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Abstract

Self-assembly is a natural process where disordered molecules organize
into structured formations, playing a crucial role in the development of
amyloid fibrils associated with degenerative diseases such as
Alzheimer’s, Parkinson’s, and type 2 diabetes. L-phenylalanine (Phe), an
essential aromatic amino acid required for protein synthesis, also serves
as a precursor for important biomolecules like tyrosine and dopamine.
Under certain physiological conditions, excess Phe can aggregate into
amyloid fibrils, which contribute to neurotoxic effects observed in
metabolic disorders such as phenylketonuria (PKU). However,
diphenylalanine (Phe-Phe) peptides, which serve as core recognition
motifs of amyloid plaques associated with neurological disorders like
Alzheimer’s and Parkinson’s, are also of particular interest. The
formation of these fibrils is driven by interactions like hydrogen bonding,
n-n stacking, and van der Waals’ forces, leading to structures with
hydrophobic surfaces and charged cores that disrupt cellular functions
and contribute to toxicity. This research explores the influence of polar
amino acids on the self-assembly of L-Phe and Phe-Phe. The results
show that polar amino acids, including L-arginine, L-lysine, and L-
glutamic acid, effectively inhibit the formation of Phe fibrillar structures.
Specifically, L-arginine and L-lysine demonstrate strong capability to
prevent fibril development in Phe-Phe systems. Observations were
validated using optical microscopy, Confocal laser scanning microscopy,
Scanning electron microscopy, UV-visible spectroscopy, and Zeta
potential. These findings suggest that polar amino acids can modulate
amyloid aggregation, providing valuable insights into potential strategies
for managing diseases related to amyloid fibril formation.
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Objective

To understand the object of this research, it’s essential to know the self-
assembly of biomolecules, such as phenylalanine and its dipeptide.
Phenylalanine and diphenylalanine form amyloid fibrillar structures
under normal physiological conditions, which are the main motif of
many degenerative diseases. This research aims to investigate how
various biomolecules influence the amyloid fibrillar structures formed
by phenylalanine and diphenylalanine during self-assembly under
physiological conditions. So, here we specifically focus on
understanding how polar amino acids, naturally present in the body,
influence the amyloid fibrillar structure. The primary aim of this work is
to understand how polar amino acids influence the formation of amyloid
aggregates.
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Literature survey

Self-assembly is the process in which molecules spontaneously and
selectively organize themselves into well-structured formations, driven
by noncovalent interactions such as electrostatic interactions, van der
Waals® forces, m-n stacking interactions, and hydrogen bonding.[?]
Biomolecules like proteins, peptides, nucleotides, and amino acids are
well known for forming self-assembly.! Research has demonstrated that
proteins and peptides can form nanostructures, including nanowires,
nanofibers, nanospheres, nanovesicles, nanogels, nanobelts, and
nanotubes.[*! Self-assembly not only enhances the mechanical stability
and strength of these molecules but also amplifies their natural activity
through the collective behavior of the assembled structures.®! This
process plays a crucial role in numerous cellular functions. However,
when aggregation becomes uncontrolled, it can result in the development
of amyloid fibrils, which cause several illnesses, including Alzheimer’s,
type 11 diabetes, and Parkinson's disease ©.

Nanofibers

Van der
Waal’s force

Biomolecule
self-assembly

;

Nanovesicles Necklaces

Tonic
interactions
Furpuoq
wadotpAH

Aromatic -
7 stacking

Nanotubes

Figure 01: Biomolecules self-assembly.

Amino acids, the fundamental building blocks of peptides and proteins,
possess the ability to undergo self-assembly.l’) Among various amino
acids, phenylalanine and its dipeptide are particularly notable for their
ability to form fibrillar structures resembling amyloids, which also
display cytotoxic properties. The self-assembly of phenylalanine is
particularly important in the context of phenylketonuria (PKU), a
metabolic disorder.[!] However, diphenylalanine self-assembly is
associated with neurological disorders like Parkinson’s and Alzheimer’s.
Adler Abramovich and colleagues show that Phe, an aromatic amino
acid, forms an ordered nanoscale fibrillar structure. °! These aggregates
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display properties similar to amyloid fibrils, suggesting a potential for
developing amyloid-related diseases. [*°!

Several studies have indicated that factors such as pH, protein or peptide
concentration, and the presence of ions can greatly influence the process
of amyloid aggregation.[*'!1*?] The Sarkar group explored that crown
ethers (CEs) can disrupt Phe amyloid fibril formation. *® The Gazit
Group reported that polyphenols such as Epigallocatechin gallate
(EGCG) and Tannic acid (TA) inhibit the formation of Phe fibrils. (4
The Panda group demonstrated that L-Dopa-functionalised gold nano-
roses (GNRs) effectively disaggregate amyloid-like fibrils formed by the
Phe-Phe. (% Co-assembly with amino acids may prevent the
development of fibril structure based on Phe, according to several recent
findings. D-phenylalanine (D-Phe) has been shown by Thakur and
associates to prevent L-Phe from forming fibrils. “° Furthermore, the
effect of co-assembly with several aliphatic chain amino acids (ACAAS),
including alanine (Ala), leucine (Leu), isoleucine (lle), and valine (Val),
on the suppression of Phe-based fibrils was examined by Shamra and
Wangoo's group. ")
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Motivation

Our lab previously reported the impact of metal ions on the self-
assembled structures of Phe. We used metal ions of varying charge and
size ratios to examine their effects. Our findings revealed that
monovalent ions (such as Na*) and divalent ions (such as Mg?* and Ca?*,
except Zn%*, Cd** and Hg?*) did not significantly alter the emission
patterns or morphology of the structures formed by Phe. In contrast,
trivalent metal ions, including AI**, Ga*, and In®*, inhibited the
formation of long fibrillar structures by promoting nano-aggregate
development.

