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Understanding the self-ordering of amino acids
into supramolecular architectures: co-assembly-
based modulation of phenylalanine nanofibrilst

Prabhjot Singh,? Satish K. Pandey,® Aarzoo Grover,i© Rohit K. Sharma {2 € and
Nishima Wangoo () *¢

Amino acids have emerged as promising molecular frameworks for the generation of functional
materials owing to the bio-compatibility and thermodynamic stability of their self-assembled
architectures. The homogeneous and heterogeneous self-assembly of all naturally occurring amino
acids may demonstrate vast functional diversity owing to their common zwitterionic motif, which can
serve as a library for the generation of nano/microscale supramolecular biomaterials. Furthermore,
amino acids-based self-assembled amyloid structures exhibit pathological relevance, which shifts the
paradigm from the self-assembly of polymeric entities to the self-assembly of simple organic molecules
or metabolites. Thus, in order to understand the in-built self-ordering behaviour of amino acids, we
investigated all naturally occurring amino acids (except aromatic amino acids) for their well-defined
morphology and solution-phase B-sheet-like amyloid characteristics. Furthermore, this comprehensive
analysis of self-assembly data led to the discovery of aliphatic chain amino acids (ACAAs; Ala, Leu, Ile
and Val) as potential candidates for the modulation of phenylalanine fibril toxicity. Thus, this inclusive
amino acid self-assembly analysis may pave the way for the design and development of simple organic
molecules with inherited self-assembling properties for the generation of functional nanomaterials.

structures of peptides and proteins have been studied in much
detail due to their propensity to form amyloid aggregates.””

The self-assembled architecture made up of small molecular
motifs are recognized as the functional force of living
systems."” The optimum balance between intermolecular non-
covalent forces to acquire structural diversity and functionality
may be identified as the first step towards cellular life.? Inspired
by this, the molecular self-assembly of supramolecular entities,
such as proteins, peptides, DNA and lipids, has been investigated
in much detail to understand the mechanism that regulates and
controls the matter flux responsible for the functional aspects of
living systems.* Specifically, self-assembled supramolecular
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Despite this, limited efforts have been made to understand
the well-ordered secondary structures formed by small molecules
through the available set of non-covalent forces.>® However,
recent reports have suggested a probable link between the self-
assembly of metabolites (such as amino acids and nucleotides)
and amyloid-based pathological disorders.’®® In particular,
phenylalanine, tyrosine and adenine structures exhibit
amyloid-like toxicity and have been further analyzed for the
antibody generation. The mechanism behind many unexplained
pathological disorders have been linked to generic f-sheet-type
amyloid formation regardless of their molecular origin.'® In
addition, proteins with a-helix structures have been reported to
display amyloid formation, which extends the complexity of
these pathogenic structures.'”® The occurrence of these patho-
genic structures has been linked to serious health problems,
such as Alzheimer’s, Parkinson’s, Chronic Traumatic Encephalo-
pathy (CTE) and phenylketonuria (PKU)."**° The occurrence of a
high phenylalanine concentration in the blood and observation
of phenylalanine self-assembled fibrils in the parietal cortex
brain tissue have been recognized as diagnostic tools for
PKU."?' To date, tetrahydrobiopterin with a restricted phenyl-
alanine diet has been used as a treatment for patients suffering
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from PKU.*? Further, branched chain amino acids have been
clinically adopted as a dietary therapy approach, which is believed
to inhibit phenylalanine transport across the blood-brain
barrier.>®> However, the mechanistic of branched chain amino
acids to lower the adverse health effects in PKU is still unclear.”*

