenolic ring in Fmoc-Tyr-OH is expected to be more electron-rich
compared to the phenyl group. In contrast, the inductive effect is stronger than the resonance
effect for halogens. Interestingly, Fmoc-Fs-Phe (Fmoc-protected pentafluorophenylalanine), an
amino acid with depleted electron density in the pentafluorophenyl ring, forms better hydrogel
than Fmoc-Tyr [67]. These results indicate that substitutions in the aromatic side chain can

dramatically affect self-assembly and hydrogelation. It is important to note that the ring
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substitutions also contribute to the size of the aromatic side chain and its hydrophobicity. To
understand if the aromatic residues confer aggregation propensity due to their hydrophobicity
and -sheet propensity, the ring electronic effects, or ring geometry, Desamero and coworkers
carried out a detailed investigation on hIAPP2.29 (NFGAILSS) [219]. They made many
analogs by substituting the Phe23 ring with several electron-withdrawing and electron-
donating groups. They found that the peptide analogs with electron-donating groups on the
phenyl ring displayed poor aggregation, while those with electron-withdrawing groups
displayed better self-assembly. Their results establish that aromatic electronic effects influence

peptide self-assembly, with electron-withdrawing substituents promoting it.

As described in Chapter 2, Ac-PHF6 forms a viscous solution in water but causes instant
gelation of phosphate-buffered saline and the cell culture media. In this chapter, I investigated
the self-assembly and hydrogelation of Ac-PHF6 analogs wherein the electronic properties of
the sole aromatic residue in Ac-PHF6 are altered. As uncapped VQIVYK is reported in the
literature to self-assemble through parallel B-sheet formation where tyrosine residues are
involved in aromatic stacking interactions [160], I investigated the peptide analogs wherein
Tyr was substituted with Phe and the phenyl moiety was then substituted with various electron-
withdrawing groups at the para position (Table 3.1). All peptides caused PBS gelation with
comparable rheological properties. The structures underlying the hydrogels were [B-sheet
fibrils. The electron-deficient aromatic moieties improved self-assembly and hydrogelation.
Ac-PHF6 and no other aromatic analog except the one having p-(trifluoromethyl)phenylalanine
caused the gelation of deionized water. Water gelation caused by p-

(trifluoromethyl)phenylalanine-containing analog is likely hydrophobicity-driven.

3.2. Materials and Methods

3.2.1. Materials

Fmoc-protected non-natural amino acids were purchased from GL Biochem (Shanghai) Ltd.
Rink amide resin, Fmoc-protected natural amino acids, HBTU, HOBt, DIPEA, TFA, acetic

anhydride, TIPS, and ThT were same as mentioned in section 2.2.1.

3.2.2. Electrostatic charge density mapping

The structure of toluene was downloaded from PubChem, and aromatic moieties were prepared
by substituting the para hydrogen atom of toluene using Avogadro 1.2 software [220].

Electrostatic charge density maps of toluene and its substituents were generated by creating the
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surface in Avogadro. The extended peptide structures (pdb files) were prepared using UCSF
Chimera. The electrostatic charge density maps of the peptides in extended conformation were

generated using the APBS (Adaptive Poisson-Boltzmann Solver) program in PyMOL.

3.2.3. Peptide synthesis and characterization

The peptides (listed in Table 3.1) were assembled on Rink amide resin by employing Fmoc
chemistry with HBTU/HOBt /DIPEA activation. On-resin N-terminal acetylation, peptide
cleavage, and precipitation in diethyl ether were carried out exactly as specified in section
2.2.2. Following multiple rounds of washing with diethyl ether, the peptides were air-dried.
The peptides were purified using reversed-phase HPLC on a C18 column, employing a linear
gradient of acetonitrile with 0.1% TFA. Peptide identities were ascertained using MALDI-TOF

mass spectrometry.

Table 3.1. The sequences of peptides employed in this study.

Peptide sequence Remarks

Ac-VQIVYK-am Ac-PHF6 (tau?6311)

Ac-VQIVFK-am Tyr — Phe analog

Ac-VQIVF({])K-am Tyr — p-fluorophenylalanine analog
Ac-VQIVF(CN)K-am Tyr — p-cyanophenylalanine analog
Ac-VQIVF(NO2)K-am Tyr — p-nitrophenylalanine analog
Ac-VQIVF(CF3;)K-am Tyr — p-(trifluoromethyl)phenylalanine analog

3.2.4. Peptide dissolution, hydrogelation and rheology

Peptide stock solutions were prepared in water by weighing the peptides, adding water, and
vortexing for a few minutes. All peptides, except Ac-VQIVF(CF3)K-am, dissolved in water to
very high concentrations (>20 mM). Ac-VQIVF(CF3)K-am was heated for about an hour at 70
°C to achieve a dissolution >20 mM. All the peptides remained as viscous solutions in water
up to about 25 mM concentration, except Ac-VQIVF(CF3)K-am, which gels upon cooling to
room temperature. Gelation of PBS was attempted by diluting the peptide solutions to achieve
20 mM peptide concentration. As Ac-VQIVF(CF3;)K-am gels upon cooling down to room
temperature, it was diluted in PBS instantly after being taken out from 70 °C. All the peptides
caused instant gelation of PBS. Rheology of Ac-PHF6 gel reported in Chapter 2 was carried
out for a 24-hour-old gel. Therefore, I carried out the oscillatory rheology on the 20 mM peptide
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gels that were aged for 24-hours. Rheology measurements were carried out on an Anton Paar
Rheometer MCR 102 using 25 cm parallel plates at a 0.5 mm gap. The amplitude sweep tests
were carried out at an angular frequency of 10 rad/s by varying shear strain from 0.01% to
10%. All the gels showed a linear regime up to at least 0.1% strain. Frequency sweep data,

therefore, were recorded at 0.1% strain from 0.01-100 rad/s of angular frequency.

3.2.5. Thioflavin T (ThT) fluorescence spectroscopy

ThT fluorescence emission spectra were recorded in PBS for the PBS gels. As ThT
fluorescence quantum yield strongly depends on pH, the fluorescence emission spectra for
water samples were recorded in 10 mM phosphate buffer, pH 7.4, instead of water. The assay
was carried out at 200 uM peptide and 10 uM ThT concentrations. The samples were excited
at 450 nm, and emission spectra were recorded. The excitation and emission bandwidths were

2.5 and 5 nm, respectively.

3.2.6. Circular dichroism (CD) spectroscopy

Far-UV electronic CD spectra were recorded on a Jasco J-1500 spectropolarimeter. The 24-
hour-old samples (20 mM peptide concentration) were diluted in respective dispersant (water
or PBS) to 200 uM concentration, and spectra were recorded in a 1 mm path-length quartz cell.
The spectra were recorded from 250-195 nm at 1 nm bandwidth with a scanning speed of 100
nm/min. Each spectrum is the average of 8 accumulations. The spectra were corrected by
subtracting the respective dispersant spectrum. The data was converted to mean residue

ellipticity using the formula specified in equation 2.1.

3.2.7. Fourier transform infrared (FTIR) spectroscopy

The FTIR spectra were recorded exactly as specified in section 2.2.8.

3.2.8. Molecular dynamics simulations

Molecular dynamics (MD) simulations were carried out for the steric zipper structures prepared
for the peptides. The steric zipper structure of uncapped PHF6 peptide (VQIVYK.pdb) was
obtained from the WALTZ-DB database (/ttp.//waltzdb.switchlab.org/) [221]. N-terminal

acetylation was done in BIOVIA Discovery Studio. The aromatic analogs were generated by
substituting the Tyr residue with Phe and ring-substituted-Phe using the SwissSidechain plugin
in UCSF-Chimera. MD simulations were carried out using the CHARMM36 force field. The
peptide amidation was done by choosing CT2 as the terminal patch when prompted by

pdb2gmx command. The steric zippers were placed in a cubic box with a minimum distance
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of 1 nm from the box edge, solvated with water (TIP3P), and neutralized with chloride ions.
NaCl (150 mM) was added to each system. The systems underwent energy minimization,
followed by equilibration under NVT (100 ps) and NPT (200 ps) at 300 K temperature and 1
bar pressure. Subsequently, the production MD simulations were carried out for 200 ns.
Trajectory analyses were performed using VMD and UCSF-Chimera. Cluster analysis was

done using the gromos algorithm with a 0.2 nm cutoff.

3.2.9. Transmission electron microscopy (TEM)

TEM samples were prepared as mentioned in section 2.2.9.

3.3. Results and discussion

Desamero and coworkers investigated hIAPP22.29 (NFGAILSS) analogs wherein the phenyl
ring was substituted with electron-donating and electron-withdrawing groups [219]. The
peptide analogs with electron-deficient aromatic rings favored self-assembly, while those with
electron-donating groups exhibited poor aggregation. Nilsson and coworkers found that
incorporating a halogen in the phenyl group of Fmoc-Phe-OH promotes self-assembly and
hydrogelation [56]. Fmoc-Fs-Phe, an analog with a highly-electron-deficient aromatic ring,
displays faster self-assembly and hydrogelation compared to Fmoc-Tyr-OH [67]. These studies
propound that electron-withdrawing moieties on aromatic side chains facilitate peptide self-
assembly and hydrogelation. Ac-PHF6 contains a Tyr side chain and causes PBS
hydrogelation. Here, I investigate the hydrogelation of Ac-PHF6 analogs, wherein Tyr310 is
replaced with Phe and its ring-substituted derivatives (Table 3.1).

3.3.1. Electrostatic charge density map

An electrostatic charge density map provides valuable insights into molecular interactions. It
helps in predicting electrostatic interactions that include ionic bonds, hydrogen bonds, and
dipolar interactions. The charge density maps for the aromatic side chains incorporated in Ac-
PHF6 analogs are shown in Fig. 3.1. Toluene was used as the model for the Phe side chain, and
its substituents were used as models for other aromatic side chains employed in this study.
Para-cresol, the model for Tyr side chain, shows the highest electron density in the ring (Fig.
1B). All other aromatic groups display lower electron density in the aromatic ring. The surface
charge density maps of the peptides listed in Table 3.1 in extended conformation are shown in

Fig. 3.2.
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Figure 3.1. Electrostatic charge density maps of toluene (A), p-cresol (B), 4-fluorotoluene (C),
4-cyanotoluene (D), 4-nitrotoluene (E), and 4-(trifluoromethyl)toluene (F).
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Figure 3.2. Electrostatic surface charge density maps of (A) Ac-PHF6, (B) Ac-VQIVFK-am,
(C) Ac-VQIVF(f1)K-am, (D) Ac-VQIVF(CN)K-am, (E) Ac-VQIVF(NOz)K-am, and (F) Ac-
VQIVF(CF3)K-am.

3.3.2. Hydrogelation

Peptide stock solutions were prepared in water. All peptides, except Ac-VQIVF(CF3)K-am,
readily dissolved in water to >20 mM concentration (Fig. 3.3A-E). Ac-VQIVF(CF3)K-am
displayed lower solubility and had to be heated at 70 °C for an hour to achieve dissolution.
Cooling down to room-temperature resulted in hydrogelation (Fig. 3.3F). No other peptide
caused water gelation. The uncapped PHF6 (VQIVYK) has been reported in the literature to

self-assemble in the presence of high salt concentration via parallel in-register B-sheet
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formation [160]. Capped peptide (Ac-PHF6) is also expected to assemble similarly. The salt
masks the intermolecular electrostatic repulsion between terminal Lys residues in parallel -

sheet arrangement.

Figure 3.3. Inverted vials of Ac-PHF6 and its analogs showing 20 mM samples in water (top
panels) and PBS (bottom panels). (A, G) Ac-PHF6, (B, H) Ac-VQIVFK-am, (C, I) Ac-
VQIVF()K-am, (D, J) Ac-VQIVF(CN)K-am, (E, K) Ac-VQIVF(NO;)K-am, and (F, L) Ac-
VQIVF(CF3)K-am.

The self-assembly and gelation of Ac-VQIVF(CF3)K-am in water is likely hydrophobicity-
driven. Trifluoromethyl is a hydrophobic functional group. The high hydrophobicity of p-
(trifluoromethyl)phenylalanine renders Ac-VQIVF(CF3;)K-am poorly soluble in water,
facilitating its self-assembly through entropic contribution. PBS gelation was set up by diluting
the peptide stock solutions in 10x PBS. As Ac-VQIVF(CF3)K-am causes water gelation at
room temperature, it was diluted immediately after taking out from 70 °C. All the peptides
caused PBS gelation. The gels formed at 10 and 15 mM peptide concentrations were very
fragile. Firm gels were obtained at 20 mM concentration (Fig. 3.3G-L). The gelation was
instant, but the inverted tube images shown in Fig. 3.3 were taken for the 24-hour-old samples.

As Ac-PHF6 hydrogel (20 mM peptide concentration) reported in chapter 2 was characterized

44
TH-3931_206106020



Chapter 3

after 24 hours incubation, the assays with Ac-PHF6 analogs were also carried out with 20 mM

gel samples incubated at room temperature for 24 hours.

3.3.3. Rheology

Rheology of a material is determined by its inner structure. As aromatic substitutions could
modulate the peptide self-assembly, affecting the hydrogel's inner structure, the hydrogels'
viscoelasticity was investigated using bulk rheology. The frequency sweep test was conducted
at a strain of 0.1%, the strain that lies in the linear viscoelastic regime. The data is shown in
Fig. 3.4. Interestingly, all the gels displayed a comparable storage modulus of about 1-2 x 10*
Pa. There are small differences in the loss moduli, though. Instant PBS gelation caused by the
peptides could lead to some non-uniformity within the gels. Such non-uniformity could
contribute to minor differences observed in the loss moduli. The rheology data suggest that Tyr
electronic properties do not contribute significantly to Ac-PHF6 hydrogelation. Unlike Fmoc-
Fs-Phe-OH, which forms a much stronger hydrogel than Fmoc-Tyr-OH [67], I find that
substitution of Tyr in Ac-PHF6 with Phe or its analogs with electron-withdrawing groups has
no significant effect on rheology. The only apparent difference to Ac-PHF6 is that Ac-
VQIVF(CF3)K-am displays lower solubility in water due to the high hydrophobicity of the
Phe(CF3) group. The higher hydrophobicity caused the peptide to gel in deionized water as

well.
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Figure 3.4. Rheology of PBS gels. Plot of G' and G" against angular frequency for 20 mM gels
of (A) Ac-PHF6, (B) Ac-VQIVFK-am, (C) Ac-VQIVF(fl)K-am, (D) Ac-VQIVF(CN)K-am,
(E) Ac-VQIVF(NO2)K-am, and (F) Ac-VQIVF(CF3)K-am.
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3.3.4. CD spectroscopy

The secondary structure of Ac-PHF6 analogs was examined in PBS and water samples using
far-UV CD spectroscopy. The samples were diluted to a concentration of 200 uM in the
respective dispersant (water/PBS) for CD spectroscopy. The spectrum suggests a largely
unordered conformation in water with a little contribution from B-sheets (Fig. 3.5A). On the
other hand, the peptide displays a distinct B-sheet spectrum in PBS. Ac-VQIVFK-am displays
a negative band around 200 nm in water, indicating a largely unordered conformation (Fig.
3.5B). The peptide displays a broad band centered around 215 nm in PBS, suggesting a 3-sheet
conformation. Ac-VQIVF(fl)K-am also takes up a largely unordered conformation in water, as
indicated by the 200 nm negative band (Fig. 3.5C). The spectrum in PBS is characterized by a
broad band around 225 nm and a weak positive band around 205 nm. The spectrum is very
similar to that for Ac-PHF6 in PBS and is assigned to the [B-sheet conformation. Ac-
VQIVF(CN)K-am (Fig. 3.5D) and Ac-VQIVF(NOz)K-am (Fig. 3.5E) display a negative band
around 220 nm alongside the band around 200 nm in water. These data indicate that a fraction
of the peptide takes up the B-sheet conformation, suggesting a tendency to self-assemble in
water. In PBS, both the peptides display distinct B-sheet conformation. Ac-VQIVF(CF3)K-am
displays a very different spectrum in water (Fig. 3.5F). The spectrum is characterized by 200
and ~212 nm negative bands of comparable amplitudes. The spectrum suggests that the peptide
takes up a mixture of B-sheet and random coil conformations. In PBS, a typical B-sheet CD
spectrum is observed. The CD data show that the peptides with strong electron-withdrawing
groups i.e., cyano, nitro, and trifluoromethyl groups, have 3-sheet content in water, suggesting
their tendency to self-assemble in water itself. Ac-VQIVFK-am and Ac-VQIVF(fl)K-am, i.e.,
the peptides without an electron-withdrawing group and with a weak electron-withdrawing
group, respectively, show largely unordered conformation. The most dramatic effect of the
electron-withdrawing group is observed for Ac-VQIVF(CF3)K-am, which displays lower
solubility in deionized water at room temperature and causes gelation upon cooling after being

heated.
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Figure 3.5. CD spectra of Ac-PHF6 analogs, (A) Ac-PHF6, (B) Ac-VQIVFK-am, (C) Ac-
VQIVF(fl)K-am, (D) Ac-VQIVF(CN)K-am, (E) Ac-VQIVF(NOz)K-am, and (F) Ac-

VQIVF(CF3)K-am.

3.3.5. FTIR spectroscopy

CD spectroscopy is an excellent method for investigating the a-helical conformations.

However, the huge structural diversity of B-sheets makes CD spectroscopy somewhat less

TH-3931_206106020
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reliable for accurately estimating the -sheet conformation [222]. Regarding self-assembling
peptides with aromatic residues, contributions from aromatic stacking interactions in far-Uv
CD spectra further hinder secondary structure prediction. FTIR spectroscopy is particularly
suitable for investigating the (-sheets. The position of the amide I band is sensitive to the
peptide backbone conformation. The ATR-FTIR spectra of Ac-PHF6 analogs are shown in Fig.
3.6. All the peptides display the amide I band centered between 1624 - 1626 cm™! for both water
and PBS samples. ATR-FTIR data unambiguously proves that the peptides take a B-sheet
conformation in the hydrogels. Unlike CD spectroscopy, where Ac-VQIVFK-am and Ac-
VQIVF(fl)K-am display random coil conformation for water samples, the FTIR spectra
indicate -sheet conformation. This is attributed to the drying of the peptides for ATR-FTIR
spectroscopy. The peptide concentration increases during the drying processes, facilitating self-

assembly. Such behavior was seen for Ac-PHF6 as well in Chapter 2.
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Figure 3.6. ATR-FTIR spectroscopy spectra of Ac-PHF6 and its analogs. The red traces are
the spectra recorded for water samples, while the black traces are the spectra recorded for PBS
samples. (A, B) Ac-PHF6, (C, D) Ac-VQIVFK-am, (E, F) Ac-VQIVF(fl)K-am, (G, H) Ac-
VQIVF(CN)K-am, (I, J) Ac-VQIVF(NOz)K-am, and (K, L) Ac-VQIVF(CF3)K-am.
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3.3.6. ThT fluorescence

The fluorescence of ThT, a benzothiazole dye that demonstrates a higher quantum yield when
bound to amyloid fibrils, is routinely used to characterize amyloid-like fibrils. ThT
fluorescence spectra are shown in Fig. 3.7. Ac-PHF6 gel sample caused enhancement in ThT
fluorescence emission intensity, while no noticeable enhancement was observed for the water
sample (Fig. 3.7A). All the peptides caused a large enhancement in ThT fluorescence intensity,
confirming that the superstructures underlying the hydrogels are amyloid-like fibrils. The PBS
samples caused a larger enhancement in ThT fluorescence than the water samples. Ac-
VQIVFK-am and Ac-VQIVF(fl)K-am display around 4-fold higher intensity for PBS samples
compared to water samples (Fig. 3.7B and 3.7C). Interestingly, however, the ThT fluorescence
observed for Ac-VQIVF(NOz)K-am PBS is about 2-fold higher than the water sample (Fig.
3.7E). This difference in intensity further decreases for Ac-VQIVF(CN)K-am and Ac-
VQIVF(CF3)K-am samples (Fig. 3.7D and 3.7F). The PBS samples of these peptides display
only about 25% higher ThT fluorescence intensity than the water samples. These data align
with the CD spectroscopy data and suggest that the Ac-PHF6 analogs wherein the aromatic

residue has a strong electron-withdrawing group, have a higher aggregation propensity.
3.3.7. MD simulations

As all Ac-PHF6 analogs formed hydrogels in PBS with very similar rheological properties, I
got curious to investigate the stability of the steric zippers formed by them using MD
simulations. The starting structures of the peptides were prepared by modifying the
VQIVYK.pdb steric zipper structure (Fig. 3.8A) available in WALTZ-DB database. The
simulation data was subjected to cluster analysis to find the most representative structure of the
largest cluster. The middle structures of the largest cluster are shown in Fig. 3.8B-G. The
largest cluster shows steric zipper structures for all six peptides. The RMSD plot (Fig. 3.8H)
also shows no appreciable difference deviation throughout the 200 ns simulation. These data
suggest that parallel in-register 3-sheet steric zipper is a stable architecture for Ac-PHF6 and

its analogs.
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Figure 3.7. ThT fluorescence spectra of Ac-PHF6 analogs. (A) Ac-VQIVFK-am, (B) Ac-
VQIVF(fl)K-am, (C) Ac-VQIVF(CN)K-am, (D) Ac-VQIVF(NOz)K-am, and (E) Ac-
VQIVF(CF3)K-am.
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Figure 3.8. MD simulations of the peptide steric zippers. (A) the VQIVYK steric zipper
obtained from WALTZ-DB database. The middle structure of the largest cluster for (B) Ac-
PHF6, (C) Ac-VQIVFK-am, (D) Ac-VQIVF(fl)K-am, (E) Ac-VQIVF(CN)K-am, (F) Ac-
VQIVF(NOz)K-am, and (G) Ac-VQIVF(CF3)K-am. (H) The RMSD plots obtained from the

trajectory of simulation.

3.3.7. Transmission electron microscopy

The comparable viscoelastic properties observed for all peptides indicate that the inner
structure underlying the hydrogels could also be similar. The morphology of the self-assembled
structures underlying the hydrogels, therefore, was investigated using TEM. All peptides self-
assemble into fibrillar superstructures. Ac-PHF6 formed fibrils similar to those reported in the
literature (Fig. 3.9A) [159], [223]. Ac-VQIVFK-am and VQIVF(fl)K-am also self-assemble to
form straight fibrils (Fig. 3.9B and 3.9C), similar to Ac-PHF6 [159], [223]. Ac-VQIVF(CN)K-
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am and Ac-VQIVF(NOz)K-am form long straight filaments that show extensive entanglement
(Fig. 3.9D and 3.9E). Ac-VQIVF(CF3)K-am forms fibrils that appear to form clumps, possibly
through lateral interactions between individual fibrils (Fig. 3.9F).