Phenylalanine

ﬂ (\MJ’) e ® 7
\ T r\

Figure 02: Inhibition of Phe amyloid fibrillar morphology by metal ions.

So here we are, interested in investigating the factors that influence the
formation of Phe and its dipeptide self-assembly into amyloid fibrils
under physiological conditions. Specifically, we are studying how polar
amino acids interact with Phe and Phe-Phe, and how they affect its self-
assembly process.
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Chapter 1: Introduction
1.1 Self-assembly

Molecular self-assembly is a highly effective strategy for constructing
novel supramolecular architectures and is a phenomenon extensively
observed in biological systems, where it plays a fundamental role in
various natural processes. This self-directed organization arises from
weak, noncovalent interactions including hydrogen bonding, ionic
(electrostatic) forces, hydrophobic interactions, van der Waals’ forces,
and water-mediated hydrogen bonds which, although individually weak,
collectively dictate the structural conformation of biological
macromolecules and regulate their interactions with other molecular
species. Among these macromolecules, proteins, peptides, nucleotides,
and amino acids are well known for their intrinsic ability to undergo self-
assembly, giving rise to diverse nanostructures such as nanowires,
nanofibers, nanospheres, nanovesicles, nanogels, nanobelts, and
nanotubes.['®) These well-organized architectures exhibit not only
enhanced mechanical stability but also functional properties arising from
the cooperative behaviour of their constituent molecules, contributing to
a wide range of essential cellular activities. Biomolecular self-assembly
plays a pivotal role in numerous biological processes, including cell
membrane formation, enzyme activity, and structural protein folding.
However, while self-assembly is crucial for biological organization and
functionality, its dysregulation can lead to pathological outcomes. In
particular, uncontrolled aggregation of self-assembling biomolecules
such as proteins, peptides, and amino acids can lead to the formation of
amyloid fibrils, highly ordered B-sheet-rich structures linked to various
protein misfolding diseases, including Alzheimer’s disease, Parkinson’s
disease, and type Il diabetes.?9l2] Additionally, many human
degenerative disorders are associated with the formation of organized
amyloid fibrils from proteins, polypeptides, and dipeptides. Therefore,
gaining a clear understanding of their fundamental self-assembly
mechanisms is essential. Exploring the different types of self-assembly
is also important to enhance this understanding.

1.2 Types of Biomolecular Self-Assembly
1.2.1 Peptide and Protein Self-Assembly:

Peptides and proteins exhibit a remarkable capacity to spontaneously
organize into various supramolecular architectures, including
nanofibrils, nanotubes, two-dimensional sheets, and hydrogel networks.
(221 One of the most thoroughly investigated assemblies is the amyloid
fibril, typically characterized by the cross-p motif formed via beta-sheet
stacking.[?°]



1.2.2 Lipid Self-Assembly:

Lipids spontaneously form micelles, bilayers, and vesicles in aqueous
environments driven by the hydrophobic effect. These structures are
essential to cellular membrane formation and serve as model systems in
synthetic biology and drug delivery.

1.2.3 Amino Acid Self-Assembly:

Single amino acids, especially aromatic ones like phenylalanine,
tyrosine, and tryptophan, can self-assemble into a variety of
nanostructures such as fibrils, nanotubes, and crystals. These assemblies
are primarily driven by n-n stacking interactions, hydrogen bonding, and
hydrophobic effects. Adler Abramovich and colleagues show that Phe,
an aromatic amino acid, forms an ordered nanoscale fibrillar structure.
And the Phe-Phe, which serve as core recognition motifs of amyloid
plaques associated with neurological disorders like Alzheimer’s and
Parkinson’s, are of particular interest. Biological molecules, including
proteins, peptides, dipeptides, and amino acids, are involved in the self-
assembly. However, due to the structural complexity of proteins and
peptides, the underlying mechanisms behind the self-assembly process
remain elusive. Therefore, single amino acids and small dipeptides have
garnered attention in recent years.

1.3 L-phenylalanine and phenylalanine dipeptide self-assembly

L-phenylalanine (Phe) is an essential amino acid that is crucial for
protein synthesis and various metabolic functions. It is crucial for the
growth and development of the human body. Additionally, Phe serves as
a precursor for other essential compounds, including tyrosine, dopamine
(a neurotransmitter), and melanin. Since our bodies cannot produce Phe
on their own, it must be obtained through food or supplements. Phe is
naturally present in various plant- and animal-based food sources.
Common foods rich in this amino acid include breast milk, meat, fish,
eggs, nuts, seeds, and soya products.