In this regard, various attempts have been made to under-
stand the self-assembly mechanism of phenylalanine so that it
can be used to devise an effective strategy to inhibit its amyloid
formation for different motifs, mainly by inhibiting the n-n
stacking interaction, which is generic in amyloids containing
an aromatic residue.>" In our earlier report, we investigated
the role of the zwitterionic part in the self-assembly of aromatic
amino acids using dielectric modulation of the solvent
system.>> Observed shifts in morphological patterns were sug-
gested to be correlated with the electrostatic interactions
between zwitterionic ends in varying dielectric solvents.
Further, aromatic and non-aromatic moieties immobilized over
gold nanoparticles were demonstrated to have a modulating
effect on the self-assembly of aromatic amino acids.*® Succes-
sively, we reported the formation of a phenylalanine dimer
assembly nanostructure as the basic building block of amyloids
forming nanofibrils, which have been suggested to be respon-
sible for the nerve cell damage in patients suffering from
PKU.** Therefore, looking at the role of self-assembled amino
acids in various pathological disorders and understanding the
molecular level self-assembly mechanism of amino acid motifs,
herein, we report the self-assembly of all naturally occurring
amino acids (except for aromatic amino acids, which was
reported in a previous report) in a variety of nano to microscale
organizational habits.®* It is pertinent to note that we report
novel self-assembled structures for all the amino acids (except
aromatic, cysteine and methionine) for the first time in this
paper. This investigation of the self-assembled pattern genera-
tion for all amino acids was divided into five categories based
on their hydration potential as well as hydrophobicity index.
Specifically, the self-assembled architectures for glycine (Gly),
alanine (Ala), leucine (Leu), isoleucine (Ile), methionine (Met),
valine (Val) (fern-like crystallite), proline (Pro) (rod crystallite)
and cysteine (Cys) (globular floral) were reported in category I;
threonine (Thr) (spear-like crystallite) and serine (Ser) (capsule
structure) in category II; asparagine (Asn) and glutamine (Gln)
(dendritic floral) in category III; aspartic acid (Asp) and glutamic
acid (Glu) (membrane-like structure) in category IV; lysine (Lys)
(microrod crystallite), and arginine (Arg) (nanorod crystallite)
and histidine (His) (fibril) in category V were investigated under
an optimum set of conditions using optical and field emission
scanning electron microscopy (FE-SEM). The observed self-
assembled architectures in these categories indicated the occur-
rence of an inherited structure-morphology relationship for
amino acids that may pave the way for the development of the
first of its kind of systematic nanofabrication tool using simple
organic molecules. Furthermore, all amino acids were investi-
gated for the amyloid characteristics using an optimized aqu-
eous medium thioflavin T (ThT) assay.

The morphological assessment of all the self-assembled
amino acids and the presence of a common zwitterionic motif
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in monomers inspired us to investigate the role of the
co-assembly (in binary mixture) of various amino acids to
inhibit phenylalanine fibril formation. Remarkably, aliphatic
chain amino acids (ACAAs; Ala, Leu, Ileu and Val) demonstrated
a peculiar hindrance to the phenylalanine fibril formation.
Furthermore, solution-phase ThT assay for the co-assembled
system indicated there was an inhibition of the f-sheet-like
structure formation as displayed by phenylalanine. Further,
validation of the inhibitory effect exhibited by the co-assembly
of ACAAs to reduce phenylalanine cytotoxicity was carried out by
using the MTT assay. These intriguing results clearly confirmed
the inhibitory role played by ACAAs in regulating the amyloid
formation of phenylalanine. Thus, understanding amino acid
self-assembly based on microscopic analysis led to the first-of-its-
kind molecular structure-morphology pattern relationship. Further-
more, comprehensive analysis of amino acid self-assembly depicted
the role of ACAAs in the disruption of phenylalanine fibril for-
mation, which is notable evidence supporting the potential of
dietary therapy to work against phenylketonuria.*®

Materials and methods
Materials

All the o-amino acids were purchased from Sigma-Aldrich and
used as such. Milli-Q water (resistivity ~18.2 MQ) used for all the
self-assembly experiments. The methanol used for the self-
assembly experiments was of analytical grade with >99% purity.

Optical microscopy

Optical images of the amino acid self-assembled structures
were captured using a light microscope with an in-built camera
attachment by depositing 10 pL of the sample solution on a
microscopic glass slide.

FE-SEM analysis

FE-SEM was used to investigate the morphology of the self-
assembled structures. In general, a 10 pL solution of amino
acid solution at 1 mg mL™" concentration was evaporated
slowly on the smooth surface of a Ag film pasted on the
FE-SEM step. Pt coating was applied on the samples to make
them conductive, followed by FE-SEM analysis on a Hitachi,
SU8010 electron microscope, operating at 10-15 kV.

Confocal laser scanning microscopy

The fluorescence emission signal in the ThT binding assay as
well as the intrinsic emission of the self-assembled structures
were captured using the Zeiss LSM 510 confocal laser scanning
microscope. In general, the samples were prepared by air drying
10 pL of each sample solution on a microscopic glass slide.

