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Amyloid nanostructures are gaining attention as bio-compatible materials with diverse potential

applications. The formation/self-assembly of amyloid fibrils, though implicated in the prognosis of

several neurodegenerative diseases, contrastingly can also be explored for their functional properties

owing to their unique stability and strength. The physicochemical environment and amino-acid

composition are characteristic and specifically crucial for a protein/peptide to form amyloid fibrils. The

Ab peptide involved in the Alzheimer's disease prognosis consists of two central hydrophobic core

regions and a central polar region forming a b-hairpin. In this study, a 21 amino acid containing peptide

KLVFFAEDVESNRGAIIGLMV is designed introducing point mutations to the original 16–36 residues of the

Ab peptide (G / E at position 25 and K / R at position 28), resulting in a modified Ab peptide variant.

The self-assembling nature of this modified peptide has been explored, and ThT fluorescence and

circular dichroism spectroscopy exhibit b-sheet structures. Detailed morphological analysis using SEM,

AFM, and confocal microscopy revealed a progression from initial blob-like spongy forms to protofibrils,

culminating in branched amyloid fibrils. These strategic mutations enable binding of toxic metals such as

uranium and lead, as demonstrated via UV-visible spectroscopy, XPS, AAS and fluorescence

spectroscopy, highlighting its promise for environmental remediation.
1 Introduction

Research on the self-assembly of supramolecular amyloid brils
highlights its potential for applications like water purication
and removal of toxic heavy metals, with studies pointing to
amyloid–carbon membranes and amyloid coacervation tech-
niques as promising methods.1–5 The formation of natural
biomaterials like silks and glues involves protein–metal inter-
actions, critical for designing biomaterials with specic metal
binding properties, drawing insights from nature and
evolution.6–8 This concept supports exploring metal ion binding
in engineered peptide-based materials as an alternative to
traditional physicochemical approaches for sustainable reme-
diation.9 Metal ions are also implicated in neurodegenerative
diseases like Alzheimer's by binding amyloid peptides and
contributing to plaque formation. These interactions—
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the Royal Society of Chemistry
especially with Cu, Zn, and Fe—promote aggregation and mis-
folding, inuencing disease progression. Specic residues such
as glutamic acid, aspartic acid, and histidine are critical for
metal ion coordination in the amyloid b peptide.10–12

Amyloid beta (Ab 1–42/Ab 1–40) peptide is known for
amyloid formation and metal binding through amino acid side
chains, and could offer a method for creating mutations at the
amino acid level to improve heavy metal binding. Developing
new self-assembling peptides could enhance purication
processes by increasing surface area and binding specicity by
arranging amino acid residues. Building on this natural metal-
binding propensity, we aimed to develop a self-assembling
peptide-amyloid material capable of binding to toxic metals
by modifying the Alzheimer's amyloid b peptide, specically the
16–36 residues (KLVFFAEDVGSNKGAIIGLMV), which consist of
two amyloid forming regions, and a turn region known as the
central polar region. By altering the sequence to KLVFFAED-
VESNRGAIIGLMV, and substituting G/ E at position 25 and K
/ R at position 28, we maintained the hydrophobic core while
introducing mutations that allow metal-binding. This design
leverages the structure of amyloids to potentially capture toxic
metals effectively. The resulting 21 residue modied amyloid
b (mAb21) peptide developed, designed to include metal-
binding residues like aspartic acid, glutamic acid, and argi-
nine, forms amyloid-like nanober structures. Their structural
Nanoscale Adv., 2025, 7, 6475–6490 | 6475
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properties were explored through ThT uorescence, circular
dichroism, SEM, and AFM techniques. The peptide's effective-
ness in binding lead and uranyl ions was specically investi-
gated using spectroscopic methods like UV-vis absorption,
uorescence, atomic absorption, and X-ray photoelectron
spectroscopy.