B , L -

Fig. 3.9. TEM images showing the structures underlying the PBS gels. (A) Ac-PHF6, (B) Ac-
VQIVFK-am, (C) Ac-VQIVF(fl)K-am, (D) Ac-VQIVF(CN)K-am, (E) Ac-VQIVF(NO»)K-
am, and (F) Ac-VQIVF(CF3)K-am.

3.4. Conclusions

As Ac-PHF6 harbors a Tyr residue, and analogs with electron-withdrawing groups in the
aromatic rings of self-assembling peptides have been reported in the literature to form stronger
gels, I investigated aromatic analogs of Ac-PHF6. The Ac-PHF6 analogs with electron-
withdrawing groups in the phenyl ring improve the peptide's self-assembling propensity. The
analog with the strongest -electron-withdrawing group (trifluoromethyl), ie., Ac-
VQIVF(CF3)K-am causes gelation of deionized water, an attribute that all other peptide
analogs lacked. Notably, among all aromatic amino acids employed in this study, the p-
(trifluoromethyl)phenylalanine has the highest hydrophobicity. The aromatic amino acids

investigated in Ac-PHF6 analogs have very different electronic and steric properties, but all
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the peptides formed PBS gels with comparable stiffness. The aromatic moieties' contribution
to hydrogelation appears more through their hydrophobicity than the aromatic electronic
effects. The role of Tyr residue in Ac-PHF6, therefore, is that of a bulky hydrophobic residue
rather than an aromatic one. It would be interesting to investigate if the aliphatic analogs of

Ac-PHF6 also cause hydrogelation.
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CHAPTER 4

Investigating the hydrogelation of Ac-PHF6 aliphatic

analogs
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4.1. Introduction

Aromatic moieties have the reputation of driving self-assembly through aromatic stacking
interactions. Aromatic residues are also crucial in amyloid peptide self-assembly [213], [214].
Even though the scientific community acknowledges the role of aromatic residues in peptide
self-assembly and hydrogelation, the necessity to have them is debated [186], [224]. Many
short peptides that lack aromatic moieties have been reported in the literature to form ordered
superstructures [225], [226]. The results in Chapter 3 show that the Ac-PHF6 analogs wherein
the phenolic moiety of tyrosine was substituted with phenyl, p-fluorophenyl, p-cyanophenyl,
p-nitrophenyl, and p-(trifluoromethyl)phenyl, formed hydrogels with comparable rheological
properties. These data made me speculate that Tyr might be contributing to Ac-PHF6 self-
assembly and hydrogelation through its hydrophobicity rather than aromatic electronic effects.
In this chapter, I test this hypothesis by investigating the aliphatic analogs of Ac-PHF6.
Specifically, Tyr’!? was substituted with residues having different side-chain hydrophobicities,
namely Lys, Ala, Met, Val, and Ile. In addition to these variants, I also investigated the self-
assembly of Ac-PHF6* (CH3CO-VQIINK-NH2). PHF6* is another peptide motif similar to
Ac-PHF6, but without an aromatic residue (refer Fig. 1.4).

4.2. Materials and Methods

4.2.1. Materials

The sources of the reagents used in this chapter are same as specified in section 2.2.1.

4.2.2. Peptide synthesis and characterization

The peptides were assembled on Rink amide resin by employing Fmoc chemistry with
HBTU/HOBt/DIPEA activation. The N-terminal acetylation, peptide cleavage from the resin,
and precipitation in diethyl ether followed by washing was carried out exactly as carried out
for Ac-PHF6 (section 2.2.2). The peptides were air-dried and purified using reversed-phase
HPLC on a C18 column by employing a linear gradient of acetonitrile with 0.1% TFA. Peptide

identities were ascertained using MALDI-TOF mass spectrometry.

4.2.3. Peptide dissolution, hydrogelation, and rheology

The peptide stock solutions were prepared in water by weighing the peptides, adding deionized
water, and vortexing for a few minutes. The concentrations of the stock solutions were

estimated using Waddell’s method [227]. All Ac-PHF6 analogs readily dissolved in water to
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concentrations higher than 20 mM and remained as viscous solutions at room temperature. Ac-
PHF6*, however, showed precipitation above ~17 mM concentration. The critical aggregation
concentration (CAC) for all peptides was investigated in PBS after incubation for 12 hours.
The 90° light scattering was measured at 600 nm. The scattering intensity is plotted against
peptide concentration. Linear trend lines are drawn on the data to determine the critical
aggregation concentration. The PBS hydrogelation was investigated by diluting the stock
solutions prepared in water. As the Ac-PHF6 hydrogel in chapter 2 was prepared at 20 mM
concentration, the hydrogels of Ac-PHF6 aliphatic analogs were also set up at 20 mM
concentration for direct comparison. Due to the lower water solubility of Ac-PHF6*, the gel
could not be set up at 20 mM concentration. Therefore, the hydrogel was set up at 10 mM
concentration. Instant gelation was observed for all the peptides, as ascertained by inverting
the tubes. Rheology measurements for the 24-hour-old gels were carried out on an Anton Paar
Rheometer MCR 102 using 25 cm parallel plates at a 0.5 mm gap. The amplitude sweep tests
were carried out at an angular frequency of 10 rad/s by varying shear strain from 0.01% to
10%. As the gels displayed a linear regime up to at least 0.1% strain, the frequency sweep data

were collected at 0.1% strain.

The 24-hour-old hydrogels were characterized using various methods. All experiments were
conducted in triplicate, and the results are presented as mean values with the corresponding
standard deviation. The peptides dissolved in water at the corresponding concentrations i.e. 20
mM for Ac-PHF6 analogs and 10 mM for Ac-PHF6*, even though they did not form gels, were

also characterized after 24 h of preparation.

4.2.4. Thioflavin T (ThT) fluorescence spectroscopy

The gel samples were sheared through vortexing and diluted using PBS for ThT fluorescence
spectroscopy. The peptide samples in water were diluted in 10 mM phosphate buffer pH 7.4
for the ThT fluorescence assay. This ensures that ThT fluorescence is not influenced by the
difference in pH between water and PBS samples. The assay was carried out at 200 uM peptide
and 10 uM ThT concentrations. The samples were excited at 450 nm with a 2.5 nm bandwidth,

and fluorescence emission spectra were recorded using an emission bandwidth of 5 nm.

4.2.5. Congo red (CR) spectral shift assay

Congo red is a dye that binds to amyloid fibrils with high specificity. Binding to amyloid-like
fibrils is accompanied by a red shift in the visible region absorption band. A 300 uM CR
solution was prepared in 90% PBS and 10% ethanol, as described elsewhere [228]. The
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concentration was estimated using a molar absorption coefficient of 59,3000 M-'cm™ at 505
nm. The 24 hour-old peptide gel samples were sheared and CR absorption spectra were

recorded at 9 uM concentration with 30 pg/ml peptide concentration.

4.2.6. Circular dichroism (CD) spectroscopy

Far-UV electronic CD spectra were recorded on a Jasco J-1500 spectropolarimeter. The 24-
hour-old samples were diluted in the respective dispersant (water or PBS) to 200 uM
concentration, and spectra were recorded in a 1 mm path-length quartz cell. The spectra were
recorded from 260-195 nm at 1 nm bandwidth with a 100 nm/min scanning speed and 8
accumulations. The spectra were corrected by subtracting the respective dispersant spectrum,

and the mean residue ellipticity was calculated as described in chapter 2 (Equation 2.1).

4.2.7. Fourier Transform Infrared (FTIR) spectroscopy

The infrared spectra were recorded as mentioned in section 2.2.8

4.2.8. Transmission Electron Microscopy (TEM)

The samples for TEM imaging were prepared as described in section 2.2.9

4.2.9. Cell culture and viability

Cytocompatibility of the peptides was assessed through MTT assay. Ten thousand HEK-293
cells were seeded in a 96-well plate in complete DMEM and incubated at 37 °C with 5 % CO»
for 24 h. The wells were then treated with 50, 100, 150, and 200 uM peptide, and further
incubated for 24 h. Following incubation, the growth medium was discarded and 100 pl of
MTT in plain DMEM (1 mg/ml) was added to each well and incubated for 3 h. Subsequently,
MTT solution was removed, and 100 pl DMSO was added. The absorbance of the purple-
colored product was recorded at 570 nm using a multi-well plate reader (Multiskan GO,

Thermo Scientific).

HEK-293 cells were cultured in a T25 flask using DMEM supplemented with 10% FBS and
1% antibiotic-antimycotic cocktail. The cells were incubated at 37 °C with 5% CO- for growth
and maintenance. The 10 mM Ac-PHF6* PBS gel was set up in a 96-well plate. The 24-hour-
old gel was equilibrated with DMEM for 24 hours. The gel was then seeded with 10,000 HEK-
293 cells and incubated for 24 hours. For studying GAPDH expression, the total RNA was
isolated using RNAiso Plus reagent, followed by cDNA synthesis with MultiScribe™ Reverse
Transcriptase, and PCR (40 cycles) using primers designed for GAPDH amplification. The cell
growth on the hydrogel (5SmM Ac-PHF6*) was assessed through fluorescence imaging. The
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wells were washed with PBS and treated with a 5 uM calcein AM solution prepared in PBS.
The plate was incubated at 37 °C with 5% CO; for 30 minutes. The cells were washed thrice

with PBS, and images were captured using a Nikon Eclipse Ts2R fluorescence microscope.

4.3. Results and discussion

4.3.1. Hydrogelation and rheology

The primary structure of the peptides employed in this study are shown in Fig. 4.1A and 4.1B.
The critical aggregation concentration (CAC) of the peptides in PBS was investigated using
90° light scattering (Fig. 4.2). All peptides, except Ac-VQIVAK-am and Ac-VQIVKK-am
display CAC below 100 pM. Ac-VQIVAK-am displays a CAC around 200 uM whereas Ac-
VQIVKK-am CAC was found to be >1 mM. As the Ac-PHF6 hydrogel reported in the chapters
2 and 3 were prepared at 20 mM concentration, I investigated the aliphatic analogs at the same
concentration. Ac-PHF6 analogs readily dissolved in water to concentrations higher than 20
mM. Ac-PHF6*, however, displayed lower solubility. The concentration higher than ~17 mM
could not be achieved. Stock solutions prepared in water were diluted in PBS to achieve the
desired concentrations (20 mM for Ac-PHF6 analogs, 10 mM for Ac-PHF6%*). The samples
were left undisturbed at room temperature for 24 hours. All the samples formed hydrogels, as
confirmed by inverting the vials (Fig. 4.1C-H). Subsequent experiments were carried out at the
aforementioned concentrations for both water and PBS samples. As hydrogels formed by Ac-
PHF6 and its aromatic analogs reported in the chapters 2 and 3 were characterized for 24-hour-
old samples, all assays reported in this chapter were also carried out after incubating the peptide
samples at room temperature for 24 hours. Ac-VQIVVK-am and Ac-VQIVIK-am formed
transparent hydrogels (Fig. 4.1C and D), while the gels formed by all other peptides were
translucent (Fig. 4.1E-H).
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Figure 4.1. The primary structures of the (A) Ac-PHF6 analogs and (B) Ac-PHF6*. ‘X’ in
panel A represents the side chains of Val, Ile, Met, Ala, and Lys. Inverted vials showing
hydrogels formed by 20 mM (C) Ac-VQIVVK-am, (D) Ac-VQIVIK-am, (E) Ac-VQIVMK-
am, (F) Ac-VQIVAK-am, (G) Ac-VQIVKK-am, and (H) 10 mM Ac-PHF6*.
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Figure 4.2. The 90° light scattering was measured for (A) Ac-VQIVVK-am, (B) Ac-VQIVIK-
am, (C) Ac-VQIVMK-am, (D) Ac-VQIVAK-am, (E) Ac-VQIVKK-am, (F) 10 mM Ac-
PHF6*, and (G) Ac-PHF6.

Rheology was carried out to investigate the viscoelasticity of the hydrogels. Ac-VQIVVK-am
and Ac-VQIVIK-am formed hydrogels with storage moduli of around 60 kPa from 100 rad/s
down to 0.02 rad/s (Fig. 4.3A and 4.3B). The loss moduli were ~6-10 kPa. The rheology data
for 20 mM Ac-PHF6 hydrogel is shown in Fig. 4.3G. The hydrogel displays storage and loss
moduli of ~20 kPa and ~1-5 kPa, respectively. These rheological characteristics are similar to
the 20 mM Ac-PHF6 hydrogel reported in the literature [223]. Substitution of Tyr>!°
PHF6 with Val or Ile, therefore, results in stiffer hydrogels. The Ac-VQIVMK-am and Ac-

in Ac-

VQIVAK-am formed hydrogels with storage moduli around 30 kPa (Fig. 4.3C and 4.3D). Met
and Ala have lower hydrophobicities than those of Val and Ile, and form hydrogels with lower
stiffness. Ac-VQIVKK-am formed softer gel with a storage modulus of about 1 kPa (Fig. 4.3E).
I previously investigated Ac-PHF6 analogs wherein the Tyr side chain was replaced with

several electron-deficient aromatic groups [229]. Interestingly, all analogs formed hydrogels,
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prompting me to hypothesize that the sole aromatic residue Tyr*'? in Ac-PHF6 might contribute
to self-assembly and hydrogelation more through its hydrophobicity than the aromaticity.
Hydrogelation by Ac-PHF6 aliphatic analogs proves that hypothesis. The Ac-PHF6 analogs
wherein Tyr is substituted with Val, Ile, Met, and Ala form hydrogels with higher stiffness than
that of the Ac-PHF6 hydrogel. The Y310K analog, on the other hand, forms hydrogel with
stiffness lower than Ac-PHF6 hydrogel. Besides, unlike all other peptides, the kinetics of
gelation is much slower. Whereas all other peptides cause instant PBS gelation, the Y310K
analog takes about 2 hours to form hydrogel. These data made me wonder if Ac-PHF6*, a tau
interaction motif very similar to Ac-PHF6 but lacking an aromatic residue, could also form
hydrogel. As Ac-PHF6* displayed lower solubility, the hydrogel could not be set up at 20 mM
concentration. Ac-PHF6* hydrogel, therefore, was prepared at 10 mM concentration for all the
assays. The 10 mM hydrogel exhibited a storage modulus of about 10 kPa in the 0.02 - 100
rad/s frequency range. The loss modulus was around one order of magnitude less (Fig. 4.3F).
The viscoelasticity of 10 mM Ac-PHF6 hydrogel is not reported in the literature. Therefore, I
prepared 10 mM Ac-PHF6 hydrogel and measured its viscoelasticity to directly compare with
that of Ac-PHF6* hydrogel (Fig. 4.3G). Clearly, the Ac-PHF6* displays higher storage and
loss moduli at all frequencies. Tyr*!'”, therefore, is superfluous for Ac-PHF6 self-assembly and

hydrogelation.
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Figure 4.3. Oscillatory rheology data for hydrogels formed by 20 mM (A) Ac-VQIVVK-am,
(B) Ac-VQIVIK-am, (C) Ac-VQIVMK-am, (D) Ac-VQIVAK-am, (E) Ac-VQIVKK-am, (F)
10 mM Ac-PHF6*, and (G) 10 mM and 20 mM Ac-PHF6. The data is presented as the mean

of three replicates and the error bars represent the standard deviation.

4.3.2. ThT fluorescence

The structures underlying the hydrogels were investigated using ThT fluorescence, an assay
routinely employed to identify the amyloid-like aggregates. The binding of ThT to amyloid-
like fibrils causes a large enhancement in its fluorescence intensity. All peptides, except for
Ac-VQIVKK-am, caused enhancement in ThT fluorescence intensity (Fig. 4.4). The
enhancement caused by PBS samples is at least 2 times more than that caused by the water

samples. This is consistent with the understanding that charge screening of the terminal lysine
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residue facilitates self-assembly. Notably, the PBS sample of Ac-PHF6* exhibited more than
3-fold higher ThT fluorescence compared to the water sample (Fig. 4.4F). Eisenberg and
coworkers have investigated the steric-zippers formed by VQIVYK and VQIINK peptides
[230]. VQIINK is reported to form steric zippers with higher shape complementarity and a
larger steric zipper interface. Using tau K18 constructs wherein R2 and R3 contain identical
hexapeptide motifs, i.e. constructs with two PHF6 or two PHF6*, they further show that PHF6*
is a better interaction motif in driving self-assembly. The higher ThT fluorescence intensity

observed for Ac-PHF6*, therefore, could be due to its higher aggregation propensity.
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Figure 4.4. ThT fluorescence emission spectra of (A) Ac-VQIVVK-am, (B) Ac-VQIVIK-am,
(C) Ac-VQIVMK-am, (D) Ac-VQIVAK-am, (E) Ac-VQIVKK-am, and (F) Ac-PHF6*.

4.3.3. Congo red spectral shift assay

Congo red, a sulfonated diazo dye, displays absorption bands centred around 340 and 496 nm
in water. Binding of congo red to amyloid fibrils causes a red-shift in the lower energy band.
Fig. 4.5 shows the congo red absorption spectra recorded with the PBS peptide samples. All
peptides, except for Ac-VQIVKK-am, exhibit a red shift in the lower energy absorption band.
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These data are consistent with the ThT fluorescence data. The hydrogel formed by Ac-
VQIVKK-am, therefore, is not made up of amyloid-like fibrillar structures.
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Fig. 4.5. Congo red absorption spectra with peptides obtained after shearing the PBS hydrogels.

4.3.4. CD spectroscopy

The secondary structures of the peptides were analyzed using far-UV CD spectroscopy. The
samples were diluted to 200 uM in their respective dispersant for the measurements. In water,
CD spectra of all the peptides display a negative band around 198 nm and a lower intensity
shoulder around 220 nm (Fig. 4.6). These spectra are suggestive of a mixture of -sheet and
random coil conformations. In PBS, all Ac-PHF6 analogs, except Ac-VQIVKK-am, show a
negative band around 220 nm and a positive band around 200 nm (Fig. 4.6A-D). These spectra
suggest a predominantly B-sheet structure. Ac-VQIVKK-am in PBS displays a spectrum very
similar to that observed in water, albeit with a slightly red-shifted higher energy band (Fig.
4.6E). Ac-PHF6* displays an intense negative band around 202 nm alongside the 220 nm
shoulder (Fig. 4.6F). This CD spectrum comes as a surprise as Ac-PHF6* caused the highest
enhancement in ThT fluorescence intensity among all the peptides. Manavalan and Johnson
found two distinct types of CD spectra for B-sheet proteins. The one that was eventually
designated BI shows a classical B-sheet signature with a ~215 — 220 nm negative band and a
195 — 200 nm positive band. The second type of spectrum, known as BII, exhibits a negative
band around 200 nm [231], [232].. The Ac-PHF6* CD spectrum in PBS looks similar to that
observed in water, but with much higher ellipticity and a slightly red-shifted higher energy
band. An ellipticity this large is very atypical of protein CD spectra. Sreerama and Woody
assigned such a large ellipticity to poly(Pro)ll-like conformation [233]. A large ellipticity
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observed for poly(Pro)II implies that a protein with a high poly(Pro)II to B-sheet ratio would

give a BII CD signature.
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Figure 4.6. CD spectra of (A) Ac-VQIVVK-am, (B) Ac-VQIVIK-am, (C) Ac-VQIVMK-am,
(D) Ac-VQIVAK-am, (E) Ac-VQIVKK-am, and (F) Ac-PHF6*. The data is presented as the

mean of three replicates and the error bars represent the standard deviation.

4.3.5. FTIR spectroscopy

As the CD spectrum observed for Ac-PHF6* in PBS was atypical, the secondary structures
were further validated using infrared spectroscopy. The frequency of the amide I band is
sensitive to the polypeptide backbone conformation, and is particularly suitable for B-sheet
structure. The amide I band for B-sheet in proteins is observed between 1625 - 1640 cm™ [234].
Aggregated strands display further lower frequencies with the amide I band lying between
1610 - 1635 cm! [194], [234]. Infrared spectroscopy, therefore, has emerged as a method of
choice for investigating the self-assembled proteins and peptides [194], [235]. Dried samples
of all peptides exhibited an amide I band near 1626 cm™ in both PBS and water, clearly
establishing the B-sheet conformation of the superstructures underlying the hydrogels (Fig.

4.7).
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Figure 4.7. The ATR-FTIR spectra of peptide water samples (panels A-F) and PBS samples

(panels G-L).
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4.3.6. Transmission Electron Microscopy

The morphology of the self-assembled structures forming the hydrogels was analyzed using
TEM (Fig. 4.8). Ribbon-like structures were observed for Ac-VQIVVK-am (Fig. 4.8A) and
Ac-VQIVIK-am (Fig. 4.8B) water samples. Such ribbon-like structures have been reported in
the literature for Ac-PHF6 [223]. Ac-VQIVMK-am and Ac-VQIVAK-am form typical
amyloid-like filamentous assemblies in water (Fig. 4.8C and 4.8D). Unlike the other Ac-PHF6
analogs that showed abundant fibrillar structures spread throughout the copper grid used for
imaging, very few long filamentous structures were found for Ac-VQIVKK-am (Fig. 4.8E). In
PBS, all Ac-PHF6 analogs, except Ac-VQIVKK-am, formed typical amyloid-like fibrils (Fig.
4.8G-J). The fibrils are rod-like, resembling those previously reported for Ac-PHF6 [223],
[236]. Ac-VQIVKK-am formed long, straight, and flat ribbon-like structures, suggesting a
different mode of assembly (Fig. 4.8K). Ac-PHF6*, unlike Ac-PHF6 analogs, formed very
different superstructures. In water, the peptide self-assembled into long ribbon-like structures
that laterally assemble to form flat sheets (Fig. 4.8F). Some of these sheets appear to curl near
the edges (Inset, Fig. 4.8F). In PBS, Ac-PHF6* formed long, straight but densely entangled
fibrous structures (Fig. 4.8L).
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(A) Ac-VQIVVK-am in water

(B) Ac-VQIVIK-am in water (C) Ac-VQIVMK-am in water

- w0 -

200 "nm

(D) Ac-VQIVAK-am in water (E) Ac-VQIVKK-am in water (F) Ac-PHFE* in water

Figure 4.8. TEM images of water samples (upper panels A-F) and PBS hydrogels (lower
panels G-L).
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4.3.7. Cytocompatibility of Ac-PHF6*

The cytocompatibility of peptides was assessed using an MTT cell viability assay. In this assay,
viable cells metabolically reduce MTT to formazan crystals, which absorb light at 570 nm. In
contrast, non-viable cells lack this activity and do not contribute to the absorbance signal. The
cell viability was normalized to untreated control cells (Fig. 4.9A-F). The cells displayed ~80%
viability up to 200 uM peptide concentration for all six peptides.
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Figure 4.9. HEK-293 cell-viability using MTT assay (A-F). Cells grown on Ac-PHF6*
hydrogel (G), and GAPDH expression shown by HEK-293 cells grown on the hydrogel (H).
The scale bar represents 50 um. L1 is the 1 kb (250 — 10,000 bp) DNA molecular weight marker
lane, L2 is the negative control, L3 represents the GAPDH amplification from cells cultured in
DMEM without peptide (positive control), and L4 represents the GAPDH amplification from
cells cultured in Ac-PHF6* hydrogel.