However, under certain physiological conditions, Phe can self-assemble
into amyloid fibrillar, which are organized protein aggregates linked to
diseases such as Alzheimer's disease, Parkinson's disease, and type 2
diabetes. And also The Phe-Phe dipeptide, a key motif in amyloid fibrils,
self-assembles through n-7 stacking interactions, hydrogen bonding, and
hydrophobic effects, leading to ordered supramolecular architectures
This formation of amyloid fibrillar is particularly significant in the case
of Phenylketonuria (PKU) is a metabolic disorder that results from a
deficiency in the enzyme phenylalanine hydroxylase, [*“lwhich leads to
an accumulation of phenylalanine. Excess Phe can result in the



development of amyloid-like fibrils, contributing to the neurotoxic
effects and neurological symptoms observed in PKU patients.

Phenylalanine
Hydroxylase (PAH)

Phenylalanine €nzyme

Deficiency of
phenylalanine
hydroxylase
enzyme

Accumulation of
phenylalanine

Excess
phenylalanine
Form self-
assembly

Amyloid » | Neurodegenerative
fiber diseases

Figure 03: Flow chart of the formation of Phe self-assembly.

Phe and Phe-Phe molecules assemble through interactions such as
hydrogen bonding, van der Waals’ forces, electrostatic interactions, and
n-n stacking. These interactions create a multi-core structure with a
hydrophilic core surrounded by a hydrophobic outer surface. The
hydrophobic surface allows the fibrils to penetrate cell membranes.
During this process, the hydrophilic core, containing charged
zwitterionic ends, can cause ion imbalance and lead to cell damage. The
hydrophobic outer layer is a key factor in the toxicity of the fibrils.
Several studies have shown that Phe and Phe-Phe can form various
structures such as nanotubes, nanowires, nanovesicles, and nanofibers
during self-assembly. This has sparked significant research into
understanding how this process occurs. In this context, many studies
indicate that factors such as molecule concentration, pH, and the
presence of ions or nanoparticles significantly affect the self-assembly
process.

1.4 Effect of External Factors on Self-assembly:
1.4.1 Effect of concentration:

Studies reveal that the concentration of biomolecules significantly
influences self-assembly behavior. Shen et al. [?°] demonstrated that fibril
formation of the B-amyloid protein is highly concentration-dependent.
When the concentration was increased to 0.5 g/L or higher, fibrillation
occurred rapidly. Also, Phe aggregation typically initiates above a
critical aggregation concentration (CAC) in the range of 2-50 mM under
physiological conditions. At lower concentrations, Phe exists as
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monomers or small oligomers, while higher concentrations promote n—n
stacking and hydrophobic interactions, leading to well-ordered
nanostructures like fibrils and nanotubes. [6]

1.4.2 Effect of pH:

The presence of ionic groups in biomolecules makes the hydrogen ion
concentration (pH) of the solution a critical factor in their self-assembly
behavior. In general, a reduction in pH tends to favour the formation of
amyloid fibrils in proteins. For short peptides, their self-association is
largely influenced by the isoelectric point and the pKa values of their
constituent amino acids.?’]

1.4.3 Effect of metal ions:

Metal ions are vital to numerous biological functions, including cellular
homeostasis and enzymatic activity, through their coordination with key
biomolecules. Beyond these roles, recent studies have highlighted their
influence on amyloid aggregation. In this aspect, Lovell et.al introduced
that high levels of metal ions (such as Zn?**, Cu?**, and Fe**) are deposited
in senile plaques. Additionally, AI** has been detected in amyloid fibres
at the centre of these plaques. [?8 However, zinc (Zn?*) seems to stabilize
smaller, non-fibrillar amyloid clusters. Studies by Ha and colleagues
show that both Zn?** and Cu?* can interfere with the formation of fibrillar
amyloid, instead promoting the creation of amorphous, non-fibrillar
aggregates. [2° More recently, Ye et al. explored how protein nanofibrils
(PNFs) grow and form hydrogels in the presence of different metal
ions.2% Overall, these findings suggest that metal ions may play a role in
triggering or encouraging the aggregation of proteins or peptides.

However, our previous study showed that divalent ions (Mg**, Ca**) had
little effect on Phe self-assembly. In contrast, trivalent ions (Al**, Ga*",
In*") inhibited fibril formation and caused nano-aggregation, while
divalent ions like Zn?>*, Cd**, and Hg?" also disrupted the process.2 In
our lab, we are investigating the interactions between Phe and Phe-Phe
with polar amino acids that possess positive and negative charges (such
as L-arginine (Arg), L-histidine (His), L-lysine (Lys), L-glutamic acid
(Glu), L-aspartic acid (Asp), L-glutamine (GIn), L-asparagine (Asn), L-
serine (Ser), and L-threonine (Thr). We are investigating how these
interactions affect the morphology of the resulting fibrillar structures
during the self-assembly process. This research finds the potential role
of polar amino acids in modulating the structure and aggregation of
amyloid fibrils.



1.5 Classification of Amino Acids:

Amino acids are organic compounds that feature both a carboxylic acid
group (-COOH) and an amino group (-NHz), along with a distinct
organic R group (side chain) for each amino acid. They serve as the
building blocks of proteins and are essential for many biological
functions, including enzyme activity, cell signaling, and synthesizing
neurotransmitters and hormones.