2 Materials and methods

All chemicals were obtained from Sigma Aldrich/Merck. The
lyophilized powder of peptide Ac-KLVFFAEDVESNRGAIIGLMV-
CONH2 (mAb21) was obtained from Shanghai A peptide. To
avoid charges at the amine and carboxy terminals, the N- and C-
termini were acetylated and amidated, respectively. HPLC and
mass spectrometry were used to conrm the purity and
molecular weight of the custom-synthesized peptide, as shown
in Fig. S1 and S2.

2.1 Peptide sample preparation

In order to remove any pre-formed aggregates, 0.5 mg of the
lyophilized mAb21 peptide was weighed and dissolved in 500 mL
of 1,1,1,3,3,3-hexauoro-2-propanol (HFIP) and then placed
overnight in a fume hood for evaporation of HFIP. Subsequently,
the residual HFIP was entirely evaporated using a vacuum in the
Concentrator Plus (Eppendorf), resulting in a thin lm of peptide
in the vial. mAb21 peptide was then dissolved in 1 mL aqueous
buffer at pH 12.0 with pH adjustments made using HCl and
NaOH. A NanoDrop One spectrophotometer (Thermo Scientic)
was employed to ascertain peptide concentrations, resulting in
a measurement of approximately 0.5 mg mL−1, obtained by
measuring the absorption of the peptide at 205 nm with a molar
extinction coefficient of 31 mg−1 cm−1.13

2.2 Thioavin T uorescence assay

ThT dye, when bound to b-sheet structures, results in a signi-
cant increase in uorescence intensity and, therefore, was used
to measure the formation of amyloid-like structures by tracking
the kinetics of the amyloidation reaction. 3 mg of ThT dye was
dissolved in 10 mL of MilliQ water and ltered with a 0.2 mm
syringe lter to obtain the stock ThT solution. The concentra-
tion was determined bymeasuring the absorbance at 416 nm on
a Jasco V650 UV-visible spectrophotometer aer diluting the
stock solution and using a molar extinction co-efficient of 26
620 M−1 cm−1 (ref. 14 and 15) 10 mM of ThT dye solution was
added to around 20 mM of mAb21 peptide solution, and the
uorescence intensity changes were measured at different time
intervals. Fluorescence spectra were obtained using a Jasco FP-
6300 spectrouorometer, with the emission spectra recorded in
the range of 450 to 550 nm and the excitation wavelength set at
440 nm. Each spectrum represents an average of three acqui-
sitions and has been buffer-corrected.

2.3 Circular dichroism spectroscopy

The far-UV CD spectra of the mAb21 peptide solution (100 mM)
weremeasured using a Jasco J1500 CD spectrometer. CD spectra
were collected in the range of 195–250 nm utilizing a 2 mm path
6476 | Nanoscale Adv., 2025, 7, 6475–6490
length cuvette at 25 °C. For each sample, an average of three
measurements was recorded at a scanning speed of 100
nm min−1, a data integration period of 4 seconds, and a band-
width of 2.5 nm.16

2.4 Dynamic light scattering

The particle size of the synthesized amyloid peptide was
assessed using a Nano-ZS Zetasizer (Malvern Instruments Ltd,
UK). 100 mM concentration of the peptide (mAb21) was recorded
at room temperature in a single-use cuvette with a path length
of 1 cm. Three scans were run for each sample, each consisting
of 16 runs.

2.5 Scanning electron microscopy

Field Emission Scanning Electron Microscopy (FE-SEM) was
employed to investigate the formation and morphology of the
self-assembled structures. To minimize salt crystallization
artifacts, the peptide samples were washed thoroughly (3 times)
with ultrapure Milli-Q deionized water prior to drying, in order
to remove residual buffer salts. Then, 5 mL of the washedmAb21
peptide sample was carefully placed on a glass coverslip and air-
dried at room temperature for 30 minutes under dust-free
conditions. The dried coverslip was then securely mounted on
a brass stub using carbon tape. The samples were coated with
a 6 nm gold layer using a Leica Ultra Microtome EMUC7 Sputter
Coater at a current setting of 20 mA for 1 minute. SEM imaging
was carried out at an accelerating voltage of 20 kV using an
Apreo LoVac (FEI, Thermo Scientic).