Fluorescence spectroscopy

The fluorescence spectra were recorded on an Agilent Technologies
Cary Bundle instrument. For ThT optimization, various concentra-
tions varying from 0.0001 to 1.0000 mg mL ™" were prepared in an
aqueous medium and the fluorescence spectra recorded at an

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2021
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excitation wavelength of 370 nm. For ThT assay, ageing of the
amino acid solutions (concentration 80 mM) were done by placing
them in a closed vessel and leaving undisturbed at room tempera-
ture for 15 days, followed by the addition of optimized ThT
concentration (2.5 uM) for the binding assay. The solution-phase
ThT binding assay for all the amino acids was performed using
optimized ThT as the final concentration in the sample solutions.

Cell viability assay

The cell cytotoxicity of the amino acid samples was assessed
against HeLa cells via a 3-(4,5)-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide (MTT) assay. Briefly, HeLa cells
were seeded (2 x 10* cells per well) in triplicate in a 96-well
culture plate containing RPMI-1640 (supplemented with 5%
fetal bovine serum) and incubated for 24 h. Cells were treated
with amino acid self-assembled structures at different concen-
trations for the cytotoxicity assay. After the required duration,
the medium was aspirated and 100 pL fresh medium was added
to each plate. Thereafter, the cells were treated with 20 pL of
MTT solution (2.5 mg mL ™" in PBS) and again left to incubate for
4 h at 37 °C. The supernatant was separated and the resulting
formazan crystals were dissolved in 100 pL DMSO. The samples
were measured for their absorbance at 570 nm with a microplate
reader. The comparative viability of cells was calculated by the
0.D. 570 ratio of the treated and untreated cells.

Result and discussion

The amyloid-like self-assembled fibril morphology of aromatic
amino acids inspired us to perform a comprehensive investiga-
tion of the patterned structures for all naturally occurring amino
acids. Moreover, the occurrence of a common zwitterionic motif
in all the natural amino acids and its indispensable role in
determining the self-assembly of amino acids was an added
motivation behind this comprehensive investigation.>*?” In this
regard, we analyzed the self-assembly of all naturally occurring
amino acids (except aromatic amino acids) by dividing them into
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five categories depending on their hydration potential as well as
hydrophobicity index.***°

Category I: self-assembly of glycine and amino acids with a
neutral side chain (Gly, Ala, Val, Leu, Ile, Cys, Met)

Considering the properties of amino acids, such as their
hydration potential as well as hydrophobicity index, allowed
us to devise a strategy to organize all naturally occurring amino
acids (except aromatic amino acids) into five categories with a
gradual change of properties from a low hydration potential
and high hydrophobicity index (category I) to high hydration
potential and low hydrophobicity index (category V) [ESL ¥
Table S1].

Based on this rationale, the self-assembly of glycine (Gly),
alanine (Ala), leucine (Leu), isoleucine (Ile), valine (Val), proline
(Pro), methionine (Met) and cysteine (Cys) was investigated in
category I amino acids [Fig. 1(a-h)]. For this purpose, amino
acid solutions were prepared in a water and methanol : water
(1:1) [MW 1.1] solvent system and their self-assembled patterns
were observed using optical microscopy and FE-SEM. Remark-
ably, glycine, ACAAs (Ala, Leu, Ile, Val) and methionine (Met)
displayed the formation of exceptionally similar self-assembled
patterns forming micro-crystallite structures arranged in fern-
like architectures in both water and [MW 1.1] solvent as evident
by the optical microscopy and FE-SEM results [Fig. 1(a-f) and
ESLT Fig. S1-S6].

The formation of a fern-like crystallite for glycine may be
solely due to the inter-zwitterionic interactions. In a recent
report, the formation of similar needle-like micro crystals for
glycine displayed a high piezoelectric coefficient of magnitude
equivalent to barium titanate or lead zirconate titanate.*

The occurrence of common micro-crystallite structures
demonstrated the ability of zwitterionic interactions to play a
dominant role in the molecular recognition in the self-
assembly of category I amino acids as depicted by the tightly
packed inter-zwitterionic interactions in the single-crystal
structures of these amino acids.*® Remarkably, isoleucine,
one of the lowest soluble (34 mg mL~") aliphatic amino acid
in water, exhibited restricted crystalline growth to form a

Fig. 1 FE-SEM images of Gly (a), Ala (b), Leu (c), Ile (d), Val (e), Met (f), Pro (g) displaying the formation of microcrystals arranged in fern-like architectures,
and Cys (h) displaying the formation of globular structures [ESI,+ Table S2 for specific set of conditions].

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2021
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nano-sized curved sheet-like morphology approximately 100 nm
wide in the MW 1.1 solvent system [Fig. 1d inset, scale bar
400 nm). The nanodimensional order observed in the case of the
isoleucine self-assembled structures suggested that van der
Waals interactions between the aliphatic side chain may also
play a decisive role in controlling the crystallinity along with the
zwitterionic dipolar hydrogen bonds interaction.