All amino acids, except for glycine, are chiral molecules and exist in two
enantiomeric forms: D and L. However, the amino acids found in
proteins almost exclusively possess the L configuration. Amino acids are
classified into four categories: polar uncharged amino acids, nonpolar
amino acids, acidic amino acids, and basic amino acids.

1.5.1 Nonpolar amino acids

Amino acids such as glycine (Gly), alanine (Ala), valine (Val), leucine
(Leu), isoleucine (lle), proline (Pro), phenylalanine (Phe), methionine
(Meth), and tryptophan (Trp) are classified as nonpolar amino acids. The
R groups of these amino acids contain either aromatic or aliphatic
groups, which contribute to their hydrophobic nature.

o (0}
\).J\ CH; \‘)J\OH WOH
H,N NH
OH NH, HO :
Glycine Alanine Tyrosine
o - 0 9
~ S
OH OH - OH
NH, NH, NH,
Leucine Isoleucine methionine
0 o o
NH NH, NH,
Proline phenylalanine Valine

Figure 04: Structures of Nonpolar amino acids.

1.5.2. Polar uncharged amino acids:

Amino acids are serine (Ser), cysteine (Cys), threonine (Thr), tyrosine
(Tyr), asparagine (Asn), and glutamine (GIn). The R group of these
amino acids is the polar group, which contains electronegative atoms like
oxygen, nitrogen, and sulphur. These amino acids are hydrophilic due to
this polar group.
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Figure 05: Structures of polar amino acids.
1.5.3. Acidic amino acids:

These amino acids have a carboxylic acid group (-COOH) present in its
side chain, and due to this carboxylic acid group, these amino acids are
acidic. Asp and Glu are examples of acidic amino acids. The side chain
of these amino acids forms ionic bonds.

0] (0) (0]
HO
OH HO OH
(0) NH, NH,
Aspartic acid Glutamic acid

Figure 06: Structures of acidic amino acids.
1.5.4. Basic amino acids

Amino acids Arg, Lys, and His have an amino group (-NH) in their side
chain and due to this group, these amino acids are basic. The side chain
of these amino acids forms ionic bonds.

JNj\l'l o (0] (o)
H,;N N
H,N E/\/YJ\OH 2 \/\/\‘)J\OH </ NOH
NH, NH, HN NH,
Arginine Lysine Histidine

Figure 07: Structures of basic amino acids.



Chapter 2: Experimental Section
2.1 Reagents and materials

Amino acids, namely, L-phenylalanine, L-arginine, L-histidine, L-
lysine, L-glutamic Acid, L-aspartic acid, L-glutamine, L-asparagine, L-
serine, L-threonine, and 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES), were purchased from SRL. Diphenylalanine, thioflavin T
(ThT), and Nile red were purchased from Sigma-Aldrich. Every
chemical is used as received, without any additional purification.

2.2 Instrumentation
2.2.1 Optical Microscope

We used a DEWINTER optical microscope for imaging the samples. The
optical images of the self-assembled structures of amino acids were
captured at a 40X resolution using an in-built camera.

2.2.2. Confocal Laser Scanning Microscopy (CLSM)

We used an OLYMPUS confocal microscope, model 1X-83, to image the
samples confocally. The Multiline Ar lasers (gas laser) with an excitation
wavelength of 488 nm and 559 nm were used to monitor ThT and Nile
red-stained aromatic amino acid self-assemblies, respectively. ThT and
Nile red concentrations were maintained at 5 uM and 1 uM for all the
samples. To extract the solvent, a freshly made sample was drop-cast on
a clean glass slide and put in a vacuum desiccator. Every imaging study
was conducted at ambient temperature.

2.2.3. Scanning Electron Microscopy (SEM)

A scanning electron microscope, model JEOL-7610 F Plus, was used for
SEM imaging. After being vacuum-dried on glass slides, the freshly
made samples were covered with gold for SEM investigation at an
operating voltage of 5 kV.

2.2.4. Zeta Potential Measurements

The zeta potential of the Phe and Phe-Phe and all co-assembly was
measured using a Nano Plus particle size analyser (NanoPlus-3 model).
An aliquot of the sample was injected into the capillary chamber, and the
zeta potential was measured. Each sample was measured three times for
better reproducibility of the result.

2.2.5. UV-Visible Spectroscopy:

We used a Varian UV—vis spectrophotometer (Cary 100 Bio) to record
all the UV—vis absorption spectra. Origin Pro 8.1 software was used to
analyse all of the absorption spectra.



2.3 Methods

2.3.1 Preparation of Self-Assembly of L-Phenylalanine

Aromatic amino acid Phe (10 mM) was dissolved in HEPES buffer (10
mM, pH ~7.4) and heated at 90°C for 2 hours to achieve the monomeric
state. The solution was then gradually cooled to room temperature
without any disturbance, resulting in the formation of a fibrillar structure.

2.3.2 Preparation of self-assembly of phenylalanine dipeptide

Phe-Phe (5 mM) was dissolved in HEPES buffer (10 mM, pH ~7.4) and
heated at 90°C for 2 hours to achieve the monomeric state. The solution
was then gradually cooled to room temperature without any disturbance,
resulting in the formation of a fibrillar structure.

2.3.3 Preparation of co-assembly of amino acids

In case of co-assembly, different polar amino acids (such as Arg, His,
Lys, Glu, Asp, GIn, Asn, Ser, and Thr) were added to the preheated
solution at a 1:2 ratio of Phe or Phe-Phe and amino acids, respectively,
before incubating at room temperature.