2.6 Atomic force microscopy

To prepare samples for atomic force microscopy (AFM), we
followed a method similar to that used for scanning electron
microscopy. 5 mL of the peptide sample was drop-cast on a glass
coverslip and air dried for 30 minutes. We obtained AFM
images using a SPM Solver Nano system and a NT-MDT image
processor. The atomic force microscope was operated in
tapping mode at room temperature, with the scan window size
set between 20 cm2 and 90 cm2 and a scan rate of 0.8 Hz.

2.7 Confocal microscopy

Fluorescence and bright-eld images of the samples were ob-
tained using a confocal microscope (TCS-SP8; Leica, Wetzlar,
Germany). For imaging, 5 mL of the sample was drop-cast onto
a glass coverslip and inverted onto a glass slide. Spectral anal-
ysis was performed using a 405 nm laser for excitation, with
a 20 nm emission bandwidth. Observations were conducted
under a 20× objective. No external uorescent dye was used; the
detected uorescence arises from the intrinsic emission of the
peptide, which exhibited a characteristic emission peak at
∼450 nm under 355 nm excitation.

2.8 Zeta potential measurements and pH potentiometric
titration

A Nano-ZS Zetasizer was used to perform zeta potential (mV)
studies for the peptide solutions at pH levels ranging from 2 to
© 2025 The Author(s). Published by the Royal Society of Chemistry
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12, which were prepared by the addition of HCl (1 M) and NaOH
(1 M). Potentiometric titrations were carried out to measure the
pH of the peptide solutions against 1 M NaOH and monitored
with a glass microelectrode connected to an Eutech Instru-
ments pH meter.
2.9 UV absorption spectroscopy for lead binding

UV-visible absorption spectra of lead(II) acetate solution, self-
assembled mAb21 (pH 12) peptide solution and the peptide
amyloid–lead solution were recorded on a Jasco V650 Spec-
trophotometer in the wavelength range of 190–600 nm at
room temperature, using a 1 cm path length cuvette and
bandwidth of 1 nm. We carefully monitored the UV spectra at
various lead concentrations (15, 30, 45, 60, 75, and 90 mM or
5, 10, 15, 20, 25, and 30 ppm) while consistently maintaining
the peptide concentration as 50 mM throughout the
experiments.
2.10 Atomic absorption spectroscopy

10 mM of self-assembled mAb21 peptide solutions were incu-
bated with the 15 mM lead acetate metal solution for 12 h at
room temperature. The peptide–metal complex solutions were
ltered, and the ltrates were analyzed for metal ion content
using an AA-7000 Atomic Absorption Spectrophotometer (Shi-
madzu). A standard curve was generated using lead acetate
solutions of known concentrations, which enabled the deter-
mination of unknown concentrations in the peptide–metal
solutions following incubation. For the specicity of the
selected metal binding study, 50 mM of peptide amyloid in
10 mL solution containing 5 ppm of each metal ion (Pb2+, Cr3+,
Co2+, Ni2+, Hg2+, Zn2+, Cu2+, and Ca2+) were incubated overnight
and ltered through a 5 kDa cut-offmembrane lter. The ltrate
solution was again analysed using an atomic absorption
spectrophotometer.
2.11 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) studies were conducted
on peptide and metal-bound forms using a Thermo Scientic K-
Alpha instrument equipped with an Al Ka X-ray micro-focused
monochromator source. This analysis was performed under
a vacuum pressure of 1.5 × 10−7 mbar, and carbon corrections
were applied utilizing Avantage soware. Sample preparation
involved incubating a 300 mL solution containing 50 mM of
peptide and 45 mM of lead acetate overnight at pH 12. For
studies focused on uranium binding, a separate 300 mL solution
containing 60 mM of peptide at pH 12 was incubated overnight
with 25 mM of uranyl nitrate. Subsequently, 5 mL of each
peptide–metal complex solution was applied to 5 mm × 5 mm
glass slides, which were dried to create thin lms before being
transferred to the XPS sample holder. XPS survey scan spectra
for each sample were recorded across a binding energy range of
0–1300 eV, with each spectrum representing an average of ve
scans. High-resolution narrow-band spectra for Pb 4f, U 4f, N 1s,
O 1s, and C 1s were obtained, averaging ten scans to facilitate
quantitative binding energy measurements. The spectral
© 2025 The Author(s). Published by the Royal Society of Chemistry
analysis was conducted using Fityk soware, ensuring accurate
interpretation of the binding energy data.17
2.12 Arsenazo-III assay for uranium binding