Ac-PHF6 hydrogel has been reported in the literature to support culture of mammalian cells
[223]. I wondered if Ac-PHF6* hydrogel could also support cell culture. The HEK-293 cells
were cultured on a 24-hour-old hydrogel (5 mM Ac-PHF6%*) for 24 hours and then stained with

calcein AM, a membrane-permeable, non-fluorescent probe. Intracellular esterases hydrolyze
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calcein AM into fluorescent calcein, with fluorescence intensity correlating directly with
esterase activity, and therefore, cell viability. Microscopic analysis confirmed HEK-293 cell
proliferation in the hydrogel matrix (Fig. 4.9G). The expression of the housekeeping gene
GAPDH was also investigated. Cells grown without Ac-PHF6* (positive control), and in 10
mM hydrogel were harvested, followed by RNA extraction and reverse transcription PCR (RT-
PCR). The cells grown in the hydrogel were found to express GAPDH (Fig. 4.9H).

4.4. Conclusion

I demonstrated in chapter 2 that Ac-PHF6 (CH3CO-VQIVYK-NH>») forms an injectable and
biocompatible hydrogel in PBS. The peptide contains a Tyr residue that was believed to
facilitate self-assembly through aromatic stacking interactions. In chapter 3, I examined
aromatic analogs of Ac-PHF6 bearing electron-withdrawing substituents on the phenyl ring
[229]. All the analogs formed hydrogels, leading me to speculate that the Tyr residue may not
contribute to self-assembly and gelation due to its aromaticity. Ac-PHF6 analogs wherein Tyr
is substituted with amino acids with hydrophobic side chains (Val, Ile, Met, Ala) formed
amyloid-like fibrils very similar to those formed by Ac-PHF6. All four peptides caused instant
gelation of PBS. The peptide wherein Tyr was substituted with Lys, an amino acid with polar
side chain, formed a soft gel with much lower gelation rate. Besides, the assembly of the
Y310K analog appears to be different from all other Ac-PHF6 analogs. Ac-PHF6*, a native
peptide stretch from the R2 region of tau that lacks an aromatic residue, was also found to form
hydrogel. Like Ac-PHF6, Ac-PHF6* also supported HEK-293 cell growth. These findings
suggest that the role of aromatic residues in peptide self-assembly and hydrogelation may be
overemphasized. It is likely that the aromatic residues in many peptides simply contribute

through their size and hydrophobicity.
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CHAPTER §

Hydrogelation by Ac-PHF6 and Ac-PHF6* analogs with

cationic N-terminus
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5.1. Introduction

The amino acid composition and sequence can be strategically designed to fine-tune key
properties, including gelation behavior, mechanical strength, and biodegradation profiles. The
subtle modifications to the sequence or termini chemistry can have marked effects on self-
assembly and hydrogelation, highlighting the sensitive dependence of hydrogelation on subtle
molecular features [121]. Hauser and coworkers explored how subtle structural changes in
ultrashort peptides affect their self-assembly, nanostructure formation, hydrogelation, and
phase transition, revealing a high sensitivity to molecular variations with implications for
designing novel peptide nanostructures for biomedical applications [237]. Webber and
coworkers developed amphiphilic tripeptides with sequence-controlled nanostructure, allowing
for the production of diverse nanostructures by altering a single amino acid [238]. Their design
strategy involved incorporating a hydrophobic Phe at the N-terminus, followed by a variable
aliphatic residue (Val, Leu, Ile), and a hydrophilic Asp at the C-terminus. These peptides can
form hydrogels with high aspect-ratio structures that support cell viability in culture, even at
low concentrations. Muller and coworkers have demonstrated that the sequence and size of
non-polar amino acids significantly affect the self-assembly properties of amphiphilic peptides,
leading to variations in secondary structures and matrix morphology, with potential

applications in drug delivery and tissue engineering [239].

Tuttle and coworkers investigated the complete tripeptide sequence space (peptides with free
termini) to understand the features that direct hydrogelation. One of the defining features is the
charge coupling i.e. having a cationic residue at N-terminus and/or an anionic residue at C-
terminus. For tripeptides with free termini, a cationic N-terminal residue and/or an anionic C-
terminal residue contribute to hydrogelation propensity. As Ac-PHF6 and Ac-PHF6* harbour
a lysine residue at C-terminus, I sought to investigate its analogs wherein lysine is at the N-
terminus. For this study, two strategies were chosen, namely (i) shifting the C-terminal lysine
to N-terminus, and (ii) investigating the retropeptide. 1 also included the end-capped
boaamphiphilic peptides CH3;CO-KVQIVYK-NH> and CH3CO-KVQIINK-NH?> in this study.
It is worth noting that the two analogs of Ac-PHF6* i.e. CH;CO-KVQIIN-NH; (tau?’4?”?) and
CH3CO-KVQIINK-NH> (tau?’>2%%) happen to be the native sequences within the tau. The

peptides investigated are shown in Table 1.

74
TH-3931_ 206106020



5.2. Materials and methods

5.2.1. Materials

Chapter 5

The sources of the reagents used in this chapter are same as specified in section 2.2.1.

5.2.2. Peptide synthesis and characterization

The peptide amides were assembled on Rink amide resin while peptide acids were assembled

on Wang resin preloaded with Fmoc-Lys(Boc)-OH by employing Fmoc chemistry with

HBTU/HOBt/DIPEA activation. N-terminal acetylation, cleavage of peptide and precipitation

was carried out with same process mentioned in section 2.2.2. Purification was carried out

using reversed-phase high-performance liquid chromatography on a C18 column using a linear

gradient of acetonitrile in water. The identity of the purified peptides was confirmed using

MALDI-TOF mass spectrometry using HCCA as the matrix.

Table 1. The Ac-PHF6 (CH3CO-VQIVYK-NH2) and Ac-PHF6* (CH3CO-VQIINK-NH?)

analogs investigated in this study.

Peptide sequence  Remarks Charge on N- Charge on
terminal residue  peptide

KVQIVY-am Ac-PHF6 analog with Lys at N- +2 +2
terminus, uncapped N-terminus.

Ac-KVQIVY-am Ac-PHF6 analog with Lys at N- +1 +1
terminus, both ends capped.

KYVIQV-am PHF6 retropeptide; uncapped N- +2 +2
terminus, amidated C-terminus

Ac-KVQIVYK-  Bolaamphiphilic analog of Ac-PHF6 +1 +2

am with both ends capped

Ac-KVQIIN-am  Ac-PHF6* analog with Lys at N- +1 +1
terminus, both ends capped

Ac-KVQIINK-am Bolaamphiphilic analog of Ac- +1 +2

PHF6* with both ends capped

5.2.3. Peptide dissolution, hydrogelation and rheology

All synthesized peptides except Ac-KVQIVY-am exhibited good aqueous solubility, and stock

solutions were prepared in water. Peptide concentrations for Ac-PHF6 analogs were
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determined spectrophotometrically by measuring absorbance at 280 nm, using the molar
extinction coefficient of Tyr (1280 M ‘ecm™). Up to approximately 25 mM, all the peptides
except Ac-KVQIVY-am remained as thick viscous solutions. As Ac-PHF6* analogs lack
aromatic residues, their concentration was estimated using Wadell’s method [227]. Ac-
KVQIVY-am resulted in a turbid suspension in water at 20 mM concentration. Therefore, the
stock solutions for Ac-KVQIVY-am were prepared at lower concentrations, mostly between
17-19 mM. Within this concentration range, the peptide formed clear viscous solutions. None
of the peptide stock solutions in water, except Ac-KVQIIN-am, formed gel. Gelation in PBS
was attempted by diluting the stock solutions prepared in water. The 24 hour-old PBS
hydrogels were subjected to oscillatory rheology on an Anton Paar MCR 102 rheometer
equipped with 25 mm parallel plate geometry and a gap of 0.5 mm. Amplitude sweep tests were
carried out at a constant angular frequency of 10 rad/s, with shear strain varied from 0.01% to
10%. All gel samples displayed a well-defined linear viscoelastic regime (LVR) extending up
to at least 0.1% strain. Consequently, frequency sweep experiments were conducted at 0.1%

strain to ensure measurements remained within the LVR.

5.2.4. Intrinsic fluorescence spectroscopy

Intrinsic tyrosine fluorescence spectra were acquired on a Jasco FP-8500 spectrofluorometer
by diluting the PBS and water samples in respective dispersants to 200 uM concentration. The
fluorescence emission spectra were recorded by exciting at 280 nm with 2.5 nm bandwidth,
and recording emission intensities from 290 - 400 nm with 5 nm bandwidth. The spectra were

corrected by subtracting the respective dispersant spectra.

5.2.5. ThT fluorescence spectroscopy

The ThT fluorescence emission spectra for PBS gel samples were recorded in PBS. Given the
pH sensitivity of ThT fluorescence quantum yield, spectra for the water samples were not
collected in water, but in 10 mM phosphate buffer (pH 7.4). The assay was carried out at 200
uM peptide concentration and 10 uM ThT concentration. The samples were excited at 450 nm
with a 2.5nm bandwidth, and emission spectra were collected using a 5nm emission

bandwidth.

5.2.6. Circular dichroism (CD) spectroscopy

Far-UV CD spectra were acquired on a Jasco J-1500 CD spectropolarimeter. The 24-hour-old
samples were diluted to 200 uM in the respective dispersant. Measurements were performed
using a 1 mm path length quartz cell. The spectra were recorded over the wavelength range of
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195-250 nm, with a bandwidth of 1 nm, a scan speed of 100 nm/min, and eight accumulations.

All spectra were corrected by subtracting the spectra of the corresponding solvent blanks.

5.2.7. Fourier Transform Infrared (FTIR) spectroscopy

The FTIR measurements were carried out as described in Section 2.2.8.

5.2.8. Transmission Electron Microscopy

The TEM samples were prepared as per the protocol provided in Section 2.2.9.

5.2.9. Cell culture assay

Human embryonic kidney (HEK-293) cells were maintained in T25 flasks using Dulbecco’s
Modified Eagle’s Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and
1% antibiotic-antimycotic solution. Cells were cultured at 37 °C in a humidified 5% CO:
incubator and passaged using trypsin for detachment. Hydrogels of Ac-KVQIVYK-am and
KYVIQV-am (10 mM, 70 uL) were prepared in PBS and allowed to set in a 96-well plate.
After 24 hours, 200 pL of complete DMEM was added to each well containing the gel, and the
plate was incubated for another 24 hours at 37 °C with 5% CO.. The medium was removed,
and gels were equilibrated with fresh DMEM for 10 minutes before cell seeding. Subsequently,
the gels were seeded with HEK-293 cells (10* cells/well), and incubated under the same
conditions for 24 hours. Following incubation, the wells were gently washed with PBS to
remove unattached cells. Total RNA was extracted using RNAiso Plus reagent (Takara Bio,
Shiga, Japan), and complementary DNA (cDNA) was synthesized using MultiScribe™
Reverse Transcriptase (Applied Biosystems, Waltham, MA, USA). PCR was performed for 40
cycles using GAPDH-specific primers as described elsewhere [121].

5.2.10. Cell viability assay

The cytocompatibility of Ac-KVQIVYK-am and KYVIQV-am was evaluated using the MTT
assay [149]. A 96-well plate containing complete DMEM (100 ul) was seeded with HEK-293
cells (10* cells per well) and incubated at 37 °C in 5% CO for 24 hours. Following incubation,
the cells were treated with varying concentrations (50, 100, 150, and 200 uM) of Ac-PHF6
analogs, and the plate was returned to the incubator for an additional 24 hours. Subsequently,
the culture medium was carefully aspirated, and 100 pl of MTT solution (1 mg/mL in serum-
free DMEM) was added to each well. The plate was incubated for 3 hours at 37 °C, allowing
viable cells to metabolize MTT into insoluble formazan crystals. The MTT solution was then

discarded, and 100 pul of DMSO was added to solubilize the formazan product. Absorbance
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was measured at 570 nm using a Multiskan GO microplate reader (Thermo Scientific), with

cell viability expressed relative to untreated control wells.

5.3. Results and discussion

5.3.1. Hydrogelation and rheology

The peptides exhibited good solubility in water. Except Ac-KVQIVY-am, all other peptides
could be dissolved up to about 25 mM concentration. Ac-KVQIVY-am could be dissolved up
to around 18 mM concentration. Except Ac-KVQIIN-am, not other peptide stock solutions
exhibited gelation up to at least 24 hours, as ascertained by tilting and inverting the tubes. Ac-
KVQIIN-am formed very soft gel of water after keeping undisturbed for 24 h. The stock
solutions prepared in water were diluted in PBS. Ac-KVQIVY-am, Ac-KVQIIN-am, and Ac-
KVQIINK-am were diluted to 15 mM concentration while the other peptides were diluted to
20 mM concentrations. All peptides, except KVQIVY-am caused instant gelation of PBS. The
samples were allowed to stand for 24 h at room temperature. No gelation was observed for
KVQIVY-am even after 24 h. These two peptides, therefore, were not investigated any further.
Ac-KVQIVYK-am and KYVIQV-am formed transparent hydrogel (Fig. 5.1A and 5.1B). Ac-
KVQIVY-am, Ac-KVQIIN-am, and Ac-KVQIINK-am on the other hand, formed turbid gels
(Fig. 5.1C-E).

The gelation results highlight the critical influence of subtle sequence modifications on peptide
self-assembly and hydrogel formation. This observation aligns with prior findings by Hauser
and coworkers, who demonstrated that even minimal structural alterations in tripeptides can
dramatically impact their ability to self-assemble, form nanostructures, and undergo
hydrogelation and phase transitions [237]. A consistent trend emerging from our study is that
C-terminal amidation significantly enhances the propensity for gelation, likely by minimizing
electrostatic repulsion and promoting intermolecular hydrogen bonding. Similarly, N-terminal
acetylation facilitates gelation. Ac-KVQIVY-am forms a hydrogel, whereas its N-terminal
uncapped analog KVQIVY-am does not. Interestingly, KYVIQV-am, the retropeptide with
free amino terminus also causes PBS gelation. These data parallel our previous findings with
PHF6, where Ac-PHF6 (Ac-VQIVYK-am) caused instant gelation of PBS, while the uncapped
peptide VQIVYK failed to gel under identical conditions even after several days of incubation
[223]. Together, these results underscore the importance of terminal modifications and residue
positioning in controlling peptide self-assembly and hydrogelation through modulating

electrostatics and hydrogen bonding.
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Figure 5.1. Inverted tubes showing hydrogels formed by (A) KYVIQV-am, (B) Ac-
KVQIVYK-am, (C) Ac-KVQIVY-am, (D) Ac-KVQIIN-am, and (E) Ac-KVQIINK-am.

Given that subtle modifications in peptide sequences can modulate self-assembly, potentially
altering the internal architecture of the resulting hydrogels, I investigated the viscoelastic
properties of the hydrogels using oscillatory rheology. Rheological measurements were
performed on 24-hour-old hydrogels to ensure direct comparison with our previously reported
hydrogels [223]. The 24-hour-old 20 mM Ac-PHF6 hydrogel reported in Chapter 2 exhibited
a storage modulus (G’) of approximately 20 kPa over a frequency range of 0.01-624 rad/s [223].
Ac-KVQIVYK-am hydrogel exhibited higher complex modulus compared to that reported for
Ac-PHF6 hydrogel (Fig. 5.2C). The retropeptide KYVIQV-am, on the other hand, exhibited
lower complex modulus. The storage modulus is around 2-fold lesser than that reported for Ac-
PHF6 hydrogel (Fig. 5.2A). This reduced mechanical strength may be attributed to electrostatic
repulsion at the uncapped N-terminus, which likely disrupts efficient packing and network
formation, an effect not observed in the fully capped analogs. Ac-KVQIVY-am hydrogel (15
mM peptide concentration), intuitively, exhibited a relatively low mechanical strength, with a
storage modulus of ~6-8 kPa (Fig. 5.2B). Ac-KVQIIN-am and Ac-KVQIINK-am hydrogels,
even though prepared at 15 mM concentration, exhibited a storage modulus of ~20 kPa, similar
to that observed for 20 mM Ac-PHF6 hydrogel (Fig. 5.2D and 5.2E). The Ac-PHF6* analogs,
therefore, are better gelators than the Ac-PHF6 analogs. These results suggest that small
alterations in peptide sequence and terminal capping can substantially influence the mechanical
rigidity of hydrogels, thereby offering a tunable approach to design peptide-based materials

with tailored viscoelastic properties.
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Figure 5.2. Rheological assessment of peptide hydrogels obtained from (A) KYVIQV-am, (B)
Ac-KVQIVY-am, (C) Ac-KVQIVYK-am, (D) Ac-KVQIIN-am, and (E) Ac-KVQIINK-am.

5.3.2. Intrinsic tyrosine fluorescence

As Ac-PHF6 analogs have a tyrosine residue, tyrosine fluorescence was measured. To
minimize the impact of concentration-dependent artefacts such as the inner-filter effect,
intrinsic tyrosine fluorescence emission spectra were recorded by diluting the samples to
200 uM concentration. Upon excitation at 280 nm, all water samples exhibited emission
maxima centered around 303 nm (Fig. 5.3), a characteristic of Tyr fluorescence. The PBS
samples of all three peptides displayed lower emission intensity. This attenuation likely reflects
differences in the local microenvironment surrounding the Tyr residues in the self-assembled
structures. Several factors may contribute to this decreased emission, including increased local
chromophore density within aggregates, which can flatten absorbance and reduce effective
excitation, quenching effects arising from n—m stacking of Tyr residues during peptide
aggregation, and the presence of Cl~ ions in PBS. These results suggest that the peptides display
pronounced self-assembly in PBS than in water. imply that the peptides adopt more tightly
packed or quenched conformations in PBS, consistent with an aggregation-driven fluorescence
suppression mechanism. In addition to lower emission intensity, a slight (~3 nm) blue shift is

also observed in Ac-KVQIVY-am in PBS (Fig. 5.3B). Unlike the other two peptides, the
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tyrosine residue in Ac-KVQIVY-am is at the terminus and therefore more accessible to the
solvent and the ions present in PBS. Metal ions have been reported in the literature to cause
shifts in the tyrosine emission spectra [240]. Sodium ion is known to cause blue shift in tyrosine

emission spectrum.
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Figure 5.3. Intrinsic Tyr spectra of (A) KYVIQV-am, (B) Ac-KVQIVY-am, and (C) Ac-
KVQIVYK-am.

5.3.3. ThT fluorescence

ThT is a benzothiazole-based fluorescent dye that is widely used to detect amyloid fibrils.
Binding to amyloid fibrils causes a marked enhancement in its quantum yield. The ThT
fluorescence spectra for the Ac-PHF6 analogs are presented in Fig. 5.4A-C. KYVIQV-am and
Ac-KVQIVY-am display distinct enhancement in ThT fluorescence emission, with PBS
samples showing notably higher ThT fluorescence signal compared to the samples prepared in
water (Fig. 5.4A and 5.4B). KYVIQV-am in PBS caused around 7-fold enhancement in ThT
fluorescence emission intensity, whereas water sample caused only around 3-fold enhancement
(Fig. 5.4A). This data suggests that the peptide displays far better self-assembly in PBS than in
water. This property is attributed to the double-charged N-terminal residue. The peptide
molecules would experience stronger electrostatic repulsion in water than in PBS. Masking of
the charges by salt in PBS would facilitate self-assembly. The ThT fluorescence emission
enhancement caused by Ac-KVQIVY-am is higher than that caused by KYVIQV-am, and
difference between the water and PBS samples is modest (Fig. 5.4B). No appreciable
enhancement in ThT fluorescence intensity was observed for bolaamphiphile peptide Ac-
KVQIVYK-am (Fig. 5.4C). These data indicate a lack of canonical amyloid fibrils. The Ac-
PHF6* analogs demonstrated a markedly higher ThT fluorescence compared to the Ac-PHF6
analogs. Ac-KVQIIN-am showed a little higher fluorescence intensity in PBS than in water
(Fig. 5.4D). The ThT fluorescence emission intensity observed for Ac-KVQIINK-am in PBS
is comparable to that observed for Ac-KVQIIN-am (Fig. 5.4E). However, the fluorescence
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intensity in water is lower, probably due to the presence of lysine residue at both the termini.

In the absence of salt, the electrostatic repulsion between peptide chains would adversely affect

the self-assembly.
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Figure 5.4. ThT fluorescence emission spectra for (A) KYVIQV-am, (B) Ac-KVQIVY-am,
(C) Ac-KVQIVYK-am, (D) Ac-KVQIIN-am, and (E) Ac-KVQIINK-am.