The self-assembly of proline did not display any ordered self-
assembled architecture at 1 mg mL ™" concentration, which
may be due to its high solubility (1620 mg mL™") in water [ESL}
Fig. S7(a)]. Thus, proline self-assembly was generated using
concentration and solvent modulations (5 mg mL™ " and 80%
methanol in water), which led to the formation of micro-rod-
type crystallite structures [Fig. 1(g) and ESLt Fig. S7(b, c)].
Interestingly, the self-assembly of cysteine exhibited globular
structures in water and MW 1.1 [Fig. 1(h) and ESI,t Fig. S8]. In
addition to globular structures, the optical microscopic images
for cysteine also displayed an elongated rod-like morphology,
which may be detected as fibril-like structures in recent work
exhibiting amyloid-like toxicity.”” The interesting morphologi-
cal shift in the case of cysteine from the ACAAs self-assembled
structures may be due to weak S-S interactions as depicted by
theoretical studies on the intermolecular interactions of
chalcogens.*® Thus, not only the ionic interactions of category
1 amino acids, but also the van der Waals intermolecular
interactions exhibited by the side chain also play a vital role
in determining the molecular recognition responsible for the
formation of ordered assembly structures.

Category II: self-assembly of amino acids with an hydroxyl side
chain (Thr, Ser)

Threonine and serine have greater hydration potentials (—4.88
and —5.06, respectively) as well as hydrophobicity index values
(0.7 and 0.8, respectively) than category I amino acids [ESL+
Table S1]. The self-assemblies of threonine and serine were
investigated in category II using a water and MW 1.1 solvent
system [ESI,T Fig. S9 and S10]. Interestingly, threonine displayed
an aligned spear-like structure of identical sizes, as evident
through the FE-SEM micrographs [Fig. 2(a) and ESLt Fig. S9].
The morphological shift from a fern-like structure (category I) to
aligned spear-like structure for threonine could be attributed to
the introduction of a hydroxyl group in the amino acid side chain.
Furthermore, the hydroxyl group in the Thr side chain greatly
enhanced the solubility of amino acids from ~35 mg mL " (Ile) to
~97 mg mL " (Thr), which further depicted the ability of threo-
nine to exhibit polar interactions, which may have provided
directionality to the self-assembled micro-crystallite structures as
visualized by the FE-SEM images. On the other hand, self-
assembly analysis of freshly prepared serine at 1 mg mL "
exhibited the layer formation in FE-SEM micrograph [ESL+
Fig. S10(a)]. The observed deposited layer may be due to
extensive solute-solvent interactions owing to the high solubi-
lity (425 mg mL™ ') of serine in water. Thus, in order to
eliminate the solvent and to visualize the structures, self-
assembly was performed at 50 °C with an incubation period
of 24 h. Interestingly, serine was observed to form orderly
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Fig. 2 FESEM images depicting the self-assembled architectures of Ser
(a and b) and Thr (c and d) using water as the solvent.

aligned capsule-shaped structures both in water and in the MW
1.1 solvent system [Fig. 2(b) and ESL+ Fig. S10 (b, c)]. The hierarchy
of the architectural shift from micro-crystalline (Category I) to
orderly spear-like crystals (Thr) (Category II) to formation of a
capsule-like morphology (Ser) points towards the inherent structure-
morphology relationship for self-assembled amino acids.

Category III: self-assembly of amino acids with an amide
linkage in the side chain (GIn, Asn)

The amide bond is the most abundant chemical linkage in
biological systems and provides rigidity and directionality to
the protein and peptide secondary structures.

Consequently, the self-assembly analysis of asparagine
(hydration potential, —9.68 and hydrophobicity index —3.5)
and glutamine (hydration potential, —9.38 and hydrophobicity
index, —3.5) were performed in category III using water and
MW 1.1 as the solvent system. The self-assembled structures of
both glutamine and asparagine displayed the formation of
floral dendritic assemblies with a stacked fibrillary network
showing a drastic morphological shift from category I and
category II amino acids [Fig. 3(a, b) and ESL Fig. S11, S12].

Fig. 3 FE-SEM images depicting the self-assembled architectures of Gln
(a), Asn (b), Glu (c) and Asp (d).

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2021
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This morphological shift may be correlated to the increase in
side chain polar interactions as evident from the hydration
potential data [ESI,T Table S1].