Uranyl stock solution was made by dissolving 1 mg of uranyl
nitrate in 1 mL of water to obtain a 1000 ppm (2.53 mM) solu-
tion, which was then diluted to create a stock solution of
100 ppm (0.253 mM). A 0.1% (1.29 mM) arsenazo III (3,6-bis((E)-
(2-arsonophenyl)diazenyl)-4,5-dihydroxynaphthalene-2,7-
disulphonic acid) was prepared in water. For subsequent
absorbance measurements, 20 mL of the 1.29 mM arsenazo III
reagent was added to a 5 ppm uranyl nitrate solution, and the
nal volume was brought to 2 mL. The resulting mixture was
allowed to equilibrate for 5 minutes prior to spectral analysis
carried out in the visible range from 350 nm to 900 nm. For
investigating peptide amyloid–uranium binding interactions,
the uranyl arsenazo complex was mixed with various concen-
trations of amyloid peptides. A solution containing 5 ppm
uranyl nitrate (12.9 mM) was combined with 12.9 mMof arsenazo
III dye in a 1 : 1 ratio and incubated overnight with peptide
concentrations of 20, 40, 60, and 80 mM. Aer incubation, the
amyloid–uranium solution was ltered through a 3 kDa cut-off
lter and centrifuged at 5000 rpm for 20 minutes. The absorp-
tion spectra of the ltrates were recorded to assess the extent of
reduction in the concentration of the uranyl-arsenazo complex
attributed to the binding interactions with the amyloid
peptides.
2.13 Fluorescence quenching study for uranium binding

Fluorescence quenching of uranyl nitrate by peptide amyloids
was performed using a microplate reader (SpectraMax iD3,
Molecular Devices, with SpectraMax soware) using lex =

266 nm and lem = 522 nm. Various concentrations of the self-
assembled peptide amyloids, ranging from 5 to 70 mM, were
added to wells containing a 10 ppm (25 mM) uranyl nitrate
solution. The excitation wavelength was set to 266 nm, and
uorescence spectra were recorded within 450 nm to 650 nm.
All measurements were conducted in triplicate to ensure data
accuracy and reliability.

The uorescence quenching process was examined for both
static and dynamic quenching mechanisms, given the expected
formation of a metal–peptide complex upon the initial addition
of the peptide. The Stern–Volmer quenching constant (KSV) was
derived from the linear portion of the plot of [F0/F] against [Q] at
lower peptide concentrations, following the Stern–Volmer
equation.18

F0

F
¼ 1þ KSV½Q�

In this context, F0 and F denote the uorescence intensity of the
uranyl nitrate solution in the absence and presence of the
peptide, respectively, while [Q] represents the concentration of
the peptide. The binding constant (KA) for the interaction
between uranium and the peptide was acquired from the linear
plot of [(F0 − Fm)/(F0 − F)] vs. 1/[Q], where Fm corresponds to the
uorescence intensity measured at saturating peptide
Nanoscale Adv., 2025, 7, 6475–6490 | 6477