5.3.4. CD spectroscopy

The secondary structures of the peptides in the self-assembled structures were investigated
using far-UV CD spectroscopy. The peptide samples were diluted to 200 uM in their respective
dispersants prior to CD measurements. In water, KYVIQV-am exhibited a prominent negative
band near 200 nm, accompanied by minor shoulders at 210 and 215 nm, indicative of a
predominantly unordered conformation (Fig. 5.5A). In PBS, the peptide displayed a negative
band around 220 nm with a very weak positive band around 207 nm, and another weak negative
band around 200 nm. The spectrum is suggestive of a mixture of B-sheet and random coil
conformations. Ac-KVQIVY-am, in water, displayed a spectrum with the negative bands
around 218 and 198 nm. The spectrum is suggestive of a mixture of B-sheet and random coil
conformations (Fig. 5.5B). In PBS, the spectrum is that of typical B-sheets, with a broad
negative band around 220 nm and a positive band near 200 nm. The CD profile closely

resembles that reported for Ac-PHF6 in PBS, supporting the formation of amyloid-like B-sheet
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assemblies under physiological ionic strength. Ac-KVQIVYK-am in water displayed a
negative band around 200 nm with a shoulder 218 nm. The spectral signature is suggestive of
a largely disordered conformation (Fig. 5.5C). In PBS, the peptide displayed a slightly red-
shifted high energy band and a more pronounced 218 nm, indicating a mixture of random coil
and B-sheet conformations. Ac-KVQIIN-am exhibited negative bands near 200 and 220 nm in
water, indicating a combination of B-sheet and random coil conformations (Fig. 5.5D). In PBS,
the peptide displayed a very high ellipticity positive band around 202 nm alongside a much
less intense negative band around 225 nm. This CD signature is assigned to B-sheet structures.
The CD spectrum of Ac-KVQIINK-am in water is very similar that that observed for Ac-
KVQIIN-am in water (Fig. 5.5E). In PBS, however, the spectrum is dramatically different,
instead of an intense band positive band around 202 nm, an intense negative band is observed.
Such band in the literature has been assigned to P proteins [233]. Spectrum with similar
features has also been reported for Ac-PHF6* in PBS. These results highlight the sensitivity of

peptide self-assembly and secondary structure to minor sequence modifications.
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Figure 5.5. CD spectra of (A) KYVIQV-am, (B) Ac-KVQIVY-am, (C) Ac-KVQIVYK-am,
(D) Ac-KVQIIN-am, and (E) Ac-KVQIINK-am.
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5.3.5. FTIR spectroscopy

Infrared spectroscopy is a powerful tool to investigate the secondary structures of proteins and
peptides. The frequency of amide I band, in particular, is very sensitive to the conformation of
the polypeptide backbone. The secondary structure of the peptide hydrogels was further
examined using ATR-FTIR spectroscopy. Spectra were acquired for both PBS and water
samples after air-drying them on the diamond ATR crystal. All the samples displayed amide |
band centred around 1626 cm (Fig. 5.6). This band validates the presence of P-sheet
conformation. The disagreement between CD and FTIR data is attributed to the differences in
the experimental conditions. The peptide samples were diluted 2-fold for FTIR spectroscopy,
and dried after depositing on the ATR crystal. Drying is accompanied with an increase in
concentration. Therefore, the peptide samples were barely diluted for the assay. CD
spectroscopy, unfortunately, cannot be carried out at high concentrations. The samples were
diluted to 200 uM concentration for the assay, i.e. a 75-fold dilution for 15 mM samples, and
a 100-fold dilution for the 20 mM samples. Such large dilutions can shift the equilibrium
towards breakdown of self-assembled structures, thereby contributing to the unordered

conformation.
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Figure 5.6. FTIR spectra of (A, F) KYVIQV-am, (B, G) Ac-KVQIVY-am, (C, H) Ac-
KVQIVYK-am, (D, I) Ac-KVQIIN-am, and (E, J) Ac-KVQIINK-am. The red traces represent

water samples, while black traces are for PBS samples.

5.3.6. Transmission Electron Microscopy

The morphology of the self-assembled nanostructures underlying the hydrogels was examined
using TEM. All peptide gel samples revealed the presence of elongated fibrillar structures,
although the fiber thickness and length varied significantly among the peptides. The KYVIQV-
am, Ac-KVQIIN-am, and Ac-KVQIINK-am exhibited long, straight fibrils that closely
resemble the morphology previously reported in the literature for Ac-PHF6 (Fig. 5.7A, 5.7D
and 5.7E) [159]. In contrast, the Ac-KVQIVY-am formed long and rather straight fibrils,
whereas Ac-KVQIVYK-am peptide formed distinctly thinner, more flexible elongated fibrils
(Fig. 5.7C). These data indicate that subtle variations in self-assembled peptides can have
dramatic effects on their mode of assembly. Such effects can also define the emergent

properties of the self-assembled structures.
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Figure 5.7. TEM images of (A) KYVIQV-am, (B) Ac-KVQIVY-am, (C) Ac-KVQIVYK-am,
(D) Ac-KVQIIN-am, and (E) Ac-KVQIINK-am.

5.3.7. Cytocompatibility of hydrogels

The cytocompatibility of hydrogels derived from KYVIQV-am and Ac-KVQIVYK-am was
evaluated using HEK-293 cells. Cells were cultured on 24-hour-old hydrogels for 24 hours,
after which the expression of the housekeeping gene GAPDH was assessed. The cells grown
in the absence of hydrogels served as the positive control. Following incubation, the total RNA
was extracted from both the positive control and hydrogel-treated cells, and reverse
transcription PCR (RT-PCR) was performed. The expression of GAPDH in cells cultured on
hydrogels suggests that the hydrogels are compatible for cell culture (Fig. 5.8A). The
biocompatibility was further assessed using MTT assay, an assay that is routinely employed to
measure cell viability. This colorimetric assay relies on the ability of metabolically active cells
to reduce MTT to formazan, which exhibits absorbance at 570 nm. Non-viable cells, lacking
this metabolic activity, do not contribute to the signal. Cell viability was expressed as a
percentage relative to untreated control cells. The results demonstrated no significant decrease
in cell viability across the tested concentrations, indicating that both KYVIQV-am and Ac-
KVQIVYK-am hydrogels are non-cytotoxic up to 200 uM concentration (Fig. 5.8B, and 5.8C).
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Figure 5.8. Cytocompatibility evaluation of peptide hydrogels. (A) GAPDH expression
analyzed via RT-PCR. Lane L1: molecular weight marker; L2: negative control; L3: positive
control (HEK-293 cells cultured without peptide hydrogel); L4 and L5: HEK-293 cells grown
on 10 mM KYVIQV-am and Ac-KVQIVYK-am hydrogels, respectively. MTT assay results
showing cell viability of HEK-293 cells cultured on (B) KYVIQV-am and (C) Ac-KVQIVYK-
am hydrogels.

5.4. Conclusions

Ac-PHF6 and Ac-PHF6* harbour a lysine residue at C-terminus. I investigated their analogs
by placing the lysine residue at N-terminus. KVQIVY-am, though has a pair of charges at N-
terminus residue, failed to cause hydrogelation. N-terminal acetylation of the peptide, turned it
into a hydrogelator. Interestingly, however, the retropeptide with free amino terminus also
turned out to be a gelator, albeit with lower stiffness than that reported for Ac-PHF6. Out of
curiosity, I also employed a bolaamphilic analog having a lysine residue at both N and C
termini. The bolaamphile of Ac-PHF6 turned out to be a strong gelator with complex modulus
higher than that reported for Ac-PHF6 at identical (20 mM) concentration. The Ac-PHF6*
analogs (Ac-KVQIIN-am and Ac-KVQIINK-am), that also happen to be native sequences in
tau protein, formed 15 mM hydrogels with storage moduli comparable to 20 mM Ac-PHF6
hydrogel. To conclude, the guidelines drawn about hydrogelation from the tripeptide sequence

space do not directly translate to longer sequences.
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Conclusions and Future Directions
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6.1 Conclusions

The diverse applications that the hydrogels promise to offer in healthcare are one of the major
driving forces of the hydrogel research. Among the various classes of materials that form
hydrogels, peptides have gained special attention. Peptides, especially the short ones, are
straightforward to synthesize. They offer high chemical diversity, and they are native to living
organism. A large number of peptide and peptide-based hydrogels have been reported in the
literature. Of particular note are the ones that harbour a bulky non-native aromatic moiety at
their N-terminus. Fluorenyl, followed by naphthyl, happen to be the most widely employed
aromatic moiety in dipeptide and tripeptide hydrogels. Such aromatic moieties drive self-
assembly through aromatic stacking interactions. The self-assembled structures then form 3-
dimensional matrices that may cause gelation. Even though such structures have shown
promising results as far as their applications in healthcare are concerned, the concern about
their safety persist. For instance, degradation of Fmoc-protected peptide can cause release of
highly-reactive dibenzofulvene moiety that can cause cytotoxicity [153]. Besides, the Fmoc-

decorated superstructures underlying the hydrogels could have immunogenicity concerns.

The aim of this doctoral thesis was to identify native peptide sequences that cause
hydrogelation at physiological ionic strength or can be engineered through minimal
modifications to do so. Amyloid forming proteins and peptides are well-studied systems in the
context of diseases. However, they have also been explored as promising materials in past few
decades. They form B-sheet rich fibrils that can also cause gelation. I, therefore, focused on
well-studied short (<10 residues) amyloidogenic peptides. As aromatic residues have been
reported in the literature to facilitate the self-assembly of short peptide sequences, I surveyed
short aromatic amino acid-containing amyloid peptides. It is imperative that a peptide that
resists self-assembly in water, but self-assembles under high salt conditions must have a net
charge. Therefore, the peptides having no net charge were rejected. If the charged residues are
juxtaposed in the self-assembled structures, the assembly would be further inhibited. I,
therefore, focused on peptide(s) that self-assemble through parallel B-sheet formation. Out
criteria led me to PHF6. The uncapped peptide self-assembles through parallel B-sheet
formation [160]. Even though the uncapped peptide PHF6 failed to cause hydrogelation, the
end-capped peptide Ac-PHF6 turned out to be a promising injectable hydrogelator. The peptide
remained as viscous solution in water, but caused hydrogelation of PBS and cell culture media.

The gels were found to be cytocompatible that allowed cell culture. Further investigations
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revealed that substitution of Tyr with electron-withdrawing aromatic and aliphatic amino acids
does improve self-assembly but aromaticity is not essential for self-assembly and

hydrogelation. The Ac-PHF6* was also found to be a gelator.

6.2 Future scopes

The self-assembly and hydrogelation of Ac-PHF6 and Ac-PHF6* suggest that short, native
peptide stretches can turn out to be promising hydrogelators or could be engineered into
hydrogelators through minimal modifications. I showed that the Ac-PHF6 and Ac-PHF6*
hydrogels are cytocompatible and can be used for cell culture. It would be interesting to see if
the hydrogel matrix could support growth of primary cells and organoids. The sequences could
be tagged with bioactive motifs such as RGD to support organoid culture or tissue-specific
applications. At the applications front, there are many applications that could not be taken up,
but could be explored in future. For instance, substitutions of the tyrosine residue in Ac-PHF6
did not adversely affect its hydrogelation. This implies that tyrosine could be used to tag the
drugs with carboxylate groups through an ester linkage, without affecting its hydrogelation
propensity. The release would depend on the esterase activity in a biological system as well as
diffusion through the hydrogel matrix. Such drugs are expected to exhibit sustained release for
longer during. were irrespective of the results. The other aspect that could not be taken up as
part of this thesis is the entrapment/release of large entities such as proteins, nucleic acids, and
nanoparticles or even the cells. As biologics are rapidly shaping up the medicine,
entrapment/release of such entities is of high therapeutic value. Another promising direction
involves leveraging the Tyr residue of Ac-PHF6 for photo-crosslinking via dityrosine
formation, which could modulate both self-assembly and hydrogelation. I assumed that a
peptide stretch that is native to humans would be biocompatible without any immune reactions.
However, this aspect has not been explicitly established. Immunogenicity, inflammatory
responses, serum stability, and in vivo clearance/degradation of the hydrogels have also not

been assessed.

It is important to note that I have explored only a couple of related native peptide sequences
that were selected by manually surveying the short amyloidogenic sequences that I came
across. I have completely overlooked the native protein/protein interactions. The native
proteins could harbour short stretches that drive their interaction, and could be explored for

self-assembly and hydrogelation. I believe that the existing peptide hydrogelation data and the
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interaction databases could be used to train the artificial intelligence models. Such artificial

intelligence tools could mine the yet hidden hydrogelating gems.
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ARTICLE INFO ABSTRACT

Keywords: A vast majority of peptide hydrogelators harbor a bulky, non-native aromatic moiety. Such foreign moieties raise
Native safety concerns as far as biomedical applications of hydrogels are concerned. The hydrogel research, therefore,
Peptide has branched to another dimension - to identify native or native-like short peptide stretches that could cause the
g;‘ll% gelation of biological fluids. Using well-defined criteria to identify native peptide stretches that could form a
Injectable viscous solution in water but cause gelation of phosphate-buffered saline (PBS), we identified the hexapeptide
Hydrogel stretch from human tau, viz. tau®°®3, as a promising injectable hydrogelator. The peptide causes instant

gelation of PBS and the cell culture media. Such hydrogels find applications as drug delivery vehicles, scaffolds
for mammalian cell culture, wound-dressing material, etc.

1. Introduction

Hydrogels constitute a class of soft materials with very high water
content. Hydrogelators, the molecules that cause hydrogelation, belong
to a diverse class of molecules. As hydrogels find many applications in
medicine, biocompatible hydrogelators have drawn considerable
attention. [1,2] Peptides, owing to the diversity of the monomers that
constitute them, their ease of synthesis, and the well-understood prin-
ciples underlying their folding and self-assembly, are excellent candi-
dates for biocompatible hydrogelators. [3] A large number of peptides
have been reported in the literature that self-assemble to form f-sheet-
rich fibrils, eventually causing hydrogelation. A vast majority of these
peptides, however, employ bulky non-native aromatic moieties, such as
fluorene and naphthalene. [4] Aromatic moieties facilitate self-assembly
through stacking interactions and therefore serve as self-assembly
platforms for hydrogels. [5-13] Incorporation of foreign aromatic
moieties, however, raises safety concerns as far as biomedical applica-
tions are concerned. For instance, the degradation of Fmoc-FF hydrogel
causes cell death through necrosis. [14] Therefore, the peptides that lack
foreign moieties have gained considerable attention as biocompatible
hydrogelators. Schneider and coworkers designed peptides with a
B-turn-inducing motif that self-assembled under specific cues, causing
hydrogelation. [15-17]. Stupp and coworkers designed a peptide
amphiphile wherein a palmitoyl chain was attached to the N-terminus of
the peptidic moiety. [18] The peptide self-assembles at acidic pH,
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forming hydrogels that direct the hydroxyapatite mineralization when
treated with calcium chloride and dibasic sodium phosphate. Peptide
amphiphile is an interesting template for designing self-assembling
peptides with different properties and applications. [19-22] Native
peptides are attractive gelators for biomedical applications as concerns
about toxicity and immunogenicity are not there. Amyloid fibrils
constitute an important class of self-assembling peptides. [23-25]
Hauser and coworkers have reported hydrogelation by several short
native N-acetylated amyloidogenic peptides. [26] Banerjee and co-
workers reported hydrogel formed by a tetrapeptide from human amy-
lin, hIAPP94 97. [27] Maji and coworkers have also reported several
amyloid peptide hydrogelators. [28,29] The potential of amyloid pep-
tides as hydrogelators has been reviewed elsewhere. [30]
Hydrogelators with foreign aromatic moieties are usually very small
in size. Unfortunately, peptide hydrogelators lacking foreign aromatic
moieties are generally much larger. [15,19] The large size of the
designed peptides raises concerns about immune response when it
comes to applications such as drug delivery or scaffolds in regenerative
medicine. An interesting approach, therefore, could be identifying short
native peptide stretches that can undergo hydrogelation under physio-
logical conditions or be engineered into hydrogelators through minimal
modifications. We have previously investigated the hydrogelation of
APB16-22 (CH3CO-KLVFFAE-NHj). [31] The peptide does not cause
hydrogelation up to 20 mM concentration. Substitution of Phe20 with
Tyr turns it into a potent hydrogelator, where hydrogelation is observed
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at 2 mM peptide concentration. The peptide stock solutions, however,
were required to be prepared in 1,1,1,3,3,3-hexofluoro-2-propanol
(HFIP). We subsequently showed that the peptide wherein two APy 22
repeats are connected via f-turn supporting motifs is a gelator. [32]
However, the stock solution was still required to be prepared in HFIP.

Our quest continued for native sequence(s) that could be dissolved in
water to a very high concentration without gelation and diluted in PBS
to obtain the gel. We surveyed short self-assembling native peptide se-
quences that could be salt-triggered to self-assemble. The following
three criteria were applied to shortlist the peptides: (i) the peptide has
one or more charged residues, (ii) there is at least one aromatic residue,
and (iii) the peptide self-assembles through parallel p-sheet formation,
preferably the in-register p-sheet. Parallel in-register f-sheet has been
observed for many amyloidogenic proteins/peptides. [33] Such an
arrangement places the identical residues juxtaposed in the strands of
the B-sheet. If a peptide contains charged residues, electrostatic repul-
sion between juxtaposed residues discourages self-assembly. However,
self-assembly can be facilitated through the shielding of charges by salt.
These selection criteria led us to the peptide VQIVYK (tau®06-311),
Mandelkow and coworkers first identified this peptide as the minimal
interaction motif for tau self-assembly. [34,35] The hexapeptide, termed
PHF6, was shown to form fibrils in the presence of heparin. Kirschner
and coworkers investigated the end-capped tau®°®-3!!, where the N-
terminus of the peptide was acetylated while the C-terminus was an
amide (CH3CO-VQIVYK-NH,). The peptide rapidly forms amyloid fibrils
in the presence of 150 mM salt. [36] Eisenberg and coworkers subse-
quently investigated the microcrystals formed by VQIVYK, the peptide
with free termini. They find that the peptide self-assembles through
parallel in-register p-sheets. [37] These two studies convinced us that
VQIVYK could be a promising salt-triggered gelator. Tau?°6-3!! self-
assembly has been extensively investigated using theoretical as well as
various experimental methods. [38-42] Despite a large volume of
literature on the tau®%®-!! self-assembly, there is no report on its
hydrogelation. Here, we report that the peptide forms hydrogel as soon
as it encounters the salt, an attribute that makes it a promising injectable
hydrogelator.

We investigated the uncapped (VQIVYK) and the end-capped
(CH3CO-VQIVYK-NH;) peptides. The uncapped peptide remained a
clear solution in water as well as in PBS (137 mM NacCl, 2.7 mM KCl, 10
mM NayHPOy, and 1.8 mM KHyPOy, pH 7.4). The end-capped peptide
CH3CO-VQIVYK-NH; (Ac-PHF6), on the other hand, formed a clear so-
lution in water but caused instant gelation of PBS as well as the cell
culture media DMEM and RPMI.

2. Materials and methods
2.1. Materials

Rink amide resin, Fmoc-protected amino acids, 1-Hydroxybenzotria-
zole hydrate (HOBt), and N,N,N,N'-tetramethyl-O-(1H-benzotriazol-1-
yDuronium hexafluorophosphate (HBTU) were acquired from Nova-
biochem. Fmoc-Lys(Boc)-Wang resin was purchased from GL Biochem
(Shanghai) Ltd., China. N,N-dimethylformamide, N,N-diisopropyle-
thylamine (DIPEA), trifluoroacetic acid (TFA), acetic anhydride, thio-
flavin T (ThT), calcein, calcein-AM, diethyl ether, triisopropylsilane
(TIPS), and rhodamine B were procured from Merck. Doxorubicin hy-
drochloride was purchased from Tokyo Chemical Industry (India) Pvt.
Ltd. HEK cell line was obtained from the National Centre for Cell Science
(NCCS), Pune, India. Dulbecco’s Modified Eagle Medium (DMEM) and
fetal bovine serum (FBS) for cell culture were procured from HiMedia,
while RPMI 1640 medium and antibiotic-antimycotic cocktail were
procured from Gibco. RNAiso Plus reagent was purchased from Takara
Bio, Shiga, Japan, while MultiScribe™ Reverse Transcriptase was pur-
chased from Applied Biosystems, Waltham, Massachusetts, USA. 3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was
procured from Sisco Research Laboratories Pvt. Ltd. (India).
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2.2. Peptide synthesis and characterization

The peptides were synthesized by employing Fmoc chemistry with
HBTU/HOBt/DIPEA activation. The uncapped peptide (VQIVYK) was
assembled on Fmoc-Lys(Boc)-Wang resin, while Ac-PHF6 was assembled
on Rink amide resin. N-terminal acetylation for Ac-PHF6 was carried out
on-resin using 10-equivalents each of acetic anhydride and DIPEA. The
peptides were cleaved from the resins using a cleavage cocktail con-
taining 95 % TFA, 2.5 % TIPS, and 2.5 % water. The peptides were
precipitated in ice-chilled diethyl ether, followed by multiple rounds of
washing with diethyl ether. The peptides were air-dried and dissolved in
water for analytical reversed-phase HPLC and purification. The identi-
ties of the peptides were ascertained using MALDI-TOF mass spec-
trometry on a Bruker Autoflex Speed MALDI-TOF mass spectrometer.

2.3. Peptide dissolution, hydrogelation, and rheology

Both peptides readily dissolved in water to very high concentrations
(>20 mM). The concentrations were estimated using Tyr molar ab-
sorption coefficient of 1280 M~! cm™! at 280 nm. Both peptides formed
clear, viscous solutions up to about 25 mM concentration. Gelation of
PBS was attempted by diluting the peptide solutions to achieve 5, 10, 15,
and 20 mM concentrations. Hydrogelation was established by gently
inverting the 24-h-old tubes. Rheology measurements of 20 mM gel were
carried on an Anton Paar Rheometer MCR 102 using 25 cm parallel
plates at 0.5 mm gap. The amplitude sweep test was carried out at an
angular frequency of 10 rad/s by varying shear strain from 0.01 % to 10
%. The gel showed a linear regime up to at least 0.2 % strain. Frequency
sweep data was recorded with 0.1 % strain. Unless mentioned otherwise,
all subsequent studies were carried out with 20 mM Ac-PHF6 samples
prepared in water or PBS that were incubated at room temperature for
24 h.

2.4. Intrinsic tyrosine fluorescence spectroscopy

Intrinsic tyrosine fluorescence spectra were recorded for the 20 mM
Ac-PHF6 samples prepared in water and PBS on a Jasco FP-8500 spec-
trofluorometer. As 20 mM is a very high concentration, the spectra were
recorded by diluting the samples in respective dispersants (water or
PBS) to 100 pM concentration. Fluorescence emission spectra were
recorded from 290 to 400 nm with 5 nm slit width by exciting the
samples at 280 nm (2.5 nm slit width).

2.5. Tyrosine fluorescence quenching

Tyrosine fluorescence quenching assay was carried out for the water
and PBS samples at 100 and 200 pM concentrations. As ionic strength
plays a critical role in the self-assembly of Ac-PHF6, acrylamide was
used as the collisional quencher. The samples were excited at 280 nm,
and fluorescence emission spectra were recorded. An increasing amount
of acrylamide was added, and fluorescence emission spectra were
recorded. The fluorescence intensities were taken at the emission Ayax
corresponding to the unquenched samples, and data are presented as
Stern-Volmer plots.