Chapter 3: Results and discussion
3.1 Phenylalanine self-assembly:

Initially, we investigate the self-assembly of Phe (Figure 8A). To observe
the morphology of Phe self-assembly in a time-dependent manner, we
first used an optical microscope (OM), which confirmed the formation
of a fibril-like structure of the self-assembly (Figure 8B). Subsequently,
we confirmed fibrillar morphology using CLSM microscopy (Figure 8C)
and zeta potential of Phe self-assembly is negative (-37) at an initial
stage. It remains negative till 24 hours, which indicates the fibrillar
structure stability. (Figure 8D).
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Figure 08: (A) Phe structure, time-dependent (B) OM images, (C)
CLSM images, (D) Zeta potential of Phe self-assembly.

3.2 Phenylalanine Dipeptide self-assembly:

We investigate the self-assembly of Phe-Phe (Figure 9A). To observe the
morphology of Phe-Phe self-assembly in a time-dependent manner, we
first used an OM, which confirmed the formation of a fibril-like structure
of the self-assembly (Figure 9B). Subsequently, we confirmed fibrillar
morphology using CLSM microscopy (Figure 9C) and the Zeta potential
of Phe-Phe self-assembly is negative (-28.1) at an initial stage and after
24 hours remains negative, which indicates that the fibrillar structure
stability. (Figure 9D).
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Figure 09: (A) Phe-Phe structure, time-dependent (B) OM images, (C)
CLSM images, (D) Zeta potential of Phe-Phe self-assembly.

From the above data, it was clear that without external stimuli, Phe and
Phe-Phe show no intermediates in the formation of a fibrillar-like
structure. Previously, we investigated the effect of different metal ions
on the self-assembly of Phe. Here in this work, we explore the impact of
polar amino acids on the Phe and its dipeptide self-assembly. For that,
we use polar amino acids (such as Arg, His, Lys, Glu, Asp, GIn, Asn,
Ser, and Thr). Here, we observe that specific polar amino acids such as
Arg, Lys, and Glu successfully inhibit the fibrillar formation of Phe and
Phe-Phe. As we want to do a comparative study that is why we further
work with four polar amino acids that are two basic amino acids (Arg
and Lys) and two acidic amino acids (Glu and Asp).

3.3 Co-assembly of phenylalanine and arginine:

Initially, we studied the interaction between Phe and Arg in a time-
dependent manner. From OM images of (Figure 10) observed that blank
Arg does not form any prominent morphology. And in OM images
(Figure 11), we observed that in a 1:1 ratio, fibrillar morphology was
present for 3 hours, but after that, we can see that there is a
nanoaggregates-like morphology present with the fibrillar-like
morphology. But in case of a 1:2 ratio, an aggregate-like structure
resembling a flower-like morphology was observed for 24 hours, and no
fibrillar morphology was detected during the same period. In the 1:3
ratio, a large flower-like morphology was observed, which also appeared
in the 1:4 ratio observed may be due to the larger content of Arg. For
further characterization, we used a 1:2 ratio of Phe to Arg, as this ratio
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yields the most prominent intermediate structures. We confirmed the
morphology for a 1:2 ratio by using time-dependent CLSM analysis
(Figure 12). We used ThT, a well-known fluorescence marker for self-
assembled fibrillar structures, and Nile red, a fluorescence marker for
hydrophobic structures, to tag the co-assembly. Time-dependent SEM
analysis confirms the flower-like morphology of the co-assembly (Figure
13A).

Figure 10: Time-dependent OM images of blank Arg. Scale bar — 20
pm.

Oh 3h 12h 24 h

1:1
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Figure 11: Time-dependent OM images of co-assembly of Phe and Arg.
Scale bar - 20pm.

0 e
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Initial stage

Figure 12: Time-dependent CLSM images of co-assembly of Phe and
Arg (1:2 ratio). Scale bar -20 um.

To further study the effect of polar amino acids interactions on the self-
assembly of Phe, we performed UV-vis and Zeta potential. The UV-vis
spectra (Figure 13B) of the co-assembly of Phe and Arg presented the
combined effect of Phe and Arg, suggesting the absorbance peak at
around 258 nm, The intensity of co-assembly increased compared to
blank Phe, which indicates that structural changes are occurring, and
these changes may be due to the n—= stacking interactions between Phe
and Arg. From (Figure 13C) it was observed that Phe shows a negative
zeta potential at the initial stage, approximately (-37), and Arg is a
positively charged amino acid, and we get a negative zeta potential value
for co-assembly, at the initial stage (-34.04), and along with time zeta
potential value changed, and we observed (-25.91) after 24 hours. This
observation indicates that the negative charge of the Phe self-assembly
outer surface may interact with a positive charge of Arg, and these
interactions could be a reason for the flower-like morphology formed in
place of fibrillar morphology formation. And the zeta potential of co-
assembly remains negative till 24 hours, which indicates structural
stability.
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Figure 13: (A) Time-dependent SEM images of co-assembly of Phe and
Arg (1:2 ratio), (B) UV-visible spectra of blank Phe, blank Arg, and co-
assembly of Phe and Arg, (C) Time-dependent Zeta potential of co-
assembly of Phe and Arg.