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5na00228a


Nanoscale Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
A

ug
us

t 2
02

5.
 D

ow
nl

oa
de

d 
on

 1
/2

0/
20

26
 1

0:
14

:4
6 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
concentrations, consistent with the 1 : 1 binding prole out-
lined by the Benesi–Hildebrand equation.19

1

½F0 � F � ¼
1

½F0 � Fm� þ
1

KA½Q�½F0 � Fm�

3 Results and discussion
3.1 Peptide design and optimization

In the native sequence of the Alzheimer's amyloid b (Ab)
peptide, the 16–36 residues consist of KLVFFAEDVGSNK-
GAIIGLMV residues (Fig. 1 (A)), where KLVFFA (16–21 residues)
and GAIIGLMV (29–36 residues) correspond to the b-sheet steric
zipper forming hydrophobic core region, and the b-turn/b-
hairpin forming the EDVGSNK (22–28) region is an important
structural motif in the Ab aggregation pathway. The Ab 1–42
peptide with PDB ID 5OQV was analyzed using PyMOL aer
removing residues 1–15 and 37–42, focusing on residues 16–36.
Mutations G / E at position 25 and K / R at position 28 were
introduced, as shown in Fig. 1(B) and (C). The mutated struc-
ture, post energy minimization via Swiss-PDB viewer, had an
energy of −91.822 kJ mol−1, compared to −14.947 kJ mol−1 for
the original segment.12

The mutation of G / E at position 25 serves to provide the
glutamic acid (carboxylic acid side chain) residue, which is
known to be the highest contributor (38%) as a ligand for Pb(II)
complexation in protein crystal structures and the additional
mutation K / R provides a preference for uranyl ion binding
through hydrogen bonding interactions.20 Glutamic acid (E25)
and aspartic acid (D23) residues that can bind effectively to lead
metal ions are depicted in Fig. 2(A), where the closest distances
between these residues (E25 and D23) of two adjacent strands in
the amyloid-forming mutated KLVFFAEDVESNRGAIIGLMV
Fig. 1 (A) KLVFFAEDVGSNKGAIIGLMV 16–36 amino acid residue part of t
of 16–36 residues (KLVFFAEDVGSNKGAIIGLMV) of the native Ab peptid
(KLVFFAEDVESNRGAIIGLMV) of 16–36 residues of Alzheimer's Ab peptid
mutations, G / E at position 25 and K / R at position 28. The images w
and mutating the structure on PyMOL, followed by energy minimization

6478 | Nanoscale Adv., 2025, 7, 6475–6490
(mAb21) are seen. Similarly, the closest distance between argi-
nine (R28), glutamic acid (E25), and aspartic acid (D23) is
shown in Fig. 2(B), which can also potentially form a pocket
known to bind to the axial oxygen of a uranyl ion.20 The
structures/models obtained were created by using the mutated
version of the 5OQV PDB le consisting of the modied
sequence KLVFFAEDVESNRGAIIGLMV (mAb21) and retaining
only residues E25 and D23 as shown in Fig. 2(A), and R28, E25,
and D23 as shown in Fig. 2(B). The distances between the
adjacent residues were calculated by the measurement wizard
present in the PyMOL soware, and a suggestive image of the
binding pockets assumed by two adjacent amyloid strands was
generated.12

The designed twenty-one amino acid residue containing
peptide KLVFFAEDVESNRGAIIGLMV (mAb21), acetylated at
the N terminal and amidated for end group protection at the C
terminal, was obtained and puried on an HPLC system using
0.1% triuoroacetic acid (TFA) in water and acetonitrile as
solvent systems by the gradient elution method (Fig. S1). For
clear visualisation of functional groups, a molecular structural
scheme of the peptide Ac-KLVFFAEDVESNRGAIIGLMV-CONH2

is depicted in Scheme 1. The ESI(+)-MS data conrmed the
designed peptide structure, which showed mass peaks at m/z
values of 1176.35 and 784.50, which are correspondingly
assigned for di-protonated [M + 2H]2+ and tri-protonated [M +
3H]3+ molecular ion peaks respectively, as shown in Fig. S2. The
predicted monoisotopic mass of neutral mAb21 peptide
C107H173N27O30S is 2348.256.
3.2 Structural characterization of Ab 1–42 based designed
mAb21 peptide amyloid formation