2.6. Thioflavin T (ThT) fluorescence spectroscopy

The ThT fluorescence emission spectrum for the Ac-PHF6 gel sample
was recorded in PBS. As ThT fluorescence quantum yield strongly de-
pends on pH, the fluorescence emission spectrum for the water sample
was not recorded in water but in 10 mM phosphate buffer, pH 7.4, to
enable direct comparison with the gel sample. The assay was carried out
at 100 pM peptide concentration and 10 pM ThT concentration. The
samples were excited at 450 nm (slit width = 2.5 nm), and emission
spectra were recorded from 465 to 555 nm with 5 nm slit width.
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2.7. Circular dichroism (CD) spectroscopy

Far-UV electronic CD spectra were recorded on a Jasco J-1500
spectropolarimeter. The 24-h-old 20 mM peptide samples were diluted
to the desired concentrations in respective dispersants, and spectra were
recorded in a 1 mm path-length quartz cell. The spectra were recorded
from 250 to 195 nm at 1 nm bandwidth with a 100 nm/min scanning
speed. Each spectrum is the average of 8 accumulations. The spectra
were corrected by subtracting the respective dispersant’s spectrum.

2.8. Fourier transform infrared (FTIR) spectroscopy

FTIR spectra were recorded on a Shimadzu IRAffinity-1S Fourier
transform infrared spectrometer equipped with a diamond ATR crystal.
The samples were diluted 2-fold, and ~ 5 pl volume of the diluted
sample was deposited on the diamond crystal and allowed to dry. Each
spectrum is the average of 40 scans recorded at 4 cm™! resolution.

2.9. Transmission electron microscopy

The samples were diluted 2-fold in water and deposited on the
carbon-coated copper grids. After 10 min, the excess solvent was
removed using lint-free tissue paper, and grids were stained with uranyl
acetate for 10 min. The grids were air-dried, and the images were
captured at 200 kV using a JEM-2100F transmission electron micro-
scope (JEOL, Japan).

2.10. Hydrogel stability

The stability/degradation of Ac-PHF6 hydrogel was investigated by
monitoring the release of peptide molecules from hydrogel to the bulk
solution. The 20 mM Ac-PHF6 hydrogel (100 pl) was prepared in PBS.
The gel was washed once with 100 pl PBS, and 1.4 ml PBS was carefully
added on top of the hydrogel. The concentration of Ac-PHF6, released
into PBS from the hydrogel, was estimated using Tyr molar absorption
coefficient of 1280 M~! cm™! at 280 nm. The hydrogel was subsequently
sheared by vigorous vortexing and diluted 10-fold in PBS to measure the
absorbance. The concentration of the sheared hydrogel was considered
to be 100 % degradation.

2.11. Calcein release assay

Calcein at 500 pM concentration was trapped inside the gel. Briefly,
5 pl of 5 mM calcein stock solution prepared in 10x PBS was added to
the cuvette. 45 pl of 22 mM peptide stock solution in water was subse-
quently added. The cuvette was left undisturbed for 24 h, resulting in a
colored gel. The release of calcein was studied by gently adding 700 pl of
PBS on top of the dye-containing gel and monitoring fluorescence
emission intensity at 520 nm after exciting at 490 nm. The excitation
and emission slit widths were 2.5 and 5 nm, respectively.

2.12. Doxorubicin release assay

Doxorubicin (23 pM) was trapped inside the Ac-PHF6 gel. Briefly, 5
pl of 0.23 mM doxorubicin stock solution prepared in 10x PBS was
added to a quartz fluorescence cuvette. Subsequently, 45 pl of 22 mM
peptide stock solution in water was added, and the cuvette was left
undisturbed for 24 h at room temperature. After 24 h, 700 pl of PBS was
gently added on top of the doxorubicin-loaded gel. Doxorubicin release
was monitored by recording fluorescence emission intensity at 560 nm
over time by exciting at 490 nm. The excitation and emission slit widths
were 2.5 and 5 nm, respectively.

2.13. Drug loading efficiency

The drug loading efficiency of Ac-PHF6 hydrogel was assessed using
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doxorubicin as the representative drug. A 20 mM Ac-PHF6 hydrogel was
prepared (100 pl volume). A 10 mM doxorubicin stock solution was
prepared in PBS, 100 pl volume was carefully added on top of the gel,
and incubated for 18 h. After 18 h incubation, the doxorubicin solution
was removed, and the hydrogel was quickly washed once with 100 pl
PBS. PBS (1.4 ml) was then added to the hydrogel, and the gel was
sheared by vortexing. The sheared sample was 10-fold diluted, and
absorbance was recorded at 495 nm. The concentration of doxorubicin
was estimated using a molar absorption coefficient of 9250 M~ cm ™! at
495 nm. [43]

2.14. Injectability

A 20 mM Ac-PHF6 stock solution was prepared in water that con-
tained 0.4 mM rhodamine B. The peptide was carefully injected into a
glass cuvette containing 3 ml PBS. While injecting the peptide, the
pipette tip was gently withdrawn from the cuvette. Instant gelation
resulted in a colored thread of peptide hydrogel dispersed in PBS. The
video of the procedure can be found in the supplementary data (Movie
M1). Images of the glass cuvette containing the hydrogel thread were
captured at different times to see the rhodamine B release from the gel
thread.

2.15. Cell culture assay

Human embryonic kidney (HEK-293) cells were cultured in a T25
flask using Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented
with 10 % fetal bovine serum (FBS) and 1 % antibiotic-antimycotic
cocktail. The cells were incubated at 37 °C with 5 % CO for growth
and maintenance. The cells were harvested using trypsin. The 10 and 15
mM PBS gels (70 pl volume) were set up in a 96-well plate. After 24 h,
200 pl complete DMEM was added to the wells having gels, and the gels
were incubated at 37 °C with 5 % CO, for 24 h. The medium was
removed, and the gels were equilibrated with fresh complete medium
for 10 min. Finally, the medium was removed, and the gels were seeded
with HEK-293 cells (10* cells/well) and kept at 37 °C with 5 % CO;, for
48 h. The wells were subsequently washed with PBS. A 5 pM calcein-AM
solution was prepared in incomplete DMEM, and 200 pl volume was
added to the wells for staining the cells. After 30 min of incubation, the
cells were washed with PBS thrice, and images were recorded using a
Nikon Eclipse Ts2R fluorescence microscope.

2.16. RNA isolation and polymerase chain reaction

The total RNA was isolated from HEK-293 cells using RNAiso Plus
reagent (Takara Bio, Shiga, Japan). The cDNA was synthesized using
MultiScribe™ Reverse Transcriptase (Applied Biosystems, Waltham,
Massachusetts, USA). PCR (40 cycles) was carried out using primers
designed for GAPDH amplification as described elsewhere. [31]

2.17. Cell viability assay

The biocompatibility of Ac-PHF6 was assessed through MTT assay.
[21] Briefly, 10,000 HEK-293 cells in complete DMEM were seeded in a
96-well plate and incubated at 37 °C with 5 % CO; for 24 h. The cells
were then treated with Ac-PHF6 (50, 100, 150, 200 pM), and further
incubated for 24 h. Subsequently, the growth medium was discarded,
and 100 pl of MTT (1 mg/ml in plain DMEM) was added to each well and
incubated for 3 h. The MTT solution was then removed, and 100 pl
dimethylsulfoxide was added to each well. The absorbance was recorded
at 570 nm in a multiwell plate reader (Multiskan GO, Thermo Scientific).

2.18. Molecular dynamics simulation

The extended conformation (¢ = y = 180°) of VQIVYK was created
using UCSF Chimera. N-terminal acetylation and C-terminal amidation
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were carried out using BIOVIA Discovery Studio. The self-assembly was
investigated by including 216 randomly oriented peptide molecules in a
cubic box having 8157.38 nm?® volume. NaCl (150 mM) was subse-
quently added to the box. This setup corresponds to a peptide concen-
tration of about 44 mM, a concentration much higher than the
concentration at which gelation was experimentally observed. The C-
terminal lysine residue contributes a positive charge to the peptide
chain. Therefore, a chloride ion per peptide molecule was added to
achieve an electrically-neutral system. Molecular dynamics simulation
was performed with the GROMACS software package utilizing the
CHARMM27 force field and a TIP3P water model. [44,45] The modeled
system was subjected to energy minimization using the steepest descent
algorithm and was equilibrated through NVT and NPT ensembles (500
ns each) before a 200 ns production MD run. The simulation employed
the leap-frog integration method along with the Verlet cutoff scheme.
Long-range electrostatic interactions were handled using the Particle
Mesh Ewald (PME) method, while bond lengths were constrained with
the LINCS algorithm. Periodic boundary conditions were applied
throughout the simulation. The results were analyzed using VMD, UCSF-
Chimera, and Gromacs built-in tools.

3. Results

The synthesized peptides were characterized using analytical HPLC
and MALDI-TOF mass spectrometry. The peptides were found to be > 95
% pure, as ascertained by the areas under the peaks in the chromato-
grams (Figure S1). The MALDI-TOF mass spectra confirmed the identity
of the peptides (Figure S2).

3.1. Hydrogelation and rheology

Both peptides (VQIVYK and CH3CO-VQIVYK-NH) readily dissolved
in deionized water to >20 mM concentration, giving clear, viscous so-
lutions that could be easily pipetted out. The peptides were diluted to
achieve 5, 10, 15, and 20 mM concentrations in PBS. Instant gelation
was observed for Ac-PHF6 at 20 mM concentration. All the samples were
kept undisturbed for 24 h and assessed visually for gelation by gently
inverting the vials. Ac-PHF6 formed soft and fragile gels at 10 and 15
mM concentrations but a much stronger gel at 20 mM (~1.6 wt%)
concentration. The 10 and 20 mM gels in inverted tubes are shown in
Fig. 1. The peptide caused instant gelation of cell culture media DMEM
and RPMI 1640 as well at 20 mM concentration. The inverted tube
showing DMEM gel is shown in Fig. 1D. The stock solution prepared in
water remained viscous for at least a week and could also be stored at
4 °C without gelation. These attributes make Ac-PHF6 a promising
injectable hydrogelator. The uncapped peptide VQIVYK, on the other
hand, failed to cause gelation. Both water and PBS samples of VQIVYK
remained as solutions up to at least 20 mM peptide concentration.
VQIVYK, therefore, was not further investigated. Unless mentioned
otherwise, all investigations were carried out for 20 mM Ac-PHF6
samples that were incubated for 24 h at room temperature. The 20
mM Ac-PHF6 hydrogel was subjected to rheological characterization. An
oscillatory strain sweep was carried out to identify the linear viscoelastic
region, i.e., the oscillatory strain through which the complex stress
varies linearly. [46] The gel displays a linear relationship for at least up
to 0.2 % strain. Frequency sweep, therefore, was carried out at a strain of
0.1 % (Fig. 1E). The gel exhibits a storage modulus of around 20 kPa in
the entire frequency range (624-0.01 rad/s).

3.2. Secondary structure characterization

The CD spectra were recorded by diluting the 20 mM samples to 100
pM concentration (Fig. 2A). The CD spectrum of the water sample sug-
gests a largely unstructured peptide. On the other hand, the PBS sample
displays a negative band around 225 nm and a positive band around
200 nm, suggesting a distinct fB-sheet conformation. Interestingly,
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Fig. 1. Hydrogelation caused by Ac-PHF6. (A) Chemical structure of Ac-PHF6,
(B) PBS gel formed by 10 mM peptide, (C) PBS gel formed by 20 mM peptide,
(D) DMEM gel formed by 20 mM peptide, and (E) frequency sweep rheological
characterization of 20 mM PBS gel.

however, attenuated total reflectance-Fourier transform infrared (ATR-
FTIR) spectra of the dried peptide exhibit amide I band ~1626 cm ™! for
both the samples, indicating p-sheet structure (Fig. 2B). [47] At first, the
infrared spectroscopy data may appear to contradict the CD data.
However, it is important to note that ATR-FTIR spectra were recorded in
the dried form, while CD spectra were recorded in solution. Drying is
associated with a gradual increase in peptide concentration that can
facilitate self-assembly in water as well, eventually showing the amide I
band around 1626 cm ™. To validate this interpretation, we recorded the
CD spectra for 20 mM water sample by diluting it to 400 and 200 pM
concentrations (Figure S3). The spectrum recorded at 400 pM concen-
tration shows distinct bands around 219 and 206 nm, suggesting a
mixture of f-sheet and random coil conformations. At 200 pM concen-
tration, these bands are blue-shifted. Besides, the intensity of the 214 nm
band is much smaller than the 198 nm band, suggesting a larger
contribution from random coil conformation. These data indicate that
the peptide takes up a f-sheet conformation at high concentrations, and
dilution shifts the equilibrium towards unordered conformation.

3.3. Molecular dynamics simulation

MD simulation of 216 Ac-PHF6 molecules in 150 mM NaCl was
carried out for 200 ns. The peptide molecules in extended conformation
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Fig. 2. Characterization of self-assembled structures underlying the hydrogel. (A) CD spectra, (B) FTIR spectra, (C) Snapshot after 200 ns molecular dynamics
simulation, showing clustering of peptide molecules. (D) RMSD plotted against time, showing that the system has not reached equilibrium.

were randomly oriented in the box. The 200 ns snapshot is shown in
Fig. 2C, where peptide molecules can be seen forming clusters, some of
them elongated. The simulation time (200 ns), however, was insufficient
to attain the equilibrium, as suggested by the increasing root mean
squared deviation throughout the 200 ns simulation (Fig. 2D).

3.4. ThT fluorescence

ThT fluorescence spectra were recorded to investigate the nature of
self-assembled structures. ThT is a benzothiazole dye that displays
enhanced fluorescence emission intensity when bound to cross-p sheet-
rich fibrillar structures, the structure that forms the core of amyloid fi-
brils. [48] As ThT fluorescence emission quantum yield is sensitive to
pH, the spectrum for the water sample was recorded in low ionic
strength buffer (10 mM phosphate buffer, pH 7.4) instead of water. The
PBS sample causes a large enhancement in ThT fluorescence intensity,
whereas no significant enhancement is observed for the water sample
(Fig. 3A).

3.5. Intrinsic tyrosine fluorescence

As very high concentration brings in the inner-filter effect, intrinsic
tyrosine fluorescence spectra for 20 mM samples were recorded by
diluting them to 100 pM concentration in the respective dispersant.
Excitation at 280 nm resulted in emission spectra with Ap.x around 303
nm for both samples (Fig. 3B). The PBS sample, however, displays a
much lower quantum yield than the water sample. The lower quantum
yield could be multifactorial. These factors include absorption flattening
due to self-assembly-induced local increase in chromophore (Tyr) con-
centration, the self-quenching of the stacked tyrosine side chains, and
quenching by 150 mM chloride ions present in PBS.

Tyrosine fluorescence quenching data are presented as Stern-Volmer
plots (Fig. 3C-F). The data for both water and PBS samples could be fit
linearly. The Stern-Volmer constants (Ksy) observed for water samples at
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100 and 200 pM peptide concentrations were 15.6 + 3.1 M~ ! (Fig. 3C)
and 15.11 + 2.77 M~! (Fig. 3D), respectively. The Kgy values obtained
for PBS samples, on the other hand, were lower. The 100 and 200 uM
PBS samples displayed Kgy values of 11.4 + 2.96 M~ (Fig. 3E) and 10.6
+ 244 M! (Fig. 3F), respectively. The lower Kgy values observed for
PBS samples suggest that the peptide self-assembly in PBS shields the
tyrosine residues from the aqueous quencher.

3.6. Transmission electron microscopy

TEM images reveal long fibrillar structures for both PBS (Fig. 4A) and
water (Fig. 4B) samples. The morphology of the fibers, however, looks
very different. While the PBS sample shows fibrils that are very typical of
amyloid fibrils, those observed for the water sample are more like tapes.
As the Ac-PHF6 water sample displayed largely unordered conformation
in solution (Fig. 2A) and no appreciable enhancement in ThT fluores-
cence intensity when diluted to 100 pM concentration (Fig. 3A), we
conclude that the tape-like structures observed in TEM are formed at
high concentrations or during the drying process.

3.7. Hydrogel stability

The stability of Ac-PHF6 hydrogel was assessed by monitoring the
release of peptide from the hydrogel into the bulk solution. The 100 pl
hydrogel was submerged in 1.4 ml PBS, and the peptide release was
estimated by measuring peptide concentration in PBS as a function of
time. Less than 5 % peptide accumulated in PBS after 2 weeks of incu-
bation, suggesting good hydrogel stability (Fig. 4C).

3.8. Drug/dye release and cell culture
Small molecule entrapment, followed by subsequent release, was

examined using fluorescent dye calcein and anticancer drug doxoru-
bicin. The gels were prepared in the fluorescence cuvette, and these
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Fig. 4. Transmission electron microscopy and hydrogel degradation. TEM images for Ac-PHF6 samples in PBS (A) and water (B). Scale bars represent 200 nm. The

hydrogel degradation (peptide release from hydrogel) over time (C).

molecules were entrapped during the gelation process. PBS was care-
fully added on top of the gel, and fluorescence emission intensity was
measured as a function of time (Fig. 5A and B). Steady release of the
molecules is observed for about 12 h, beyond which no further
enhancement in fluorescence emission intensity was observed. The
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effect of drug entrapment on the morphology of fibrils underlying
hydrogels was investigated. The 24-h-old hydrogel containing 23 pM
doxorubicin was investigated by TEM (Fig. 5C). No noticeable change in
fibril morphology is observed, suggesting that drug entrapment does not
adversely affect the Ac-PHF6 fibrils. The doxorubicin loading capacity
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was determined by layering an equal volume of concentrated (10 mM)
doxorubicin solution on top of 20 mM hydrogel and estimating the
doxorubicin uptake after 18 h. The doxorubicin concentration in the
hydrogel was estimated to be 292.8 + 19.4 pM. This corresponds to
169.8 + 11.2 pg doxorubicin/ml hydrogel.

HEK-293 cells were used for cell culture assays. Ac-PHF6 gel pre-
pared in PBS was equilibrated with DMEM and seeded with about
10,000 cells, which were allowed to grow for 48 h. The cells were
stained with calcein acetoxymethyl ester (Calcein-AM). Calcein AM is a
hydrophobic, non-fluorescent compound that readily crosses the cell
membrane. Following cellular uptake, it is hydrolyzed by cellular es-
terases to give fluorescent calcein. Therefore, calcein fluorescence is
directly related to the activity of cellular esterases, which in turn is
linked to cell viability. HEK-293 cells were found to grow inside the gel
(Fig. 5D). Besides, the expression of the housekeeping gene GAPDH was
analyzed. The cells grown without Ac-PHF6 (positive control), in 10 mM
hydrogel, and in 15 mM hydrogel were harvested. The RNA was isolated
and amplified into DNA through reverse-transcriptase PCR. The cells
grown in the gel were found to express GAPDH (Fig. 5E).

The biocompatibility of Ac-PHF6 was further assessed through cell
viability assay. The metabolically active cells reduce MTT into formazan
that absorbs 570 nm light. Dead cells, on the other hand, cannot reduce
the MTT, failing to contribute to the signal. The percentage cell viability
was calculated with respect to the peptide-untreated cells (Fig. 5F). No
significant decrease in cell viability was observed at the peptide con-
centrations tested, suggesting that the peptide is non-toxic up to at least
200 pM concentration.

3.9. Injectability

All the assays discussed above were carried out with gel samples that
were 24 h old. An injectable hydrogelator should cause instant gelation
of a biological fluid. To assess injectability, a 20 mM peptide stock so-
lution was prepared in water that contained 0.4 mM rhodamine B. The
colored solution thus obtained was slowly injected into the PBS while
slowly withdrawing the pipette tip. The peptide displayed gelation as

TH-3931_206106020

soon as it came in contact with the PBS. Withdrawal of the pipette tip
from the PBS resulted in a long gel thread (Movie M1). The photographs
of the gel thread-containing glass cuvette, taken at different time points,
reveal the gradual release of rhodamine B from the gel thread. The
release of dye was more or less complete in 2 h (Figure S4). It is likely
that the surface of the string observed in the movie M1 gels quickly, and
the internal region gels somewhat slower. When it comes to injectability,
the concentration of phosphate plays an important role in pain sensation
at the injection site. [49] The recommended phosphate concentration is
<10 mM. The PBS that we used in this study contained 11.8 mM
phosphate, a little higher than the recommended concentration.
Therefore, we investigated whether phosphate is essential for Ac-PHF6
self-assembly and hydrogelation. We found that 150 mM NaCl was
sufficient to cause gelation (data not shown), confirming that the gela-
tion is a salt-induced effect and phosphate is dispensable.

4. Conclusion

Amyloidogenic peptides and the short peptide stretches derived from
them have a negative connotation attached to them. It is often argued
that the peptides derived from amyloidogenic proteins/peptides could
possess cytotoxicity. Research in the past few decades has established
that the cytotoxicity of amyloids is primarily associated with prefibrillar
oligomers, with mature fibrils being the inert species. [50-55] The ki-
netics of self-assembly, therefore, is associated with cytotoxicity. Slow
aggregation kinetics implies a longer life span of prefibrillar species that
could lead to cytotoxicity. [56] Therefore, the peptides that display
rapid self-assembly, preferably without any lag phase, display little or no
cytotoxicity. This theory is further supported by many functional amy-
loids discovered in very diverse organisms, including humans, that show
rapid aggregation kinetics. [57,58] Amyloid fibrils are no longer
considered a pathogenic fold. Pituitary peptide hormones are stored in
the form of amyloid fibrils. [59] Maji and coworkers have designed
peptide hydrogelators based on the amyloidogenic stretches from
B-amyloid and a-synuclein. The hydrogels thus obtained could be used
for stem cell differentiation. [28,29]. Besides, a vast majority of peptide
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hydrogelators reported in the literature self-assemble through p-sheet
formation. [60,61] The underlying architecture of these self-assembled
structures is a cross-f-sheet, the so-called amyloid fold. [62] There-
fore, the concerns about the cytotoxicity of amyloid-derived peptide
hydrogelators may be unnecessary, especially when the peptides display
rapid self-assembly kinetics. Ac-PHF6 displays rapid self-assembly,
wherein mere contact with PBS causes gelation. The simple selection
criteria that led us to identify Ac-PHF6 as a potential hydrogelator could
be used to identify more such peptides. To conclude, Ac-PHF6 is a
promising injectable hydrogelator that forms a viscous solution in water
but causes instant gelation of phosphate-buffered saline and cell culture
media.