Category IV: self-assembly of amino acids with a carboxylic
group in the side chain (Glu, Asp)

The self-assembly analysis was continued for amino acids with
carboxylic acid in the side chain using water and MW 1.1
solvent system. The self-assembly analysis of glutamic acid
and aspartic acid was performed in various solvent systems
[ESLt Fig. S13(a—c)] and S14(a—c)]. The observed micrographs
revealed the formation of membrane-like structures for glutamic
acid in water and 0.1 M HCI whereas aspartic acid displayed
similar membrane-like architectures in 0.1 M aqueous ammonia
solution. The outer layer of membrane-like morphology for
glutamic acid and aspartic acid structures displayed inter-
structural diffusion as depicted by FE-SEM images which indicated
the soft and permeable nature of these higher order assemblies
[Fig. 3(c and d)]. The formation of completely different self-
assembled architectures for category IV may be attributed to the
higher value of hydration potential (Glu = —10.20; Asp = —10.95)
and hydrophobicity index (Glu = —3.5; Asp = —3.5) as compared to
category I to III amino acids which indicated increase in polarity of
side chain. Despite higher hydration potential, category IV amino
acids exhibited low solubility in water (Asp ~ 5 mg mL ™" and
Glu ~ 8 mg mL ") that may be due to decreased solute-solvent
interactions. Therefore, the formation of such well-ordered
membrane-like architectures may be due to optimum balance
between inter-side-chain interactions depicted by higher value of
hydration potential and low water solubility in water.

At this stage, a conceptual hypothesis can be introduced
based on the intriguing results, which may give a primitive and
first-of-its-kind description of the structural-morphological
relationship for amino acid self-assembly. The gradual shift
in the self-assembled morphology from category I (crystallite) to

OH
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Framework  -00C” “NH;* -00C
aline Threonine
Self-Assembled

Structure
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View Article Online

Research Article

category IV (soft membrane) amino acids with the increase in
hydration potential value strengthens the possibility of per-
forming an impeccable molecular design linked to the fabrica-
tion of nano/microscale architectures [Fig. 4].

The self-assembly analysis of amino acids in aqueous media
with varying degrees of dielectric constant indicated that zwitter-
ionic dipolar interactions play a dominating role in imparting
ionic crystallinity to supramolecular structures. The high order
morphology generated by these ionic interactions may be termed
as hard crystallinity, which seldom is affected by slight changes in
the side chain van der Waals interactions as displayed by category
I amino acids. On the other hand, an increase in the contribution
of inter-side-chain polar interactions between amino acid mono-
mers may shift the morphology from hard crystallinity to soft
crystallinity as depicted by the morphological trends from category
1I to category IV amino acids.

Category V: self-assembly of amino acids with a cationic moiety
in the side chain (Lys, His and Arg)

The amino acids with a cationic side chain (hydration potential
for Lys, His and Arg are —9.52, —10.27 and —19.92, respectively)
exhibited very high solubility in water. This behaviour may be
responsible for the suppression of the intermolecular recogni-
tion and thereby may impose a restriction on the formation of
ordered assembly structures [ESL T Fig. S15].

Therefore, pH modulation was done for self-assembly genera-
tion of the cationic amino acids. The self-assembly of lysine was
done using 0.1 M NaOH, and it displayed elongated assemblies,
which were also visualized as exhibiting an aligned perpendi-
cular growth over the surface [Fig. 5(a and b)].

Further, arginine displayed nanoscale rod-like crystallinity,
which grew to form snowy flake-type structures in 0.1 M aqueous
NaOH solution [Fig. 5(c and d)]. The solubility of histidine is
higher than the other aromatic amino acids, which may be
one of the reasons behind the inability of histidine to show

e L

NH;* -00C

COOH

OOCf

"00C

Seri_n'e Glutamine Glutamic acid
N . AT b

-5.06 -10.20

Trend for Hydration Potential and Amino Acid Self-Assembled Structures

Fig. 4 Pictorial description of the hydration potential trend and structural-morphological shift for amino acid self-assembled architectures.
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Fig. 5 FE-SEM images depicting the self-assembled architectures of Lys
(@ and b), Arg (c and d) and His (e and f).

n-stacking-based fibril formation. In this regard, the self-
assembly of histidine was performed in basic medium (pH 8
using NaOH) using a water and methanol : water (1:1) solvent
system [Fig. 5(e and f)]. Remarkably, histidine demonstrated the
formation of a long-range fibril morphology in the basic medium.
Thus, in-depth analysis of the structure-morphological relation-
ship under varying conditions led us to modulate the histidine
self-assembled architectures from dendritic rod structures to
fibrils.*>

Thus, all the naturally occurring amino acids displayed the
formation of highly ordered self-assembled architectures under
optimum conditions, which represents the uniqueness of their
molecular framework. The structure-morphology relationship
of amino acids can be explored to fabricate controlled but
diverse nano or microscale materials using synthetic organic
chemistry.