3.2.1 ThT uorescence spectroscopy. Thioavin T (ThT)
based uorescence and circular dichroism (CD) spectra were
recorded for assessing the amyloid-forming nature and
he native Ab 1–42 peptide, PDB ID-5OQV and (B) the original sequence
e, with the G25 and K28 residues highlighted. (C) Modified sequence
e. The original 16–36 residue Ab peptide has been modified with two
ere created by downloading the PDB structure (5OQV) and visualizing
on SPDBV.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Suggestive structure/model depicting the closest distance between (A) amino acids E25 and D23 forming a binding pocket that has the
affinity to bind to the leadmetal ion, and (B) RED (R28, E25, and D23) forming a binding pocket that has an affinity to bind to axial oxygen atoms of
a uranyl ion.

Scheme 1 Chemical structure of the designed Ac-KLVFFAEDVESNRGAIIGLMV-CONH2 peptide at neutral pH. Potential metal binding sites are
shown in bold letters.

Fig. 3 Thioflavin T (ThT) fluorescence enhancement assay showing
the time-dependent aggregation kinetics of the mAb21 peptide at pH
12. The sigmoidal curve indicates amyloid formation reaching satu-
ration after ∼60 hours. Fluorescence values are normalized to the
maximum intensity (a.u.). Data points represent the average of three
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structure adopted by the mAb21 peptide at an alkaline pH of
12.0. The alkaline pH was selected for amyloid formation owing
to a previous report of acetylated KLVFF forming brils at pH
12.21 The peptide was investigated for its ability to self-assemble
into higher-order brils by following the kinetics of formation
through a change in the uorescence intensity of the amyloid-
specic dye, thioavin T (ThT). A typical ThT assay for tracing
the nucleation-dependent peptide amyloid forming polymeri-
zation process shows a sigmoidal trend that is characteristic of
a lag phase (monomers that are oligomerizing), protobrils
which are detected in the log phase (growth phase) where the
thioavin T molecule binds to the maturing b-sheets of the
brils and nally, a stationary phase of mature brils that is
saturated. In the absence of peptide, thioavin T shows uo-
rescence emission at around 450 nm under 350 nm excita-
tion.14,15 The concentration of the ThT stock solution prepared
was 9.4 × 10−4 M. A solution combination was generated by
combining 10 mL (9.4 × 10−4 M) of ThT solution and 100 mL (2.1
× 10−4 M) of peptide solution, resulting in a total volume of 1
mL. The uorescence spectra were recorded at various time
intervals for a peptide solution containing 21 mM mAb21
peptide, which was introduced to a ThT solution at a concen-
tration of 10 mM. Upon binding to amyloid brils, ThT gives
a strong uorescence signal at approximately 490 nm when
excited at 440 nm. Aer dissolution in an aqueous buffer at pH
12, the peptides were incubated with the dye at a ratio of 2 : 1
(peptide amyloid : ThT). A uorescence intensity enhancement
was studied with the peptide amyloid formation process in the
presence of thioavin T (Fig. S3 and Table S1). A relative
© 2025 The Author(s). Published by the Royal Society of Chemistry
uorescence intensity enhancement of ThT + mAb21 peptide
recorded at 490 nm vs. time is depicted in Fig. 3, indicating the
trend followed by the self-assembled peptide structure. A
sigmoidal uorescence intensity transition was observed from
the beginning of the incubation of the peptides to about 80–100
hours. The ThT–peptide amyloid uorescence study infers that
independent scans, with error bars indicating the standard deviation.
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Fig. 4 Time-resolved circular dichroism (CD) spectra of the mAb21
peptide from Day 0 to Day 6, showing far-UV CD signals. The Day
0 spectrum reflects the predominantly disordered state of the freshly
dissolved peptide, while the subsequent spectra reveal the progressive
development of the b-sheet-rich secondary structure during the self-
assembly process.
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the maximum brillation process occurs at around 60 h and
conrms the amyloid-forming nature of mAb21 under this pH
12 condition.