4.1. Future directions

We establish Ac-PHF6, a native peptide stretch from human tau, as a
promising injectable hydrogelator. Injectable hydrogels are particulary
suitable as drug delivery vehicles. Using doxorubicin and calcein, we
have shown that the gel can entrap small molecules that are slowly
released from the gel into the bulk solution. As calcein and doxorubicin
are almost completely released from the gel within 12 h, it would be
interesting to investigate if chemical cross-linking of the gel improves
drug retention for a longer duration. Ac-PHF6 hydrogel stability assay
shows that at least 95 % of peptide remains inside the hydrogel for up to
two weeks. This is a valuable attribute of a wound-dressing material that
can keep the wound moist, supporting regular cellular activity and
promoting healing. However, a hydrogel should eventually degrade
when it comes to non-topical biomedical applications. Therefore, the
hydrogel degradability for such applications should be assessed in serum
as well. As our focus was to identify a native, biocompatible hydro-
gelator, we did not attempt to engineer the peptide for better hydro-
gelators. Ac-PHF6 contains tyrosine as the sole aromatic residue.
Considering the far greater prevalence of Phe over Tyr in short peptide
hydrogelators, it would be worth investigating if substituting Tyr to Phe
improves the hydrogelation propensity and other gel attributes. Tuttle
and coworkers investigated the tripeptide sequence space with free
termini and proposed certain guidelines that promote tripeptide gela-
tion. [63] They proposed that a positively charged residue is preferred at
N-terminus, while aromatic residues are more favourable at positions 2
and 3 in the tripeptide. Position 3 of a tripeptide is the C-terminal res-
idue. It is interesting to note that transferring the C-terminal lysine to the
N-terminus would render the tyrosine residue to be at the C-terminus.
Even though Tuttle’s guidelines may not be applicable to longer peptide
sequences, it would be interesting to investigate if transferring the C-
terminal lysine to N-terminus improves the hydrogel.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.bpc.2025.107438.
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Substitution of tyrosine with electron-deficient
aromatic amino acids improves Ac-PHF6
self-assembly and hydrogelationt

Shubhangini Singh Verma £ and Nitin Chaudhary (2 *

The hexapeptide PHF6 (VQIVYK), an amyloidogenic peptide stretch from human tau, self-assembles via
parallel in-register B-sheet formation, wherein Tyr residues are involved in aromatic stacking interactions.
Ac-PHF6 (CHsCO-VQIVYK-NH,) forms a viscous solution in water but causes instant gelation of PBS and
cell culture media. Aromatic substitutions have been reported in the literature to modulate the self-
assembly of peptides. In this study, we perturbed the electronic properties of the sole aromatic residue
in Ac-PHF6 and studied hydrogelation. The Tyr residue was substituted with Phe, and the phenyl moiety
was then substituted with various electron-withdrawing groups at the para position. All peptides caused
PBS gelation with comparable rheological properties. The structures underlying the hydrogels were B-
sheet fibrils. The electron-deficient aromatic moieties improved self-assembly and hydrogelation. Ac-
PHF6 and no other aromatic analog except the one having p-(trifluoromethyl)phenylalanine caused the
gelation of deionized water. Water gelation caused by the p-(trifluoromethyl)phenylalanine-containing

rsc.li/rsc-advances

Introduction

Hydrogels have emerged as promising soft materials in recent
years. Their applications span very diverse areas."® Peptides
constitute an important class of self-assembling polymers.”**
Hydrogels formed by self-assembling peptides have emerged as
promising biomaterials."*** Hydrogels formed by native
peptides offer significant advantages as they circumvent
concerns related to toxicity and immunogenicity. Most peptide
hydrogelators reported in the literature self-assemble to form -
sheet-rich fibrils. Such fibrils are long known to be associated
with amyloid diseases. Amyloid fibrils, therefore, were consid-
ered pathogenic structures. As many functional amyloids have
been identified in the past few decades, amyloid fibrils are no
longer considered pathogenic fibrils.**** Amyloidogenic
peptides, therefore, have gathered significant attention as
biocompatible materials.

Amyloid peptides self-assemble via cross-B-sheet architec-
ture to form fibrillar structures. Under appropriate conditions,
such fibrillar structures can form robust three-dimensional
hydrogels.***® Hauser and coworkers demonstrated hydrogel
formation by short, N-acetylated amyloidogenic peptides.’”
Banerjee and coworkers reported thermoreversible, pH-
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analog is likely hydrophobicity-driven.

sensitive hydrogel formed by a human amylin tetrapeptide,
hIAPP,, ,,."” Maji and coworkers have reported several amyloid
hydrogelators with promising biomedical applications.***® Not
all amyloid peptides cause hydrogelation. Mere self-assembly
into fibrillar structures, therefore, does not necessitate hydro-
gelation. Subtle modifications, however, can dramatically affect
the hydrogelation propensity.*

Compared to a much better understanding of peptide self-
assembly in the past two decades, the understanding of
peptide hydrogelation remains primitive. Hydrogelating
peptides are often discovered serendipitously or through
empirical screening rather than rational design. A deeper
understanding of the molecular interactions governing self-
assembly, such as hydrogen bonding, dipole-dipole forces,
hydrophobic effects, and m-m stacking, should enable the
prediction of hydrogelating peptides as well as their emergent
properties.'>***> Aromatic amino acids are crucial in peptide self-
assembly, facilitating  assembly  through  m-stacking
interactions.***” The occurrence of phenylalanine and tyrosine is
far more than that of tryptophan in self-assembling peptides.*®
Reches and Gazit reported nanotubes formed by the peptide
diphenylalanine.*” They subsequently investigated the aromatic
homodipeptides wherein halogen groups were attached to the
phenyl ring.** Halogen modification had deterministic effects on
the assembly of dipeptides and the emergent superstructures.
Fmoc-Phe-OH, Fmoc-Tyr-OH, and Fmoc-Phe-Phe-OH have been
reported in the literature to form hydrogels.**>* The self-
assembly has been attributed to 7-7 interactions between the
aromatic side chains and the Fmoc moiety.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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ABi6-22, a well-studied amyloidogenic peptide from f-
amyloid, harbors a pair of Phe residues that facilitate self-
assembly.” The end-capped AB;¢,, (CH3;CO-KLVFFAE-NH,)
self-assembles to form antiparallel B-sheets. We have previously
investigated the hydrogelation propensity of end-capped AB;es-
22. The peptide fails to form hydrogel up to at least 20 mM
concentration.” However, the peptide wherein Phe20 is
substituted with Tyr forms hydrogel at as low as 2 mM
concentration. A subtle perturbation of the aromatic ring's
electronic properties, therefore, can dramatically affect self-
assembly and hydrogelation. Nilsson and coworkers investi-
gated the self-assembly and hydrogelation of phenyl-ring
substituted Fmoc-Phe-OH. Such modifications alter the mole-
cule's hydrophobicity and electronic properties, thereby influ-
encing - interactions and self-assembly.>*~*® Fmoc-Tyr-OH is
a better gelator than Fmoc-Phe. The hydroxyl group is an
inductively electron-withdrawing group but an electron-
donating group through resonance. The resonance effect
usually outweighs the inductive effect of the hydroxyl group.
Considering this, the phenolic ring in Fmoc-Tyr-OH is expected
to be more electron-rich compared to the phenyl group. In
contrast, the inductive effect is stronger than the resonance
effect for halogens. Interestingly, Fmoc-Fs-Phe (Fmoc-protected
pentafluorophenylalanine), an amino acid with depleted elec-
tron density in the pentafluorophenyl ring, forms better
hydrogel than Fmoc-Tyr.>® These results indicate that substitu-
tions in the aromatic side chain can dramatically affect self-
assembly and hydrogelation. It is important to note that the
ring substitutions also contribute to the size of the aromatic
side chain and its hydrophobicity. To understand if the
aromatic residues confer aggregation propensity through their
hydrophobicity and B-sheet propensity, the ring electronic
effects, or ring geometry, Desamero and coworkers carried out
a detailed investigation on hIAPP,, ,, (NFGAILSS).”” They made
many analogs by substituting the Phe23 ring with several
electron-withdrawing and electron-donating groups. They
found that the peptide analogs with electron-donating groups
on the phenyl ring displayed poor aggregation, while those with
electron-withdrawing groups displayed better self-assembly.
Their results establish that aromatic electronic effects influ-
ence peptide self-assembly, with electron-withdrawing substit-
uents promoting it.

We have recently reported tau*°®*'* (CH,CO-VQIVYK-NH,),
an amyloidogenic stretch from human tau, as a promising
biocompatible hydrogelator.*® Tau is a microtubule-associated
protein that gets aggregated in several neurodegenerative
diseases, collectively called tauopathies.*>* Mandelkow identi-
fied a couple of hexapeptide stretches (tau®**'* and tau®”>>%°)
that act as interaction motifs, facilitating tau self-assembly.*"*
Tau’*®3'"  gself-assembly has been investigated in great
detail.®**® CH3;CO-VQIVYK-NH,, known as Ac-PHF6 in the
literature, forms a viscous solution in water but causes instant
gelation of phosphate-buffered saline and the cell culture media
DMEM and RPMI.*® The peptide harbors a tyrosine residue. As
uncapped VQIVYK is reported in the literature to self-assemble
through parallel B-sheet formation where tyrosine residues are
involved in aromatic stacking interactions,* we investigated the
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Table 1 The sequences of peptides employed in this study

Peptide sequence Remarks

Ac-VQIVYK-am
Ac-VQIVFK-am
Ac-VQIVF(fl)K-am
Ac-VQIVF(CN)K-am
Ac-VQIVF(NO,)K-am
Ac-VQIVF(CF;3)K-am

Ac-PHF6 (tau®**—'")

Tyr — Phe analog

Tyr — p-fluorophenylalanine analog

Tyr — p-cyanophenylalanine analog

Tyr — p-nitrophenylalanine analog

Tyr — p-(trifluoromethyl)phenylalanine analog

peptide analogs wherein Tyr was substituted with Phe or ring-
substituted Phe (Table 1).

Materials and methods
Materials

Rink amide resin, Fmoc-protected natural amino acids, 1-
hydroxybenzotriazole hydrate (HOBt), and N,N,N',N'-tetra-
methyl-O-(1H-benzotriazol-1-ylJuronium hexafluorophosphate
(HBTU) were acquired from Novabiochem. Fmoc-protected
non-natural amino acids were purchased from GL Biochem
(Shanghai) Ltd. N,N-Dimethylformamide, N,N-diisopropyle-
thylamine (DIPEA), trifluoroacetic acid (TFA), acetic anhydride,
thioflavin T (ThT), diethyl ether, triisopropylsilane (TIPS), and
acetonitrile were procured from Merck.

Electrostatic charge density mapping

The structure of toluene was downloaded from PubChem, and
aromatic moieties were prepared by substituting the para
hydrogen atom of toluene using Avogadro 1.2 software.” Elec-
trostatic charge density maps of toluene and its substituents
were generated by creating the surface in Avogadro. The
extended peptide structures (pdb files) were prepared using
UCSF Chimera. The electrostatic charge density maps of the
peptides in extended conformation were generated using the
APBS (Adaptive Poisson-Boltzmann Solver) program in PyMOL.

Peptide synthesis and characterization

The peptides (listed in Table 1) were assembled on Rink amide
resin by employing Fmoc chemistry with HBTU/HOBt/DIPEA
activation. N-terminal acetylation was carried out on-resin
using 10 equivalents each of acetic anhydride and DIPEA. The
peptides were cleaved from the resin using a cleavage cocktail
containing 95% TFA, 2.5% TIPS, and 2.5% water. The peptides
were precipitated in ice-chilled diethyl ether. Following
multiple rounds of washing with diethyl ether, the peptides
were air-dried. The peptides were purified using reversed-phase
HPLC on a C18 column, employing a linear gradient of aceto-
nitrile with 0.1% TFA. Peptide identities were ascertained using
MALDI-TOF mass spectrometry.

Peptide dissolution, hydrogelation and rheology

Peptide stock solutions were prepared in water by weighing the
peptides, adding water, and vortexing for a few minutes. All

RSC Adv, 2025, 15, 22216-22227 | 22217
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peptides, except Ac-VQIVF(CF;)K-am, dissolved in water to very
high concentrations (>20 mM). Ac-VQIVF(CF;)K-am was heated
for about an hour at 70 °C to achieve a dissolution >20 mM. All
the peptides remained as viscous solutions in water up to about
25 mM concentration, except Ac-VQIVF(CF;)K-am, which gels
upon cooling to room temperature. Gelation of PBS was
attempted by diluting the peptide solutions to achieve 20 mM
peptide concentration. As Ac-VQIVF(CF;)K-am gels upon cool-
ing down to room temperature, it was diluted in PBS instantly
after being taken out from 70 °C. All the peptides caused instant
gelation of PBS. Rheology of Ac-PHF6 gel is reported in the
literature for a 24-hour-old gel.”® The 20 mM gel has a storage
modulus around 20 kPa from 624 rad s~ down to 0.01 rad s *
frequency. Therefore, we carried out the oscillatory rheology on
the 20 mM peptide gels that were aged for 24-hours. Rheology
measurements were carried out on an Anton Paar Rheometer
MCR 102 using 25 cm parallel plates at a 0.5 mm gap. The
amplitude sweep tests were carried out at an angular frequency
of 10 rad s~ by varying shear strain from 0.01% to 10%. All the
gels showed a linear regime up to at least 0.1% strain.
Frequency sweep data, therefore, were recorded at 0.1% strain.

Thioflavin T (ThT) fluorescence spectroscopy

ThT fluorescence emission spectra were recorded in PBS for the
PBS gels. As ThT fluorescence quantum yield strongly depends
on pH, the fluorescence emission spectra for water samples
were recorded in 10 mM phosphate buffer, pH 7.4, instead of
water. The assay was carried out at 200 pM peptide and 10 pM
ThT concentrations. The samples were excited at 450 nm, and
emission spectra were recorded. The excitation and emission
bandwidths were 2.5 and 5 nm, respectively.

Circular dichroism (CD) spectroscopy

Far-UV electronic CD spectra were recorded on a Jasco J-1500
spectropolarimeter. The 24-hour-old samples (20 mM
peptide concentration) were diluted in respective dispersant
(water or PBS) to 200 uM concentration, and spectra were
recorded in a 1 mm path-length quartz cell. The spectra were
recorded from 250-195 nm at 1 nm bandwidth with a scanning
speed of 100 nm min~'. Each spectrum is the average of 8
accumulations. The spectra were corrected by subtracting the
respective dispersant spectrum. The data was converted to
mean residue ellipticity using the following formula:

(B) (€)
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&t'
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“¥
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Omre (deg cm? dmol ™)

B 0 (mdeg) x 10°

" pathlength (mm) x peptide (uM) x (n — 1)
number of amino acids in the peptide.

, where n is the

Fourier transform infrared (FTIR) spectroscopy

The FTIR spectra were recorded for 24-hour-old samples on
a Shimadzu IRAffinity-1S Fourier transform infrared spectrom-
eter equipped with a diamond ATR crystal. The samples were
diluted 2-fold, and ~5 pL volume of the diluted samples was
deposited on the diamond crystal and allowed to dry. The
spectra were recorded with 4 cm™" resolution and 40 scans.

Molecular dynamics (MD) simulations

MD simulations were carried out for the steric zipper struc-
tures prepared for the peptides. The steric zipper structure of
uncapped PHF6 peptide (VQIVYK.pdb) was obtained from the
WALTZ-DB database (http://waltzdb.switchlab.org/).”* N-
terminal acetylation was done in BIOVIA Discovery Studio.
The aromatic analogs were generated by substituting the Tyr
residue with Phe and ring-substituted-Phe using the SwissSi-
dechain plugin in UCSF-Chimera. MD simulations were
carried out using the CHARMMS36 force field. The peptide
amidation was done by choosing CT2 as the terminal patch
when prompted by pdb2gmx command. The steric zippers
were placed in a cubic box with a minimum distance of 1 nm
from the box edge, solvated with water (TIP3P), and neutral-
ized with chloride ions. NaCl (150 mM) was added to each
system. The systems underwent energy minimization, fol-
lowed by equilibration under NVT (100 ps) and NPT (200 ps) at
300 K temperature and 1 bar pressure. Subsequently, the
production MD simulations were carried out for 200 ns.
Trajectory analyses were performed using VMD and UCSF-
Chimera. Cluster analysis was done using the gromos algo-
rithm with a 0.2 nm cutoff.

Transmission electron microscopy (TEM)

The gel samples were diluted 2-fold in PBS and deposited on the
carbon-coated copper grids. After 10 minutes, the excess solvent
was removed using lint-free tissue paper, and the grids were
stained with uranyl acetate for 10 minutes before being left to

(D)

t

(E)

SR %
) ﬁ.\‘ !

:ﬁa

Fig. 1 Electrostatic charge density maps of toluene (A), p-cresol (B), 4-fluorotoluene (C), 4-cyanotoluene (D), 4-nitrotoluene (E), and 4-(tri-

fluoromethyl)toluene (F).

TH-3931_206106020

22218 | RSC Adv, 2025, 15, 22216-22227

© 2025 The Author(s). Published by the Royal Society of Chemistry



Open Access Article. Published on 30 June 2025. Downloaded on 7/2/2025 9:17:18 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

View Article Online

RSC Advances

Fig. 2

K-am, (E) Ac-VQIVF(NO,)K-am, and (F) Ac-VQIVF(CF3)K-am.
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Inverted vials of Ac-PHF6 and its analogs showing PBS gelation. (A) Ac-PHF6, (B) Ac-VQIVFK-am, (C) Ac-VQIVF(fl)K-am, (D) Ac-VQIVF(CN)

Fig 3 Rheology of PBS gels. Plot of G’ and G” against angular frequency for 20 mM gels of (A) Ac-PHF6, (B) Ac-VQIVFK-am, (C) Ac-VQIVF(f)K-
(E) Ac-VQIVF(NO,)K-am, and (F) Ac-VQIVF(CFz)K-am.

D) Ac-VQIVF(CN)K-am,
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air dry. The images were acquired at 200 kV using a JEM-2100F
(JEOL, Japan) transmission electron microscope.

Results and discussion

Desamero and coworkers investigated hIAPP,, ,o (NFGAILSS)
analogs wherein the phenyl ring was substituted with electron-
donating and electron-withdrawing groups.*” The peptide
analogs with electron-deficient aromatic rings favored self-
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assembly, while those with electron-donating groups exhibited
poor aggregation. Nilsson and coworkers found that incorpo-
rating a halogen in the phenyl group of Fmoc-Phe-OH promotes
self-assembly and hydrogelation.** Fmoc-Fs-Phe, an analog with
a highly-electron-deficient aromatic ring, displays faster self-
assembly and hydrogelation compared to Fmoc-Tyr-OH.>
These studies propound that electron-withdrawing moieties on
aromatic side chains facilitate peptide self-assembly and
hydrogelation. Ac-PHF6 contains a Tyr side chain and causes
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Fig. 4 CD spectra of Ac-PHF6 analogs, (A) Ac-PHF6, (B) Ac-VQIVFK-am, (C) Ac-VQIVF(f)K-am, (D) Ac-VQIVF(CN)K-am, (E) Ac-VQIVF(NO,)K-

am, and (F) Ac-VQIVF(CFz)K-am.
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PBS hydrogelation. Here, we report the hydrogelation of Ac-
PHF6 analogs, wherein Tyr310 is replaced with Phe and its
ring-substituted derivatives (Table 1).

Electrostatic charge density map

An electrostatic charge density map provides valuable insights
into molecular interactions. It helps in predicting electrostatic
interactions that include ionic bonds, hydrogen bonds, and
dipolar interactions. The charge density maps for the aromatic
side chains incorporated in Ac-PHF6 analogs are shown in
Fig. 1. Toluene was used as the model for the Phe side chain,
and its substituents were used as models for other aromatic side
chains employed in this study. Para-cresol, the model for Tyr
side chain, shows the highest electron density in the ring
(Fig. 1B). All other aromatic groups display lower electron
density in the aromatic ring. The surface charge density maps of
the peptides listed in Table 1 in their extended conformation
are shown in Fig. S1.}

Hydrogelation

Peptide stock solutions were prepared in water. All peptides,
except Ac-VQIVF(CF;)K-am, readily dissolved in water to >20 mM
concentration. Ac-VQIVF(CF;)K-am displayed lower solubility and
had to be heated at 70 °C for an hour to achieve dissolution.
Cooling down to room temperature resulted in hydrogelation. No
other peptide caused water gelation. The uncapped PHF6
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(VQIVYK) has been reported in the literature to self-assemble in
the presence of high salt concentration via parallel in-register p-
sheet formation.® Capped peptide (Ac-PHF6) is also expected to
assemble similarly. The salt masks the intermolecular electro-
static repulsion between terminal Lys residues in parallel f-sheet
arrangement. The self-assembly and gelation of Ac-VQIVF(CF;)K-
am in water is likely hydrophobicity-driven. Trifluoromethyl is
a hydrophobic functional group. The high hydrophobicity of p-
(trifluoromethyl)phenylalanine  renders  Ac-VQIVF(CF;)K-am
poorly soluble in water, facilitating its self-assembly through
entropic contribution. PBS gelation was set up by diluting the
peptide stock solutions in 10x PBS. As Ac-VQIVF(CF;)K-am cau-
ses water gelation at room temperature, it was diluted immedi-
ately after taking out from 70 °C. All the peptides caused PBS
gelation. The gels formed at 10 and 15 mM peptide concentra-
tions were very fragile. Firm gels were obtained at 20 mM
concentration (Fig. 2). The gelation was instant, but the inverted
tube images shown in Fig. 2 were taken for the 24-hour-old
samples. As 24-hour-old Ac-PHF6 hydrogel (20 mM peptide
concentration) is reported in the literature, the assays with Ac-
PHF6 analogs were also carried out with 20 mM gel samples
that were incubated at room temperature for 24 hours.