Investigation into the amyloid characteristics exhibited by all
naturally occurring amino acids

Optimization of ThT concentration for achieving the maximum
emission intensity in water. The formation of amyloid aggregates
acts as a strong trigger for the occurrence of many neurode-
generative disorders.’ Thus, it is highly crucial to investigate the
amino acid-based self-assembled structures for amyloid formation,
which may be useful to understand their formation mechanism,
diagnosis and treatment. The detection of amyloid structures is
mainly done by ThT fluorescence assay. ThT is a small molecular
dye, which displays an enhancement in its fluorescence signal
upon binding to amyloid aggregates.** The enhancement in
fluorescence intensity has been attributed to the immobilization

1976 | Mater. Chem. Front, 2021, 5,1971-1981
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of the central C-C bond between benzothiazole and aniline rings.*’
Furthermore, it has been reported that at least four B-strands have
to be present for the binding of ThT to the channels along the long
axis of amyloid fibrils. As organic dyes are susceptible to exhibiting
excimer-based fluorescence quenching in polar solvents, thus
the ThT concentration was optimized prior to the amino acid
amyloid characterization in aqueous medium.*® For this purpose,
the fluorescence spectrum of ThT was examined at different
aqueous concentrations varying from 0.1 to 1.0 mg mL " at an
excitation wavelength of 370 nm [ESL,T Fig. S16]. ThT solution
with 0.5 pg mL™' concentration displayed the maximum
fluorescence intensity, suggesting it would be suitable for the
characterization of single amino acid-based amyloid structures
in aqueous media.

Optimization of the phenylalanine concentration and inves-
tigating solution-phase amyloid formation for all naturally
occurring amino acids. The amyloid formation of biological
agents depends strongly on the molecular motif as well as on
the set of solvothermal conditions, such as pH, concentration,
temperature and solvent system.”” These varying conditions
make it quite challenging to perform a comprehensive analysis
of amyloid formation by all naturally occurring amino acids.
Thus, in order to minimize the state factors, various factors,
such as neutral pH, water as a solvent and room temperature,
were kept constant for all the measurements. Furthermore,
phenylalanine was selected as a model amyloid forming amino
acid in aqueous medium with respect to the considerable
literature on the same.*® Initially, the phenylalanine concen-
tration was optimized for obtaining the required ThT response.
For this purpose, phenylalanine at varying concentrations rang-
ing from 0.20 mg mL™" (1.2 mM) to 15 mg mL ™" (90 mM) was
analyzed using ThT assay, which showed a gradual increase in
the fluorescence intensity, indicating the formation of B-sheet
structures [ESL{ Fig. S17]. However, keeping in mind the
aqueous solubility, 80 mM concentration was selected for the
detection of amyloid formation for all naturally occurring
amino acids. Thus, the amyloid-like structural formation for
amino acids in water was performed at optimized parameters
of 0.8 pg mL ™" (2.5 pM) final ThT concentration and 80 mM
final amino acid concentration in aqueous medium with a
neutral pH at room temperature. Initially, the prepared aqueous
solutions were heated at 90 °C for 5 min to completely solubilize
the amino acids monomers, which were then incubated for
15 days (ageing) for the generation of the amino acid self-
assembled structures. The optimized ThT solution was then
added to the matured self-assembled architectures and a 48 h
agitation was introduced prior to obtaining the fluorescence
spectra at 370 nm excitation wavelength. The results depicted a
considerable rise in the ThT fluorescence intensity for phenyl-
alanine, tryptophan, tyrosine, asparagine and cysteine [Fig. 6].
The validation of this method can be found in the fact that all the
previously reported amyloid forming amino acids, such as
phenylalanine, tryptophan, tyrosine and cysteine displayed, the
same specific f-sheet signature obtained in the present optimi-
zation. In addition to this, asparagine and histidine also demon-
strated the formation of B-sheet amyloid structures. Thus, not

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2021
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Fig. 6 ThT fluorescence assay for all naturally occurring amino acids at 80 mM concentration using optimized ThT concentration.

only phenylalanine, but other metabolites such as amino acids
may also accumulate under specific conditions to form amyloid-
like aggregates.