3.2.2 Circular dichroism spectroscopy. Circular dichroism
(CD) spectroscopy is a powerful technique used widely to study
the secondary structure characteristics and folding properties of
proteins and peptides. It also gives a fair idea of the mutation
effects, stability, etc., in the protein/peptide of study.22 The
motivation for recording the far-UV CD spectra of all the
peptides at different time points overlapping with the ThT
uorescence was to monitor the secondary structure of the self-
assembling peptides that would further reiterate the structural
characteristics of the same. The secondary structure informa-
tion for the self-assembled peptides gives an insight into the
structural composition of the designed peptide sequence
attained during the amyloid formation. Fig. 4 illustrates the far-
UV CD spectra of the designed mAb21 peptide in a pH 12
medium recorded at different time periods. The Day 0 spectrum
shows minimal secondary structure features, while subsequent
time points display a characteristic maximum at 250 nm,
minima at about 220 nm (negative band near 220 nm), and
maxima near 200 nm (positive band near 200 nm), features
indicative of a b-sheet driven assembly. The secondary structure
content of the mAb21 peptide was estimated using BeStSel
Table 1 Secondary structure elements present in mAb21 peptide from
spectra

Secondary structure elements Day 1 Day 2

a-Helix 1.7% 1.6%
b-Sheet (anti-parallel) 40.3% 41.0%
Turn 14.3% 15.2%
Others 43.6% 42.2%

6480 | Nanoscale Adv., 2025, 7, 6475–6490
deconvolution of the far-UV CD spectrum recorded on Day 1–6
(Table 1).23

The secondary structure elements present at the end of 6
days were calculated for the mAb21, which exhibits about 0.6%
a-helix content, 42.5% anti-parallel b-sheet content, 15.6% turn,
and 41.3% disordered structures (Table 1 and Fig. S4(B)). The
BeStSel t showed a good agreement with experimental data,
with a normalized root mean square deviation (NRMSD) of
0.08091 (Fig. S4(A)).

3.3 Morphological characterization of Ab 1–42 based
designed mAb21 peptide

3.3.1 Scanning electron microscopy (SEM) of the mAb21
peptide of amyloids. The morphological characterization of the
self-assembled amyloid-like brils from the designed peptide
sequence gives us essential information on the type of material
the peptide has self-assembled into and the various interme-
diate stages in the brillization process. Scanning Electron
Microscopy (SEM) is a powerful technique for viewing images of
materials in the nano and micro scales. It gives us insight into
various aspects of the peptide material, such as size and
morphological characteristics. The designed self-assembled
peptide was characterized by FE-SEM at different time points
during the incubation and amyloid structure formation to trace
the formation and growth of the peptide into stable structures.
Fig. 5 depicts the morphology of the self-assembled peptide
mAb21 formed at the beginning and at the end of 7 days post
incubation in a pH 12 medium. To understand the different
morphological evaluations during the aging or incubation
period the amyloid nanostructure formation process of the
mAb21 peptide was studied initially on Day 1, and the mAb21
peptide showcased an amorphous sponge-like morphology
(Fig. 5(A)–(C)). These aggregates then slowly formed proto-
brillar structures on Day 3 and Day 5 (Fig. S5). Interestingly,
Day 7 SEM micrographs showed the formation of beautiful
fractal pattern peptide-amyloid nanostructure morphologies
resembling pine-tree branches (Fig. 5(D)–(F)). Upon measure-
ment of the distances of the structures in the FE-SEM images, it
was calculated that the length of the peptide ranged from 20–
100 mm in mAb21 with an optimum length of around 70 mm
(Fig. 5(G)).