Rheology

Rheology of a material is determined by its inner structure. As
aromatic substitutions could modulate the peptide self-

105 (c) 105 (D)
£ 90 &£
3 B1[](1'
£ 75 =
a = 05
5 % @
@ e i]
= 45
[ 1626 - 1624
30 A————————— 85 1
1500 1600 1700 1800 1500 1600 1700 1800
Wavenumber (cm”) Wavenumber (cm')
_100] (G _100] ™
= =
‘8-’ a0 E; a0
5 80 5 o
E 70 E 70
g o0 = 80 1625
50 1825 50
1500 1600 1700 1800 1600 1600 1700 1800
Wavenumber (cm') Wavenumber (cm')
K L
§1GD ) §1DD ©
% a0 g g0
= E 80
= i) 70
= 1625 . 1626
- J 60 - +
1500 1600 1700 1800 1500 1600 1700 1800

Wavenumber {cm') Wavenumber (cm™)

Fig. 5 ATR-FTIR spectra of Ac-PHF6 and its analogs. The red traces are the spectra recorded for water samples, while the black traces are the
spectra recorded for PBS samples. (A and B) Ac-PHF6, (C and D) Ac-VQIVFK-am, (E and F) Ac-VQIVF(fl)K-am, (G and H) Ac-VQIVF(CN)K-am, (I

and J) Ac-VQIVF(NO,)K-am, and (K and L) Ac-VQIVF(CFz)K-am.
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assembly, affecting the hydrogel's inner structure, the hydrogels’ hydrogel than Fmoc-Tyr-OH,* we find that substitution of Tyr in
viscoelasticity was investigated using bulk rheology. The Ac-PHF6 with Phe or its analogs with electron-withdrawing
frequency sweep test was conducted at a strain of 0.1%, the strain ~ groups has no significant effect on rheology. The only apparent
that lies in the linear viscoelastic regime. The data is shown in difference to Ac-PHF®6 is that Ac-VQIVF(CF;)K-am displays lower
Fig. 3. Interestingly, all the gels displayed a comparable storage solubility in water due to the high hydrophobicity of the Phe(CF;)
modulus of about 1 — 2 x 10* Pa. There are small differences in ~ group. The higher hydrophobicity caused the peptide to gel in
the loss moduli, though. Instant PBS gelation caused by the deionized water as well.

peptides could lead to some non-uniformity within the gels. Such

non-uniformity could contribute to minor differences observed

in the loss moduli. The rheology data suggest that Tyr electronic ~CD spectroscopy

properties do not contribute significantly to Ac-PHF6 hydro- The secondary structures of PBS and water samples were
gelation. Unlike Fmoc-Fs-Phe-OH, which forms a much stronger  examined using far-UV CD spectroscopy. The samples were
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Fig.6 ThT fluorescence spectra of Ac-PHF6 and its analogs. (A) Ac-PHF6, (B) Ac-VQIVFK-am, (C) Ac-VQIVF(f)K-am, (D) Ac-VQIVF(CN)K-am, (E)
Ac-VQIVF(NO,)K-am, and (F) Ac-VQIVF(CF3)K-am.
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diluted to a concentration of 200 uM in the respective disper-
sant (water/PBS) for CD spectroscopy. Ac-PHF6 displays a spec-
trum very similar to that reported in the literature (Fig. 4A). The
spectrum suggests a largely unordered conformation in water
with a little contribution from B-sheets. On the other hand, the
peptide displays a distinct B-sheet spectrum in PBS. Ac-VQIVFK-
am displays a negative band around 200 nm in water, indicating
a largely unordered conformation (Fig. 4B). The peptide
displays a broad band centered around 215 nm in PBS, sug-
gesting a B-sheet conformation. Ac-VQIVF(fl)K-am also takes up
a largely unordered conformation in water, as indicated by the
200 nm negative band (Fig. 4C). The spectrum in PBS is char-
acterized by a broad band around 225 nm and a weak positive
band around 205 nm. The spectrum is very similar to that re-
ported for Ac-PHF6 in PBS and is assigned to the B-sheet
conformation. Ac-VQIVF(CN)K-am (Fig. 4D) and Ac-VQIVF(NO,)
K-am (Fig. 4E) display a negative band around 220 nm alongside
the band around 200 nm in water. These data indicate that
a fraction of the peptide takes up the B-sheet conformation,
suggesting a tendency to self-assemble in water. In PBS, both
the peptides display distinct B-sheet conformation. Ac-
VQIVF(CF;)K-am displays a very different spectrum in water

View Article Online

RSC Advances

(Fig. 4F). The spectrum is characterized by 200 and ~212 nm
negative bands of comparable amplitudes. The spectrum
suggests that the peptide takes up a mixture of B-sheet and
random coil conformations. In PBS, a typical B-sheet CD spec-
trum is observed. The CD data show that the peptides with
strong electron-withdrawing groups i.e., cyano, nitro, and tri-
fluoromethyl groups, have B-sheet content in water, suggesting
their tendency to self-assemble in water itself. Ac-VQIVFK-am
and Ac-VQIVF(fl)K-am, i.e., the peptides without an electron-
withdrawing group and with a weak electron-withdrawing
group, respectively, show largely unordered conformation.
The most dramatic effect of the electron-withdrawing group is
observed for Ac-VQIVF(CF;3)K-am, which displays lower solu-
bility in deionized water at room temperature and causes
gelation upon cooling after being heated.

FTIR spectroscopy

CD spectroscopy is an excellent method for investigating the a-
helical conformations. However, the huge structural diversity of
B-sheets makes CD spectroscopy somewhat less reliable for
accurately estimating the B-sheet conformation.”” Regarding

(@) (H) — Ac-PHF6
0.8 — Ac-VQIVFK-am
E 0.6 — Ac-VQIVF(fl)K-am
o

VQIVF(CN)K-
—;— % 0.4 Ac-VQIVF(CN)K-am
i— 531 — Ac-VQIVF(NO:)K-am
\"‘ — Ac-VQIVF(CFa)K-am

0 x + -
0 50 100 150 200
Time (ns)

Fig.7 MD simulations of the peptide steric zippers. (A) The VQIVYK steric zipper obtained from WALTZ-DB database. The middle structure of the
largest cluster for (B) Ac-PHF6, (C) Ac-VQIVFK-am, (D) Ac-VQIVF(f)K-am, (E) Ac-VQIVF(CN)K-am, (F) Ac-VQIVF(NO,)K-am, and (G) Ac-
VQIVF(CF3)K-am. (H) The RMSD plots obtained from the trajectories of simulations.
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self-assembling peptides with aromatic residues, contributions
from aromatic stacking interactions in far-UV CD spectra
further hinder secondary structure prediction. FTIR spectros-
copy is particularly suitable for investigating the B-sheets. The
position of the amide I band is sensitive to the peptide back-
bone conformation. The ATR-FTIR spectra of Ac-PHF6 and its
analogs are shown in Fig. 5. All the peptides display the
amide I band centered between 1624-1626 cm™ ' for both water
and PBS samples. ATR-FTIR data unambiguously proves that
the peptides take a B-sheet conformation in the hydrogels.
Unlike CD spectroscopy, where Ac-VQIVFK-am and Ac-VQIVF(fl)
K-am display random coil conformation for water samples, the
FTIR spectra indicate B-sheet conformation. This is attributed
to the drying of the peptides for ATR-FTIR spectroscopy. The
peptide concentration increases during the drying processes,
facilitating self-assembly. Such behavior has been reported for
Ac-PHF6 in the literature.*®

ThT fluorescence

The fluorescence of ThT, a benzothiazole dye that demonstrates
a higher quantum yield when bound to amyloid fibrils, is
routinely used to characterize amyloid-like fibrils. ThT fluores-
cence spectra are shown in Fig. 6. Ac-PHF6 gel sample caused
enhancement in ThT fluorescence emission intensity, while no
noticeable enhancement was observed for the water sample
(Fig. 6A). This data is similar to that reported in the literature.>®

(A) ()
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All the peptides caused a large enhancement in ThT fluores-
cence intensity, confirming that the superstructures underlying
the hydrogels are amyloid-like fibrils. The PBS samples caused
a larger enhancement in ThT fluorescence than the water
samples. Ac-VQIVFK-am and Ac-VQIVF(fl)K-am display around
4-6 times higher intensity for PBS samples compared to water
samples (Fig. 6B and C). Interestingly, however, the ThT fluo-
rescence observed for Ac-VQIVF(NO,)K-am PBS is about 2-fold
higher than the water sample (Fig. 6E). This difference in
intensity further decreases for Ac-VQIVF(CN)K-am and Ac-
VQIVF(CF;)K-am samples (Fig. 6D and F). The PBS samples of
these peptides display only about 25% higher ThT fluorescence
intensity than the water samples. These data align with the CD
spectroscopy data and suggest that the Ac-PHF6 analogs
wherein the aromatic residue has a strong electron-withdrawing
group, have a higher aggregation propensity.

MD simulations

As all Ac-PHF6 analogs formed hydrogels in PBS with very
similar rheological properties, we got curious to investigate the
stability of the steric zippers formed by them using MD simu-
lations. The starting structures of the peptides were prepared by
modifying the VQIVYK.pdb steric zipper structure (Fig. 7A)
available in WALTZ-DB database. The simulation data was
subjected to cluster analysis to find the most representative
structure of the largest cluster. The middle structures of the

©

Fig.8 TEM images showing the structures underlying the PBS gels. (A) Ac-PHF6, (B) Ac-VQIVFK-am, (C) Ac-VQIVF(f)K-am, (D) Ac-VQIVF(CN)K-
am, (E) Ac-VQIVF(NO,)K-am, and (F) Ac-VQIVF(CF3)K-am. The scale bars represent 200 nm.
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largest cluster are shown in Fig. 7B-G. The largest cluster shows
steric zipper arrangement for all six peptides. The RMSD plots
(Fig. 7H) also show no appreciable deviation throughout the 200
ns simulation. These data suggest that parallel in-register -
sheet steric zipper is a stable architecture for Ac-PHF6 and its
analogs.

Transmission electron microscopy

The comparable viscoelastic properties observed for all peptides
indicate that the inner structure underlying the hydrogels could
also be similar. The morphology of the self-assembled struc-
tures underlying the hydrogels, therefore, was investigated
using TEM. All peptides self-assemble into fibrillar superstruc-
tures. Ac-PHF6 formed fibrils similar to those reported in the
literature (Fig. 8A).*** Ac-VQIVFK-am and VQIVF(fl)K-am also
self-assemble to form straight fibrils (Fig. 8B and C), similar to
Ac-PHF6.°%% Ac-VQIVF(CN)K-am and Ac-VQIVF(NO,)K-am form
long straight filaments that show extensive entanglement
(Fig. 8D and E). Ac-VQIVF(CF;)K-am forms fibrils that appear to
form clumps, possibly through lateral interactions between
individual fibrils (Fig. 8F).

Conclusions

Ac-PHF6, an amyloidogenic stretch from human tau, is
a promising biocompatible hydrogelator. As the peptide
harbors a Tyr residue, and analogs with electron-withdrawing
groups in the aromatic rings of self-assembling peptides have
been reported in the literature to form stronger gels, we inves-
tigated aromatic analogs of Ac-PHF6. The Ac-PHF6 analogs with
electron-withdrawing groups in the phenyl ring improve the
peptide's self-assembling propensity. The analog with the
strongest electron-withdrawing group (trifluoromethyl), i.e., Ac-
VQIVF(CF;)K-am causes gelation of deionized water, an attri-
bute that all other peptide analogs lacked. Notably, among all
aromatic amino acids employed in this study, the p-(tri-
fluoromethyl)phenylalanine has the highest hydrophobicity.
The aromatic amino acids incorporated in Ac-PHF6 analogs
have very different electronic and steric properties, but all the
peptides formed PBS gels with comparable stiffness. The
aromatic moieties' contribution to hydrogelation appears more
through their hydrophobicity than the aromatic electronic
effects. The role of Tyr residue in Ac-PHF6, therefore, is that of
a bulky hydrophobic residue rather than an aromatic one. It
would be interesting to investigate if the aliphatic analogs of Ac-
PHF6 also cause hydrogelation.
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Abstract

Purpose Tau’*®3!!, also known as Ac-PHF6 (CH;CO-VQIVYK-NH,), is a short peptide that forms a viscous solution in
water but causes instant gelation of PBS and cell culture media. Ac-PHF6 analogs wherein tyrosine’s phenolic group is sub-
stituted with phenyl or electron-deficient aromatic rings, also form hydrogels. These data indicate that the aromatic residues
in these peptides may not contribute to self-assembly through their ring electronic effects, but through their hydrophobicity.
We test this hypothesis by investigating Ac-PHF6 analogs wherein Tyr is substituted with several aliphatic amino acids with
different side-chain hydrophobicities, viz. Lys, Ala, Met, Val, and Ile. Ac-PHF6* (tau275'280: CH;CO-VQIINK-NH,), an ali-
phatic tau hexapeptide motif similar to Ac-PHF6, was also investigated.

Methods The peptides were synthesized via solid-phase peptide synthesis using Fmoc chemistry. Peptide stock solutions
were prepared in water and diluted in PBS. The resulting PBS hydrogels were characterized using oscillatory rheology, ThT
fluorescence, CD, and IR spectroscopy, while their supramolecular architectures were examined using TEM. The cytocom-
patibility of the peptides was evaluated using HEK-293 cells.

Results All peptides, except for the Y310K analog, caused instant gelation of PBS. The Y310K analog formed a gel after
approximately 2 h of incubation. Additionally, the Y310K hydrogel exhibited significantly lower stiffness compared to the
other hydrogels. The other peptides formed hydrogels with stiffness higher than that of Ac-PHF6 hydrogel. Except for Ac-
VQIVKK-am, all peptides formed amyloid-like fibrils, as revealed by ThT fluorescence spectroscopy and congo red spectral
shift assay. All peptides were found to be cytocompatible with HEK-293 cells.

Conclusion Tyr residue is not essential for Ac-PHF6 hydrogelation. Tyrosine’s contribution to Ac-PHF6 self-assembly and
hydrogelation is through its hydrophobicity rather than aromaticity.

Keywords Peptide - Hydrogel - Ac-PHF6 - Ac-PHF6* - Aliphatic - Aromatic

Introduction candidates for tissue engineering, drug delivery, and regen-

erative medicine (Li et al. 2019; Diaferia et al. 2020; Liu et

Hydrogels are soft material formed by 3-dimensional net-
work of polymers that absorb a large amount of water.
They have gained considerable attention in the past few
decades for various biomedical applications (Brendsted and
Kopecek 1991; Woerly 1993; Liu et al. 2018; Li et al. 2023;
Chatterjee et al. 2020; Hoffman 2012; Datta and Chaudhary
2021; Fichman et al. 2016). Their attribute of closely mim-
icking the natural extracellular matrix makes them attractive

P4 Nitin Chaudhary
chaudhary@jiitg.ac.in

Department of Biosciences and Bioengineering, Indian
Institute of Technology Guwahati, Guwahati 781 039, India

THESYSE! otfig 18 e 2026

al. 2019; Rosa et al. 2022; Taief et al. 2025). Largely due
to their inherent biocompatibility, well-understood folding
principles, tunable properties, and ease of synthesis, pep-
tides constitute a highly promising class of hydrogelators
(Vijayakanth et al. 2024; Chakraborty et al. 2020; Guy and
Voyer 2012). Hydrogels have been reported in the literature
from a very diverse classes of peptides. Aromatic moieties
have the reputation of driving self-assembly through aro-
matic stacking interactions. Peptide that are end-capped
with bulky aromatic moieties happen to be the most abun-
dant class of peptide hydrogelators. A large number of Fmoc
(9-fluorenylmethyloxycarbonyl)-capped peptides have been
reported in the literature to cause hydrogelation (Taief et al.
2025; Smith et al. 2008; Ryan et al. 2010; Fleming et al.
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2013; Tao et al. 2016; Loic 2017). Schneider, Pochan, and
coworkers devised a design strategy wherein folding of a
peptide into an amphiphilic B-hairpin directs its self-assem-
bly and hydrogelation (Schneider et al. 2002). The designed
peptide, termed MAX1, formed pH responsive hydrogel.
Further intervention on the B-hairpin designs led to novel
thermoreversible (MAX3) and light-activable hydrogelators
(Pochan et al. 2003; Haines et al. 2005). Stupp and cowork-
ers designed amphiphilic peptides wherein hydrophobic-
ity is conferred by an alkyl chain attached to the peptidic
moiety (Hartgerink et al. 2001). Such peptides, termed as
peptide amphiphiles, have been reported to form biocom-
patible gels (Hartgerink et al. 2002; Hendricks et al. 2017).
We have previously reported water/alcohol bigels formed
by fatty-acylated dipeptides (Datta et al. 2020). The solvents
used for initial peptide dissolution can have dramatic effects
on peptide self-assembly and hydrogelation (Chaudhary et
al. 2009). Solvent switch methodology, therefore, could be
an interesting strategy to modulate the self-assembly and
gelation of peptides. Gazit and coworkers demonstrated the
hydrogelation caused by Fmoc—diphenylalanine upon trans-
ferring its hexafluoroisopropanol (HFIP) stock solution into
water (Mabhler et al. 2006). Perrier, Peltier, and coworkers
investigated whether end-to-end cyclized syndiotactic octa-
peptides could also form gels (Shaikh et al. 2018). They
designed cyclic peptides that could form pH-dependent and
pH-independent gels. The peptide molecules stack on top
of each other to form nanotubes, that eventually entangle
to form a 3D network that entraps the solvent molecules.
Another class of peptides that has been extensively stud-
ied for self-assembly and hydrogelation is amyloids (Datta
et al. 2018; Belwal and Chaudhary 2020). Amyloidogenic
peptides self-assemble into B-sheet-rich fibrils (Sunde et
al. 1997; Jukovi¢ et al. 2024). While amyloids were once
primarily associated with pathological protein aggrega-
tion and neurodegenerative diseases, numerous studies
have now established the existence of functional amyloids
that serve diverse physiological roles and exhibit remark-
able structural and mechanical properties (Maji et al. 2009;
Fowler et al. 2006; Otzen et al. 2019; Fukuma et al. 2006).
The cytotoxicity of amyloids is largely caused by the prefi-
brillar amyloid oligomers (Kayed et al. 2003; Sakono and
Zako 2010; Nguyen et al. 2021). Amyloid fibrils are now
recognized as promising building blocks for advanced bio-
materials rather than solely disease-related entities (Li and
Zhang 2021; Tyagi and Sengupta 2024). Many amyloid
peptides have been reported in the literature that form robust
3D hydrogel matrices (Belwal and Chaudhary 2020; Das et
al. 2016; Datta et al. 2019a, b; Yang et al. 2019). We have
previously reported hydrogelation by an aromatic analog of
B-amyloid fragment AP, ,,. The peptide AP _»,(F20Y)

THEB88the206106020

was dissolved in HFIP; dilution into water resulted in trans-
parent hydrogel (Datta et al. 2019a, b).

Aromatic residues play crucial role in amyloid peptide
self-assembly (Gazit 2002; Reches and Gazit 2006). Even
though the scientific community acknowledges the role of
aromatic residues in peptide self-assembly and hydrogela-
tion, the necessity to have them is debated (Lakshmanan
et al. 2013; Hauser et al. 2011). Many short peptides that
lack aromatic moieties have been reported in the literature
to form ordered superstructures (Erdogan et al. 2015; Sub-
balakshmi et al. 2017). Ac-PHF6 (CH;CO-VQIVYK-NH,),
a tau-derived peptide, causes gelation of phosphate-buffered
saline (PBS) and cell culture media (Verma et al. 2025).
We recently reported hydrogelation by five aromatic ana-
logs of Ac-PHF6, the analogs wherein the phenolic moiety
of tyrosine was substituted with phenyl, p-fluorophenyl,
p-cyanophenyl, p-nitrophenyl, and p-(trifluoromethyl)phe-
nyl (Verma and Chaudhary 2025). All Ac-PHF6 analogs
formed hydrogels with comparable rheological properties.
These data made us speculate that Tyr might be contribut-
ing to Ac-PHF6 self-assembly and hydrogelation through
its hydrophobicity rather than aromatic electronic effects. In
this study, we test this hypothesis by investigating several
aliphatic analogs of Ac-PHF6. Tyr’'? was substituted with
residues with different side-chain hydrophobicities, namely
Lys, Ala, Met, Val, and Ile. In addition to these variants, we
also investigated the self-assembly of Ac-PHF6* (CH;CO-
VOQIINK-NH,). PHF6* is another hexapeptide stretch in the
human tau protein that facilitates tau self-assembly. Unlike
PHF6, the PHF6* lacks aromatic residues.

Materials and Methods
Materials

Rink amide resin, Fmoc-protected amino acids, 1-Hydroxy-
benzotriazole hydrate (HOBt), and N, N,N'N'-tetramethyl-
O-(1H-benzotriazol-1-yl)uronium hexafluorophosphate
(HBTU) were acquired from Novabiochem. N, N-dimeth-
ylformamide, N, N-diisopropylethylamine (DIPEA), trifluo-
roacetic acid (TFA), acetic anhydride, thioflavin T (ThT),
diethyl ether, isopropanol, triisopropylsilane (TIPS), and
acetonitrile were procured from Merck. Dimethyl sulf-
oxide (DMSO) and 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) were obtained from
SRL. Congo red was procured from Sigma-Aldrich. Dul-
becco’s Modified Eagle’s Medium (DMEM) and fetal
bovine serum (FBS) were purchased from Invitrogen,
while the antibiotic-antimycotic cocktail was sourced from
Gibco. Calcein AM was sourced from Thermo Scientific.
HEK-293 cell lines were provided by the National Centre
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Fig. 1 PBS gelation. The primary (A)
structures of the A Ac-PHF6

analogs and B Ac-PHF6*. ‘X’

in panel A represents the side

chains of Val, Ile, Met, Ala,

and Lys. Inverted vials show- O :
ing hydrogels formed by C 20

mM Ac-VQIVVK-am, D 20

mM Ac-VQIVIK-am, E 20 mM (8}

Ac-VQIVMK-am, F 20 mM
Ac-VQIVAK-am, G 20 mM
Ac-VQIVKK-am, and H 10 mM
Ac-PHF6*

for Cell Science, Pune. RNAiso Plus reagent was obtained
from Takara Bio (Shiga, Japan), and MultiScribe™ Reverse
Transcriptase was sourced from Applied Biosystems,
Thermo Fisher Scientific (Waltham, MA, USA).

Peptide Synthesis and Characterization

The peptides were assembled on Rink amide resin by
employing Fmoc chemistry with HBTU/HOBt/DIPEA
activation. N-terminal acetylation was carried out on-resin
using 10 equivalents each of acetic anhydride and DIPEA.
The peptides were cleaved from the resin using a cleav-
age cocktail containing 95% TFA, 2.5% TIPS, and 2.5%
water. The synthesized peptides were precipitated in ice-
cold diethyl ether, followed by multiple rounds of washing
and precipitation. The peptides were air-dried and purified
using reversed-phase HPLC on a C18 column by employ-
ing a linear gradient of acetonitrile with 0.1% TFA. Peptide
identities were ascertained using MALDI-TOF mass spec-
trometry (Fig. S1).