Zeta Potential (mV)

3.4 Co-assembly of phenylalanine and lysine:

Here, we studied the interaction of Phe with Lys in a time-dependent
manner. In OM images (Figure 14), it was observed that blank lysine
forms flat vesicle-like morphology. OM images (Figure 15) observed
that at a 1:1 ratio, fibrillar morphology was observed at the very initial
stage and till 24 hours, which shows that lysine does not inhibit the
fibrillar formation. At a 1:2 ratio, an aggregate structure resembling a
flower-like morphology was observed at the initial stage, and after 3
hours, aggregates started to fuse, and by 24 hours, aggregates converted
into a large aggregate, and there is no fibrillar morphology was detected
till 24 hours. In the 1:3 and 1:4 ratio, a large flower-like morphology was
observed may be due to the larger content of Lys. For further
characterization, we used a 1:2 ratio of Phe to Lys, as this ratio yields the
most prominent intermediate structures. We confirmed these results for
a 1:2 ratio with CLSM (Figure 16). We used ThT, a well-known
fluorescence marker for self-assembled fibrillar structures, and Nile red,
a fluorescence marker for hydrophobic structures, to tag the co-
assembly, and Time-dependent SEM analysis confirms the flower-like
morphology of the co-assembly (Figure 17A).
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Figure 14: Time-dependent OM images of blank Lys. Scale bar — 20 pm.
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Figure 15: Time-dependent OM images of co-assembly of Phe and Lys.
Scale bar — 20 pum.
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Nile Red

Figure 16: Time-dependent CLSM images of co-assembly of Phe and
Lys (1:2 ratio). Scale bar — 20 um.

To further study the effect of Lys interactions on the self-assembly of
Phe, we performed UV-vis and Zeta potential. The UV-vis spectra
(Figure 17B) of the co-assembly of Phe + Lys presented the combined
effect of Phe and Lys, suggesting that the absorbance peak around 258
nm, Intensity of the co-assembly increased compared to blank Phe,
which indicates that structural changes are occurring, and these changes
may be due to the n—= stacking interactions between Phe and Lys. Phe
shows a negative zeta potential at the initial stage, approx. (-37), and Lys
Is a positively charged amino acid, and we get a negative zeta potential
value for co-assembly (Figure 17C), at the initial stage (-42.79), and
along with time zeta potential value increased, and we observed (-31.63)
after 24 hours. This observation indicates that the outer surface negative
charge of the Phe self-assembly may interact with a positive charge of
Lys, and these interactions could be a reason for the flower-like
morphology formed in place of fibrillar morphology formation. And the
zeta potential of co-assembly remains negative till 24 hours, which
indicates structural stability.
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Figure 17: (A) Time-dependent SEM images of co-assembly of Phe and
Lys (1:2 ratio), (B) UV-visible spectra of blank Phe, blank Lys, and co-
assembly of Phe with Lys, (C) Time-dependent Zeta potential of co-
assembly of Phe and Lys.

3.5 Co-assembly of phenylalanine and glutamic acid:

After that, we studied the interaction of Phe and Glu in a time-dependent
manner. In OM images (Figure 18), we observed that blank Glu forms a
small aggregate-like morphology at an initial stage and, for 24 hours,
forms a leaf-like morphology. OM images (Figure 19) show that ata 1:1
ratio (phe: Glu), fibrillar morphology was present at the very initial stage,
which confirms that Glu does not inhibit the fibrillar formation till 24
hours. In the case of a 1:2 ratio at an initial stage, fibrillar morphology
was observed at the initial stage, but with time, we observed some
aggregate formation starting, and at 3 hours, there was an aggregate with
fibrillar morphology observed, and at 24 hours complete aggregate
formed. For 1:3 at an initial stage, we observed fibrillar with aggregates,
and at 3 hours observed large aggregates. For 1:4, a large aggregate
morphology was observed. We further studied with a 1:2 ratio because
in 1:2 we get a prominent intermediate. We confirmed this morphology
for a 1:2 ratio with the CLSM microscopy. We used ThT, a well-known
fluorescence marker for self-assembled fibrillar structures, and Nile red,
a fluorescence marker for hydrophobic structures, to tag co-assembly
(Figure 20). Also confirmed these results with SEM (Figure 21A).

Oh 24h

— —
20 ym 20 pm

Figure 18: Time-dependent OM images of blank Glu. Scale bar — 20 um.
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Figure 19: Time-dependent OM images of co-assembly of Phe and Glu.
Scale bar — 20 pm.

Figure 20: Time-dependent CLSM images of co-assembly of Phe and
Glu (1:2 ratio). Scale bar - 10 pm.

To further study the effect of Glu interactions on the self-assembly of
Phe, we performed UV-vis and Zeta potential. The UV-vis spectra
(Figure 21B) of the co-assembly of Phe and Glu suggest an absorbance
peak 258 nm of co-assembly intensity increased, which indicates the
interactions between Phe and Glu. The shift happens may be due to the
n— stacking interactions between Phe and Glu. Zeta potential (Figure
21C) of co-assembly of Phe and Glu is negative, at the initial stage (-
22.9), and with time zeta potential value changes and becomes less
negative, and at 24 hours, we observed (-11.24). This may have happened
due to structural changes.
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Figure 21:(A) Time-dependent SEM images of co-assembly of Phe and
Glu (1:2 ratio), (B) UV-visible spectra of blank Phe, blank Glu, and co-
assembly of Phe and Glu, (C) Time-dependent Zeta potential of co-
assembly of Phe and Glu.