Investigation of asparagine amyloid characteristics. Investi-
gation of the solution-phase amyloid formation for all amino
acids using ThT assay displayed the propensity of asparagine to
form B-sheet-like architectures. So far, asparagine-rich regions
have been demonstrated to enhance the formation of pathogenic
protein aggregates.*® However, to the best of our knowledge, no
report has yet mentioned the accumulation of single aspara-
gine to form amyloid-like characteristics. Thus, morphological
analysis of asparagine was investigated in detail using optical
microscopy, FE-SEM and CLSM [Fig. 7(a—c)]. In all the micro-
graphs, asparagine displayed the formation of a fibrillary
architecture arranged in a floral dendritic fashion, which

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2021

confirmed its ability to form well-ordered supramolecular
structures.

Further, asparagine exhibited a concentration-dependent
enhancement in B-sheet formation in aqueous medium as
depicted by the ThT assay [Fig. 7(d)]. The specific binding of
ThT with asparagine self-assembled patterns was further
confirmed by CLSM analysis [Fig. 7(e)]. Finally, the cytotoxicity
analysis of the asparagine self-assembled structures was
validated by MTT assay, which showed up to 50% cell death
at a saturated concentration (30 mg mL™") of asparagine in
water [Fig. 7(f)]. Thus, the comprehensive self-assembly analysis
of all naturally occurring amino acids provided valuable infor-
mation regarding the asparagine amyloid-like behaviour that
may be one of the missing links in understanding prion-based
pathological disorders.
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Fig. 7 Asparagine self-assembled structures using optical microscopy (a); FE-SEM (b); CLSM (c); ThT fluorescence for asparagine self-assembled
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using MTT assay (f).

Application towards the anti-amyloid approach against
phenylketonuria

Our inclusive analysis of amino acid self-assembled structures
in water and MW solvent system provided valuable insights
into the role of zwitterionic and side chain intermolecular
interactions in determining the structural-morphological rela-
tionship. This understanding may have wide implications in
various fields, such as for the development of therapeutics for
metabolite amyloids, bioinspired materials design and the
generation of multi-component ordered assemblies. The cate-
gory I amino acids displayed the formation of a fern-like
crystallite structure, which may have been driven mainly via
electrostatic inter-zwitterionic interactions. Recently, efforts
have been made to explore co-crystallization to synergistically
expand the structural complexity of amino acid-based supra-
molecular structures.® Thus, an amino acid co-assembly
approach based on the new understanding of amino acid
interactions via a common zwitterionic motif can be utilized
to alter the toxicity profile of phenylalanine fibrils. To test this
hypothesis, first, the deposited phase co-assembly of phenyla-
lanine with all the amino acids was investigated by optical
microscopy [ESL Fig. S18-S36]. The phenylalanine fibril pat-
tern was observed to undergo a modification upon co-assembly
with ACAAs (Ala, Leu, Ile and Val). Furthermore, this morpho-
logical modulation of phenylalanine fibrils was confirmed by
electron microscopy [Fig. 8(I)]. Remarkably, the FE-SEM images
displayed a transverse growth of microstructures on the long-
itudinal fibril axis. This peculiar modification of phenylalanine
fibrils by the co-assembly of aliphatic amino acid may be due to
intermolecular heterogeneous interactions between phenylala-
nine and ACAAs through the zwitterionic ends.
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Furthermore, the modification of phenylalanine fibrils by
ACAAs led us to investigate their anti-amyloid action as a modal
treatment for PKU. For this purpose, the ThT assay was
performed for phenylalanine co-assembled structures with
ACAAs at an 80 mM concentration using only phenylalanine
as a control [Fig. 8(II)]. The results showed that ThT had a
suppressed intensity in the case of the co-assembled states
compared to the controlled phenylalanine solution, demon-
strating the ability of ACAAs to inhibit the phenylalanine
B-sheet-type fibril formation in aqueous media. Furthermore,
the deposited phase ThT assay of phenylalanine and valine
demonstrated a complete morphological shift from fibril to
disc-like aggregates [Fig. 8(III)]. The deposited phase ThT
binding assay for the leucine and phenylalanine co-assembled
state also demonstrated a decrease in fluorescence intensity,
suggesting lower B-sheet characteristics in the co-assembled
state [ESI,T Fig. S37]. The modulatory effect the ACAAs dis-
played on phenylalanine fibrils was correlated with the
decrease in cytotoxicity in the co-assembled state when per-
forming in vitro cytotoxicity analysis. The results of the MTT
assay displayed a considerable decrease in cell toxicity for the
phenylalanine:ACAAs co-assembled systems as compared to the
phenylalanine-only self-assembled structures [Fig. 8(IV)].
Recently, single amino acid-based ordered assemblies have
displayed unique photoluminescent characteristics, which have
suggested to be due to a quantum level clustering of hydrogen
bond interactions.****? In this context, phenylalanine : leucine
(1:1) co-assembly revealed a complete morphology shift for
phenylalanine fibrils to form spherical structures with unique
intrinsic fluorescence emission as visualized by CLSM [Fig. 8(V)].
Thus, morphological analysis, ThT assay and cytotoxicity
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Fig. 8 FE-SEM images displaying phenylalanine co-assembly with alanine (la), isoleucine (Ib), leucine (Ic), valine (Id); ThT assay of the solution-phase
co-assembly of phenylalanine with ACAAs (I1); Deposited phase ThT binding assay displaying phenylalanine fibril disruption upon co-assembly with valine
(IN); MTT cytotoxicity assay of co-assembled amino acids using phenylalanine as the control (IV); CLSM image depicting intrinsically fluorescent spherical