TH-3931_206106020
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Peptide Dissolution, Hydrogelation and Rheology

The peptide stock solutions were prepared in water by
weighing the peptides, adding deionized water, and vortex-
ing for a few minutes. The concentrations of the stock solu-
tions were estimated using Waddell’s method (Wolf 1983).
All Ac-PHF6 analogs readily dissolved in water to concen-
trations higher than 20 mM and remained as viscous solu-
tions at room temperature. Ac-PHF6*, however, showed
precipitation above ~ 17 mM concentration. The gelation of
PBS was investigated by diluting the stock solutions pre-
pared in water. As characterization of Ac-PHF6 hydrogel
reported in the literature was carried out at 20 mM concen-
tration, the hydrogels of Ac-PHF6 analogs were set up at
20 mM concentration. Due to the lower solubility of Ac-
PHF6%*, the gel could not be set up at 20 mM concentration.
Therefore, the hydrogel was set up at 10 mM concentration.
Rheology measurements for the 24-hour-old gels were car-
ried out on an Anton Paar Rheometer MCR 102 using 25 cm
parallel plates at a 0.5 mm gap. The amplitude sweep tests
were carried out at an angular frequency of 10 rad/s by vary-
ing shear strain from 0.01% to 10%. As the gels displayed a

@ Springer
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Fig. 2 Rheology. Oscillatory rheology data for hydrogels formed by
A 20 mM Ac-VQIVVK-am, B 20 mM Ac-VQIVIK-am, C 20 mM Ac-
VQIVMK-am, D 20 mM Ac-VQIVAK-am, E 20 mM Ac-VQIVKK-

linear regime up to at least 0.1% strain, the frequency sweep
data were collected at 0.1% strain. The rheology data were
recorded with three replicates, and the data is presented as
mean with standard deviations.

The 24-hour-old hydrogels were characterized using
various methods. The peptides dissolved in water at the cor-
responding concentrations i.e. 20 mM for Ac-PHF6 analogs
and 10 mM for Ac-PHF6*, even though they did not form
gels, were also characterized after 24 h of preparation.

THEB88th2206106020

am, F 10 mM Ac-PHF6*, and G 10 and 20 mM Ac-PHF6. The data is
presented as the mean of three replicates and the error bars represent
the standard deviation

Thioflavin T (ThT) Fluorescence Spectroscopy

The gel samples were sheared through vortexing and diluted
using PBS for ThT fluorescence spectroscopy. ThT fluores-
cence quantum yield is pH-dependent (Naiki et al. 1989).
The peptide samples in water, therefore, were diluted in
10 mM phosphate buffer pH 7.4 for the ThT fluorescence
assay. This ensures that ThT fluorescence is not influenced
by the difference in pH between water and PBS samples.
The assay was carried out at 200 uM peptide and 10 uM
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Fig.3 Thioflavin T fluorescence spectroscopy. ThT fluorescence emission spectra of A Ac-VQIVVK-am, B Ac-VQIVIK-am, C Ac-VQIVMK-am,

D Ac-VQIVAK-am, E Ac-VQIVKK-am, and F Ac-PHF6*

ThT concentrations. The samples were excited at 450 nm
with a 2.5 nm bandwidth, and fluorescence emission spectra
were recorded using an emission bandwidth of 5 nm.

Congo Red (CR) Spectral Shift Assay

Congo red is a dye that binds to amyloid fibrils with high
specificity. Binding to amyloid-like fibrils is accompanied
by a red shift in the visible region absorption band. A 300 uM
CR solution was prepared in 90% PBS and 10% ethanol, as
described elsewhere (Klunk et al. 1999). The concentration
was estimated using a molar absorption coefficient of 5.93 x
10* M lem™! at 505 nm. The 24 h-old peptide gel samples
were sheared and CR absorption spectra were recorded at
9 uM concentration with 30 pg/ml peptide concentration.

TH-3931_206106020

Circular Dichroism (CD) Spectroscopy

Far-UV electronic CD spectra were recorded on a Jasco
J-1500 spectropolarimeter. The 24-hour-old samples were
diluted in the respective dispersant (water or PBS) to 200
uM concentration, and spectra were recorded in a 1 mm
path-length quartz cell. The spectra were recorded from
260-195 nm at 1 nm bandwidth with a 100 nm/min scan-
ning speed and 8 accumulations. The spectra were corrected
by subtracting the respective dispersant spectrum, and the
mean residue ellipticity was calculated as described else-
where (Verma and Chaudhary 2025). The CD spectra were
recorded for three replicates, and the data is presented as
mean with standard deviations.

Fourier Transform Infrared (FTIR) Spectroscopy

Infrared spectra were recorded on a Shimadzu IRAffin-
ity-1 S spectrometer equipped with a diamond ATR crystal.
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0.6 The 24-hour-old samples were diluted 2-fold, deposited
onto the crystal surface, and left to air-dry completely. Each

0.5 spectrum is the average of 40 scans recorded at a resolution
of 4cm™!.

0.4 -

Transmission Electron Microscopy (TEM)

The 24-hour-old gel samples and the corresponding peptide
solutions in water were diluted 2-fold in the respective dis-
persant and deposited on the carbon-coated copper grids.
After about 5 min, the excess solvent was removed using
lint-free tissue paper, and the grids were stained with uranyl
acetate for a minute before being left to air-dry. The images
were captured at 200 kV on a JEM-2100 F TEM (JEOL,
Japan).

0.3 1

Absorbance

0.2 4
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Wavelength (nm)

Cytocompatibility of the peptides was assessed through

-+—CR MTT assay. Ten thousand HEK-293 cells were seeded in
—=— Ac-VQIVVK-am + CR a 96-well plate in complete DMEM and incubated at 37 °C
o= Ac-VQIVIK-am + CR with 5% CO, for 24 h. The wells were then treated with

—o— Ac-VQIVMK-am + CR ] .
= AN VAR g+ CR 50, 100, 150, and 200 pM peptide, and further incubated

o Ac-VQIVKK-am + CR fc.>r 24 h. Following 1ncubat109, the .growth medium was
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was added to each well and incubated for 3 h. Subsequently,
Fig.4 Congo red absorption spectroscopy. Congo red absorption spec- ~ MTT solution was removed, and 100 ul DMSO was added.
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Fig. 5 Circular dichroism spectroscopy. CD spectra of A Ac-VQIVVK-am, B Ac-VQIVIK-am, C Ac-VQIVMK-am, D Ac-VQIVAK-am, E Ac-
VQIVKK-am, and F Ac-PHF6*. The data is presented as the mean of three replicates and the error bars represent the standard deviation
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at 570 nm using a multi-well plate reader (Multiskan GO,
Thermo Scientific).

HEK-293 cells were cultured in a T25 flask using DMEM
supplemented with 10% FBS and 1% antibiotic-antimycotic
cocktail. The cells were incubated at 37 °C with 5% CO, for
growth and maintenance. The 10 mM Ac-PHF6* PBS gel
was set up in a 96-well plate. The 24-hour-old gel was equil-
ibrated with DMEM for 24 h. The gel was then seeded with
10,000 HEK-293 cells and incubated for 24 h. For study-
ing GAPDH expression, the total RNA was isolated using
RNAiso Plus reagent, followed by cDNA synthesis with
MultiScribe™ Reverse Transcriptase, and PCR (40 cycles)
using primers designed for GAPDH amplification. The cell
growth on the hydrogel (5 mM Ac-PHF6*) was assessed
through fluorescence imaging. The wells were washed with
PBS and treated with a 5 uM calcein AM solution prepared
in PBS. The plate was incubated at 37 °C with 5% CO, for
30 min. The cells were washed thrice with PBS, and images
were captured using a Nikon Eclipse Ts2R fluorescence
microscope.

Results and Discussion
Self-assembly, Hydrogelation and Rheology

The primary structure of the peptides employed in this study
are shown in Fig. 1A and B. The critical aggregation con-
centration (CAC) of the peptides in PBS was investigated
using 90° light scattering (Fig. S2). All peptides, except
Ac-VQIVAK-am and Ac-VQIVKK-am display CAC below
100 uM. Ac-VQIVAK-am displays a CAC around 200 uM
whereas Ac-VQIVKK-am CAC was found to be >1 mM.
As the Ac-PHF6 hydrogel reported in the literature was
prepared at 20 mM concentration, we chose to investigate
the aliphatic analogs at the same concentration. All Ac-
PHF6 analogs readily dissolved in water to concentrations
higher than 20 mM. Ac-PHF6*, however, displayed lower
solubility. The concentration higher than ~17 mM could
not be achieved. Stock solutions prepared in water were
diluted in PBS to achieve the desired concentrations (20
mM for Ac-PHF6 analogs, 10 mM for Ac-PHF6%*). All the
samples formed hydrogels, as confirmed by inverting the
vials. Instant gelation was observed for Ac-PHF6* and all
Ac-PHF6 analogs, except Ac-VQIVKK-am. Ac-VQIVKK-
am formed a soft gel after about 2 h. The samples were left
undisturbed at room temperature for 24 h. The images of the
vials containing the 24-hour-old gel samples are shown in
Fig. 1C—H. All subsequent experiments, unless mentioned
otherwise, were carried out with the peptide samples pre-
pared at the aforementioned concentrations in water and
PBS. As hydrogels formed by Ac-PHF6 and its aromatic

TH-3931_206106020

analogs reported in the literature were characterized for
24-hour-old samples, all assays reported in this study were
also carried out after incubating the peptide samples at room
temperature for 24 h (Verma et al. 2025; Verma and Chaud-
hary 2025). Ac-VQIVVK-am and Ac-VQIVIK-am formed
transparent hydrogels (Fig. 1C and D), while the gels formed
by all other peptides were translucent (Fig. 1E-H).
Rheology was carried out to investigate the viscoelastic-
ity of the hydrogels. Ac-VQIVVK-am and Ac-VQIVIK-am
formed hydrogels with storage moduli of around 60 kPa
from 100 rad/s down to 0.02 rad/s (Fig. 2A and B). The loss
moduli were ~6—10 kPa. The rheology data for 20 mM Ac-
PHF6 hydrogel is shown in Fig. 2G. The hydrogel displays
storage and loss moduli of ~20 kPa and ~1-5 kPa, respec-
tively. These rheological characteristics are similar to the 20
mM Ac-PHF6 hydrogel reported in the literature (Verma et
al. 2025). Substitution of Tyr’'® in Ac-PHF6 with Val or Ile,
therefore, results in stiffer hydrogels. The Ac-VQIVMK-am
and Ac-VQIVAK-am formed hydrogels with storage moduli
around 30 kPa (Fig. 2C and D). Met and Ala have lower
hydrophobicities than those of Val and Ile, and form hydro-
gels with lower stiffness. Ac-VQIVKK-am formed softer
gel with a storage modulus of about 1 kPa (Fig. 2E). We
previously investigated Ac-PHF6 analogs wherein the Tyr
side chain was replaced with several electron-deficient aro-
matic groups (Verma and Chaudhary 2025). Interestingly,
all analogs formed hydrogels, prompting us to hypothesize
that the sole aromatic residue Tyr’'® in Ac-PHF6 might con-
tribute to self-assembly and hydrogelation more through
its hydrophobicity than the aromaticity. Hydrogelation by
Ac-PHF6 aliphatic analogs proves that hypothesis. The Ac-
PHF6 analogs wherein Tyr is substituted with Val, Ile, Met,
and Ala form hydrogels with higher stiffness than that of
the Ac-PHF6 hydrogel. The Y310K analog, on the other
hand, forms hydrogel with stiffness lower than Ac-PHF6
hydrogel. Besides, unlike all other peptides, the kinetics of
gelation is much slower. Whereas all other peptides cause
instant PBS gelation, the Y310K analog takes about 2 h to
form hydrogel. These data made us wonder if Ac-PHF6*, a
tau interaction motif very similar to Ac-PHF6 but lacking an
aromatic residue, could also form hydrogel. As Ac-PHF6*
displayed lower solubility, the hydrogel could not be set up
at 20 mM concentration. Ac-PHF6* hydrogel, therefore, was
prepared at 10 mM concentration for all the assays. The 10
mM hydrogel exhibited a storage modulus of about 10 kPa
in the 0.02-100 rad/s frequency range. The loss modulus
was around one order of magnitude less (Fig. 2F). The vis-
coelasticity of 10 mM Ac-PHF6 hydrogel is not reported
in the literature. Therefore, we prepared 10 mM Ac-PHF6
hydrogel and measured its viscoelasticity to directly com-
pare with that of Ac-PHF6* hydrogel (Fig. 2G). Clearly, the
Ac-PHF6* displays higher storage and loss moduli at all
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{ Fig. 6 Infrared spectroscopy. The ATR-FTIR spectra of peptide water
samples (panels A-F) and PBS samples (panels G-L)

frequencies. Tyr’'’, therefore, is superfluous for Ac-PHF6
self-assembly and hydrogelation.

ThT Fluorescence

The structures underlying the hydrogels were investigated
using ThT fluorescence, an assay routinely employed to
identify the amyloid-like aggregates. The binding of ThT
to amyloid-like fibrils causes a large enhancement in its
fluorescence intensity. All peptides, except for Ac-VQI-
VKK-am, caused enhancement in ThT fluorescence inten-
sity (Fig. 3). The enhancement caused by PBS samples is
at least 2 times more than that caused by the water samples.
This is consistent with the understanding that charge screen-
ing of the terminal lysine residue facilitates self-assembly.
Notably, the PBS sample of Ac-PHF6* exhibited more than
3-fold higher ThT fluorescence compared to the water sam-
ple (Fig. 3F). Eisenberg and coworkers have investigated the
steric-zippers formed by VQIVYK and VQIINK peptides
(Seidler et al. 2018). VQIINK is reported to form steric zip-
pers with higher shape complementarity and a larger steric
zipper interface. Using tau K18 constructs wherein R2 and
R3 contain identical hexapeptide motifs, i.e. constructs with
two PHF6 or two PHF6*, they further show that PHF6* is a
better interaction motif in driving self-assembly. The higher
ThT fluorescence intensity observed for Ac-PHF6*, there-
fore, could be due to its higher aggregation propensity.

Congo Red Spectral Shift Assay

Congo red, a sulfonated diazo dye, displays absorption
bands centred around 340 and 496 nm in water. Binding of
congo red to amyloid fibrils causes a red-shift in the lower
energy band. Figure 4 shows the congo red absorption spec-
tra recorded with the PBS peptide samples. All peptides,
except for Ac-VQIVKK-am, exhibit a red shift in the lower
energy absorption band. These data are consistent with the
ThT fluorescence data. The hydrogel formed by Ac-VQI-
VKK-am, therefore, is not made up of amyloid-like fibrillar
structures.

CD Spectroscopy

The secondary structures of the peptides were analyzed
using far-UV CD spectroscopy. The samples were diluted
to 200 puM in their respective dispersant for the measure-
ments. In water, CD spectra of all the peptides display a
negative band around 198 nm and a lower intensity shoul-
der around 220 nm (Fig. 5). These spectra are suggestive
of a mixture of B-sheet and random coil conformations. In

TH-3931_206106020

PBS, all Ac-PHF6 analogs, except Ac-VQIVKK-am, show
a negative band around 220 nm and a positive band around
200 nm (Fig. SA-D). These spectra suggest a predominantly
B-sheet structure. Ac-VQIVKK-am in PBS displays a spec-
trum very similar to that observed in water, albeit with a
slightly red-shifted higher energy band (Fig. 5SE). Ac-PHF6*
displays an intense negative band around 202 nm alongside
the 220 nm shoulder (Fig. 5F). This CD spectrum comes as
a surprise as Ac-PHF6* caused the highest enhancement in
ThT fluorescence intensity among all the peptides. Manava-
lan and Johnson found two distinct types of CD spectra for
B-sheet proteins. The one that was eventually designated
B; shows a classical B-sheet signature with a~215-220 nm
negative band and a 195-200 nm positive band. The sec-
ond type of spectrum, known as B, exhibits a negative band
around 200 nm (Manavalan and Johnson 1983; Wu et al.
1992). The Ac-PHF6* CD spectrum in PBS looks similar
to that observed in water, but with much higher ellipticity
and a slightly red-shifted higher energy band. An ellipticity
this large is very atypical of protein CD spectra. Sreerama
and Woody assigned such a large ellipticity to poly(Pro)
[I-like conformation (Sreerama and Woody 2003). A large
ellipticity observed for poly(Pro)Il implies that a protein
with a high poly(Pro)II to B-sheet ratio would give a ;; CD
signature.

FTIR Spectroscopy

As the CD spectrum observed for Ac-PHF6* in PBS was
atypical, the secondary structures were further validated
using infrared spectroscopy. The frequency of the amide I
band is sensitive to the polypeptide backbone conformation,
and is particularly suitable for B-sheet structure. The amide
I band for B-sheet in proteins is observed between 1625
and 1640 cm™! (Jackson and Mantsch 1995). Aggregated
strands display further lower frequencies with the amide
I band lying between 1610 and 1635 cm™ ! (Jackson and
Mantsch 1995; Sarroukh et al. 2013). Infrared spectroscopy,
therefore, has emerged as a method of choice for investigat-
ing the self-assembled proteins and peptides (Sarroukh et
al. 2013; Sassi et al. 2011). Dried samples of all peptides
exhibited an amide I band near 1626 cm™ ! in both PBS and
water, clearly establishing the B-sheet conformation of the
superstructures underlying the hydrogels (Fig. 6).

Transmission Electron Microscopy

The morphology of the self-assembled structures form-
ing the hydrogels was analyzed using TEM (Fig. 7). Rib-
bon-like structures were observed for Ac-VQIVVK-am
(Fig. 7A) and Ac-VQIVIK-am (Fig. 7B) water samples.
Such ribbon-like structures have been reported in the
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{ Fig.7 Transmission electron micrographs. TEM images of water (pan-
els A-F) and PBS hydrogel (panels G-L) samples

literature for Ac-PHF6 (Verma et al. 2025). Ac-VQIVMK-
am and Ac-VQIVAK-am form typical amyloid-like filamen-
tous assemblies in water (Fig. 7C and D). Unlike the other
Ac-PHF6 analogs that showed abundant fibrillar structures
spread throughout the copper grid used for imaging, very
few long filamentous structures were found for Ac-VQI-
VKK-am (Fig. 7E). In PBS, all Ac-PHF6 analogs, except
Ac-VQIVKK-am, formed typical amyloid-like fibrils
(Fig. 7G-J). The fibrils are rod-like, resembling those previ-
ously reported for Ac-PHF6 (Chaudhary et al. 2009; Verma
et al. 2025). Ac-VQIVKK-am formed long, straight, and
flat ribbon-like structures, suggesting a different mode of
assembly (Fig. 7K). Ac-PHF6*, unlike Ac-PHF6 analogs,
formed very different superstructures. In water, the peptide
self-assembled into long ribbon-like structures that later-
ally assemble to form flat sheets (Fig. 7F). Some of these
sheets appear to curl near the edges (Inset, Fig. 7F). In PBS,
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Ac-PHF6* formed long, straight but densely entangled
fibrous structures (Fig. 7L).

Cytocompatibility of Peptides

The cytocompatibility of peptides was assessed using an
MTT cell viability assay. In this assay, viable cells metaboli-
cally reduce MTT to formazan crystals, which absorb light
at 570 nm. In contrast, non-viable cells lack this activity and
do not contribute to the absorbance signal. The cell viability
was normalized to untreated control cells (Fig. 8A—F). The
cells displayed~80% viability up to 200 uM peptide con-
centration for all six peptides.

Ac-PHF6 hydrogel has been reported in the literature
to support culture of mammalian cells (Verma et al. 2025).
We wondered if Ac-PHF6* hydrogel could also support cell
culture. The HEK-293 cells were cultured on a 24-hour-
old hydrogel (5 mM Ac-PHF6*) for 24 h and then stained
with calcein AM, a membrane-permeable, non-fluorescent

1204(©)
=100 1
80 1
60 1
40 1

Cell viability (%

na
o
L

D-
Control 50 100 150 200
Ac-VQIVMK-am concentration (uM)

100 150 200

120 1 (F)
=100 1

oo
o

Cell viability (%
b O
e N e

[
o

D .
Control 50 100 150 200
Ac-PHFE" concentration (uM)

100 150 200

L1 L2 L3 L4

(H)

Fig. 8 Cytocompatibility of peptides. HEK-293 cell-viability using
MTT assay (A—F). Cells grown on Ac-PHF6* hydrogel (G), and
GAPDH expression shown by HEK-293 cells grown on the hydrogel
(H). The scale bar represents 50 um. L1 is the 1 kb (250-10,000 bp)
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[ X B —183 bp

DNA molecular weight marker lane, L2 is the negative control, L3
represents the GAPDH amplification from cells cultured in DMEM
without peptide (positive control), and L4 represents the GAPDH
amplification from cells cultured in Ac-PHF6* hydrogel
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probe. Intracellular esterases hydrolyze calcein AM into
fluorescent calcein, with fluorescence intensity correlating
directly with esterase activity, and therefore, cell viability.
Microscopic analysis confirmed HEK-293 cell prolifera-
tion in the hydrogel matrix (Fig. 8G). The expression of the
housekeeping gene GAPDH was also investigated. Cells
grown without Ac-PHF6* (positive control), and in 10 mM
hydrogel were harvested, followed by RNA extraction and
reverse transcription PCR (RT-PCR). The cells grown in the
hydrogel were found to express GAPDH (Fig. 8H).

Conclusion

We previously demonstrated that Ac-PHF6 (CH;CO-VQI-
VYK-NH,) formed an injectable and biocompatible hydro-
gel in PBS (Verma et al. 2025). The peptide contains a Tyr
residue that was believed to facilitate self-assembly through
aromatic stacking interactions. In a follow-up study, we
examined aromatic analogs of Ac-PHF6 bearing elec-
tron-withdrawing substituents on the phenyl ring (Verma
and Chaudhary 2025). All the analogs formed hydrogels,
prompting us to hypothesize that the Tyr residue may not
contribute to self-assembly and gelation due to its aromatic-
ity. Ac-PHF6 analogs wherein Tyr is substituted with amino
acids with hydrophobic side chains (Val, Ile, Met, Ala)
formed amyloid-like fibrils very similar to those formed by
Ac-PHF6. All four peptides caused instant gelation of PBS.
The peptide wherein Tyr was substituted with Lys, an amino
acid with polar side chain, formed a soft gel with much
lower gelation rate. Besides, the assembly of the Y310K
analog appears to be different from all other Ac-PHF6 ana-
logs. Ac-PHF6*, a native peptide stretch from the R2 region
of tau that lacks an aromatic residue, was also found to form
hydrogel. Like Ac-PHF6 hydrogel, Ac-PHF6* hydrogel
also supported HEK-293 cell growth. These findings sug-
gest that the role of aromatic residues in peptide self-assem-
bly and hydrogelation may be overemphasized. It is likely
that the aromatic residues in many peptides simply contrib-
ute through their size and hydrophobicity.
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