3.6 Co-assembly of phenylalanine and aspartic acid:

After that, we observed the interaction of Phe and Asp in a time-
dependent manner. OM images (Figure 22) observed that blank aspartic
acid at the initial stage, no prominent morphology is formed, but at 24
hours, a large leaf-like morphology is observed. OM images observed
that at all ratios 1:1, 1:2, 1:3, and 1:4, fibrillar morphology was observed,
which shows that aspartic acid does not affect the fibrillar formation
process. (Figure 23) We also confirmed these results for a 1:2 ratio with
CLSM images. We used ThT, a well-known fluorescence marker for
self-assembled fibrillar structures, and Nile red, a fluorescence marker
for hydrophobic structures, to tag co-assembly (Figure 24), We also
confirmed the fibrillar morphology with SEM (Figure 25A).
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Figure 22: Time-dependent OM images of blank Asp. Scale bar — 20

pm.
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Figure 23: Time-dependent OM images of co-assembly of Phe and Asp.
Scale bar — 20 pm.

Figure 24: Time-dependent CLSM images of co-assembly of Phe and
Asp (1:2 ratio). Scale bar — 20 pm.

To further study the effect of Asp interactions on the self-assembly of
Phe, we performed UV-vis and Zeta potential. The UV-vis spectra
(Figure 25B) of the co-assembly of Phe + Asp suggest that there are no
changes compared to blank Phe, indicating that there is no structural
changes occur. Zeta potential of co-assembly is observed negative, at the
initial stage ( -15.46) and remains negative till 24 hours, which indicates
that the fibrillar structure stability. (Figure 25C)
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Figure 25: A) Time-dependent SEM images of co-assembly of Phe and
Asp (1:2 ratio), (B) UV-visible spectra of blank Phe, blank Asp, and co-
assembly of Phe and Asp, (C) Time-dependent Zeta potential of co-
assembly of Phe and Asp.

3.7 Co-assembly of Phe-Phe and arginine:

In the case of Phe-amino acid co-assembly, the most significant
morphological changes were observed at a 1:2 ratio of Phe to amino
acids. Therefore, for Phe-Phe co-assembly, we consider only the 1:2 ratio
of Phe-Phe to amino acids. In case of Phe-Phe and Arg co-assembly,
time-dependent CLSM images (Figure 26) confirmed that at a 1:2 ratio,
an aggregate-like morphology was observed at the initial stage to till 24
hours, and there is no fibrillar morphology was detected till 24 hours.
These results are also confirmed with SEM images (Figure 27A). We
further confirmed these results with UV-visible and Zeta potential. UV-
visible spectra (Figure 27B) indicate that the intensity of the absorbance
peak of the co-assembly of Phe-Phe and Arg increases compared to blank
Phe, which suggests that there are structural changes occur, and this may
be happened due to n-n interactions between Phe-Phe and Arg. Phe-Phe
show negative zeta potential (-30.1) and Arg is positive charged amino
acid and (Figure 27C) we get a negative zeta potential value for co-
assembly, at the initial stage (-37.04), and along with time zeta potential
value changed, and we observed (-29.21) after 24 hours. This observation
indicates that the negative charge of the Phe-Phe self-assembly outer
surface may interact with a positive charge of Arg, and these interactions
could be a reason for the vesicle-like morphology formed in place of
fibrillar morphology formation. And the zeta potential of co-assembly
remains negative till 24 hours, which indicates structural stability.
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Initial stage

Figure 26: Time-dependent CLSM images of co-assembly of Phe-Phe
and Arg (1:2 ratio). Scale bar - 10um.
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Figure 27: (A) Time-dependent SEM images of co-assembly of Phe-Phe
and Arg (1:2 ratio), (B) UV-visible spectra of blank Phe, blank Arg, and
co-assembly of Phe and Arg, (C) Time-dependent zeta potential of co-
assembly of Phe-Phe and Arg.
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3.8 Co-assembly of Phe-Phe and lysine:

Time-dependent CLSM images (Figure 28) confirmed that at a 1:2 ratio,
an aggregate structure resembling a vesicle-like morphology was
observed at the initial stage to till 24 hours, and there is no fibrillar
morphology was detected till 24 hours. Also confirmed these results with
SEM images (Figure 29A). we further confirmed these results with UV-
visible and Zeta potential. UV-visible spectra (Figure 29B) indicate that
the intensity of the absorbance peak of the co-assembly of Phe-Phe and
Lys increases compared to blank Phe, which suggests that there are
structural changes occur. Phe-Phe shows negative zeta potential (-30.1)
and Lys is positive charged amino acid and (Figure 29C) we get a
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negative zeta potential value for co-assembly, at the initial stage (-40.1),
and along with time zeta potential value changed, and we observed (-
25.21) after 24 hours. This observation indicates that the negative charge
of the Phe-Phe self-assembly outer surface may interact with a positive
charge of Lys, and these interactions could be a reason for the vesicle-
like morphology formed in place of fibrillar morphology formation. And
the zeta potential of co-assembly remains negative till 24 hours, which
indicates structural stability.