structures formed by phenylalanine : leucine (1:1) co-assembly (V).

analysis confirmed the ability of the ACAAs to modify the
phenylalanine fibril assembly in such a way that may be utilized
for the treatment of PKU. Furthermore, the peculiar modification
of the amyloidic characteristics of co-assembled architectures
comprising unique intrinsic emission may have potential biotech-
nological applications. These intriguing results may have wide
implications in the design of a preventive strategy against phenyl-
alanine fibril toxicity assembly as well as for the development of
multi-component supramolecular structures with improved phy-
sical properties.

Conclusions

The self-assembling analysis for all naturally occurring amino
acids in comparable physical conditions have provided much
needed understanding about the mode of amino acid molecular
recognition that may lead to tailor made design for the nano/
microscale self-assembled architectures using synthetic molecules.
In particular, Category I amino acids including Ala, Leu, Ileu, Val,
and Met demonstrated fern-like crystallite assembly structure
which may be owing to the dominating zwitterionic bridging
interactions. The self-assembly of serine and threonine (with
hydroxyl group in side chain) in Category II displayed the for-
mation of aligned capsule and spear-like structures. Further, the
amino acids with amide (Category III; Gln, Asn) and acidic side

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2021

chain (Category IV; Glu, Asp) demonstrated the formation of
well-ordered floral dendritic and membrane-like structures, respec-
tively. Interestingly, pH modification of amino acid with cationic
side chain (Category V; Histidine, Lysine and Arginine) demon-
strated the formation of well-defined fibrils for histidine and high
aspect ratio structures for lysine and arginine. The investigation of
solution-phase B-sheet-like structures using optimized ThT assay
demonstrated the amyloid-like etiology for phenylalanine, tyrosine,
tryptophan, histidine and cysteine which correlates to the earlier
reports. Further, asparagine displayed the formation of f-sheet-like
structure for the first time. The asparagine amyloid characteristics
was validated using histological, morphological and cytotoxicity
assay which further extended the generic amyloid paradigm to the
amino acid metabolites. Finally, the understanding of the role of
the zwitterionic motif to form bridging interactions and their direct
effect on the supramolecular morphology stimulated the hetero-
geneous co-assembly approach that led to the discovery of ACAAs
(Ala, Leu, Ileu, and Val) as anti-amyloid agents for phenylalanine
toxic fibrils. The formation of well-defined co-assembled structures
also delineated the role of bridging zwitterionic interactions in
stabilizing the amino acid supramolecular architectures.

Amino acids as natural building blocks have emerged as a
unique molecular library with inherited functional diversity that
may be used for the generation of self-assembled functional
materials capable of transforming healthcare and energy systems.
The ability of heterogeneous molecular recognition displayed by
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amino acids may be utilized to tackle the metabolic amyloid
aggregation using controlled co-assembly techniques. Further-
more, the in-depth understanding of well-ordered fabrication
displayed by amino acids may be vital for the generation of non-
amyloidic nanomaterials for biomedical applications. The amino
acid self-assembly data may also serve as a guiding tool for the
design and synthesis of organic molecules with inherited self-
assembling properties. Thus, the present study may pave the way
for the controlled fabrication of a new class of nano/microscale
biomaterials for diverse biomedical applications.
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