Initial stage

Figure 28: Time-dependent CLSM images of co-assembly of Phe-Phe
and Lys (1:2 ratio). Scale bar - 20pm.
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Figure 29: (A) Time-dependent SEM images of co-assembly of Phe-Phe
and Lys (1:2 ratio), (B) UV-visible spectra of blank Phe-Phe, blank Lys,
and co-assembly of Phe-Phe with Lys, (C) Time-dependent Zeta
potential of co-assembly of Phe-Phe and Lys.

3.9 Co-assembly of Phe-Phe with glutamic acid and aspartic acid:

In the co-assembly of Phe-Phe with Glu and Phe-Phe with Asp, we
observed fibrillar morphology with the naked eye (Figure 30A, B).
(Figure 30C) shows the case of Phe-Phe self-assembly; no fibrillar
morphology is observed with the naked eye. These indicate that Glu and
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Asp promote the Phe-Phe fibrillar morphology formation. We confirmed
these with CLSM images (Figure 31A) (Figure 32A), showing that there
is fibrillar morphology in the initial stage to till 24 hours. Spectroscopic
analysis was not performed further because the sample was turbid.
However, zeta potential measurements indicate that there were no
surface charge changes in the co-assembly's value over time for both the
co-assembly. (Figure 31B) (Figure 32B)

Figure 30: Images of (A) co-assembly of Phe-Phe and Glu, (B) co-
assembly of Phe-Phe and Asp, (C) self-assembly of Phe-Phe.

(A)

Initial stage 24h (B)

Time (hours)
0 5 10 15 20 25

ThT

- =Phe-Phe + glu

Zeta Potential (mV)

Nilered

Figure 31: (A) Time-dependent CLSM images of co-assembly of Phe-
Phe and Glu. Scale bar — 20 um. (B) Time-dependent zeta potential of
co-assembly of Phe-Phe and Glu.
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Figure 32: (A) Time-dependent CLSM images of Co-assembly of Phe-
Phe and Asp. Scale bar — 20 um. (B) Time-dependent zeta potential of
co-assembly of Phe-Phe and Asp.
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Future scope

In future research, we plan to conduct an in-depth investigation into the
self-assembly mechanism of L-phenylalanine in the presence of polar
amino acids. Specifically, we want to understand why these interesting
structural changes happen during Phe-Glu co-assembly, even though
both have negative surface charges. Our focus will be on elucidating the
driving forces and structural transformations involved in the formation
of wvarious intermediates throughout the self-assembly process.
Additionally, we are interested in exploring how these intermediates of
Phe and Phe-Phe will interact with liposome vesicles.

Conclusions

In this study, we investigated the modulatory effects of various polar
amino acids on the self-assembly of Phe and Phe-Phe. Our results
demonstrate that the presence of different polar amino acids significantly
alters the morphology. We draw the following conclusions from our
observations.

a) We have observed that two basic amino acids, Arg and Lys,
successfully inhibit the Phe and Phe-Phe fibrillar morphology.

b) We have observed that acidic amino acid Glu successfully
inhibits the Phe fibrillation but promotes the Phe-Phe self-
assembly process.

c) We have observed that acidic amino acid Asp doesn’t inhibit the
Phe fibrillar morphology, but in the case of Phe-Phe promotes the
self-assembly process.

d) We have successfully optimized the concentration ratio of Phe:
polar amino acid (1:2), which shows prominent morphology and
intermediates.
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Supporting information

Here we show OM images of the co-assembly of Phe and polar amino
acids (Ser, Thr, and Asn except GIn) which do not inhibit the fibrillar
morphology of self-assembled Phe. We get fibrillar morphology till 24
hours.

Figure S1: OM images of blank serine.

Phe : Ser Oh . 3 12h : 24h

1:1
1:2
1:3

1:4

Figure S2: Time-dependent OM images of co-assembly of Phe and Ser.

OM images (Figure S1) show blank Ser self-assembly. OM images
(Figure S2) show that at all concentrations, Ser does not inhibit the
fibrillar morphology.

Figure S3: OM images of blank Thr.
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Figure S4: Time-dependent OM images of co-assembly of Phe
and Thr.

OM images (Figure S3) show self-assembly of blank Thr. OM images
(Figure S4) show that OM images show that there is fibrillar

morphology, which means Thr does not show any effect on the Phe self-
assembly process.

Figure S5: OM images of blank Glu.
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Phe : glutamine

1:1

Figure S6: Time-dependent OM images of co-assembly of
phenylalanine and Gin.

OM images (Figure S5) show self-assembly of blank GIn. OM images
(Figure S6) show that Gln at a 1:1 ratio a little bit inhibits the fibrillar
morphology and at a 1:2 ratio at the initial stage aggregate like
morphology is observed and after that fibrillar aggregate morphology is
formed till 24 hours and in 1:3 and 1:4 ratio aggregate formed, there is
no any fibrillar morphology observed.

Figure S7: OM images of blank Asn.
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Figure S8: Time-dependent OM images of co-assembly Phe and Asn.

OM images (Figure S7) show self-assembly of blank Asn. OM images
(Figure S8) show that in the co-assembly of Phe and Asn, there is fibrillar
morphology observed.
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