3.3.2 Atomic force microscopy of mAb21 peptide amyloids.
The information obtained from the Atomic Force Microscopy
(AFM) images also sheds light on the morphology and size
proles of the assembled peptide. AFM is one of the powerful
techniques to monitor the structures or morphologies of nano-
or microstructures. Fig. 6(A) shows the AFM image of themAb21
Day 1–6 post-dissolution calculated from BeStSel analysis of the CD

Day 3 Day 4 Day 5 Day 6

1.5% 1.2% 1.1% 0.6%
41.7% 41.7% 41.9% 42.5%
15.5% 15.6% 15.6% 15.6%
41.3% 41.5% 41.4% 41.3%

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Field emission scanning electron microscopy (FE-SEM) images of the mAb21 peptide at 1 day post incubation (A)–(C) and after 7 days of
incubation (D)–(F) at pH 12. The self-assembled peptide structures exhibit pine-branch-like amyloid fibril morphology. The samples were
thoroughly washed with ultrapure water to remove buffer salts prior to imaging. Both images are shown at the same magnification (scale bar =
20 mm, 5 mm, 2 mm). (G) Histogram showing the size distribution of the peptide fibril lengths based on SEM image analysis at Day 7.
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peptide, 5 mL of 2.1 × 10−4 M, solution at pH 12 incubated for 7
days, drop cast and air dried on a glass cover slip. The AFM
images of the amyloid structure of this peptide also show
similar fractal-type nanostructure morphologies corroborating
the SEM images of this peptide amyloid observed at an identical
time frame of amyloid brillation growth. The width of the
brils formed could be calculated from the atomic force
microscope images ranging from 0.5–4 mm. For these mAb21
peptide-amyloids, the brillar structure size distribution is in
the 0.7 mm to 1.2 mm range with 0.7 mm size material structure
contributing to 25% of the overall size distribution. The size
contribution decreasing with respect to the increasing width of
© 2025 The Author(s). Published by the Royal Society of Chemistry
the amyloid nanostructures (Fig. 6(B)). While AFM measure-
ments revealed nanometer-scale bril heights, SEM-derived
lateral dimensions were larger, likely due to drying-induced
attening and sputter coating. These differences are consis-
tent with known methodological biases.

3.3.3 Confocal microscopy of mAb21 peptide amyloids.
Having studied the morphology of the self-assembled peptides
through SEM and AFM, confocal microscope imaging was
explored to detect these structures as this mAb21 peptide-
amyloid is intrinsically uorescent in nature. Hence no addi-
tional uorescent dye such as ThT is required to be used in this
experiment, and the observed signal was obtained from the
Nanoscale Adv., 2025, 7, 6475–6490 | 6481

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5na00228a


Fig. 6 (A) Atomic force microscopy (AFM) image of self-assembledmAb21 peptide fibrils on Day 7, showing branched amyloid-like morphology.
(B) Corresponding fibril height distribution derived from AFM profiles, indicating the nanometer-scale thickness of individual fibrils. AFM provides
nanometer-resolution height data, whereas SEM can present broadened lateral dimensions due to drying and coating effects.
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sample directly under label-free imaging conditions. ThemAb21
peptide-amyloid, 5 mL of 2.1 × 10−4 M, formed over 7 days
incubation, drop cast on a glass slide covered with a glass cover
slip was used for a confocal imaging study in the inverted glass
slide mode. The direct and label-free excitation of the amyloid
brils formed from the designed peptides exhibited blue-green
uorescence (470–510 nm) when excited using a 405 nm laser,
as depicted in Fig. 7(B). This emission correlates with the peak
observed in the solution-state uorescence spectrum, suggest-
ing that the blue-green signal arises from the peptide assem-
blies themselves. Fluorescence spectral analysis of the stock
peptide solution with concentration 2.1 × 10−4 M, shown in
Fig. 7 (A) Bright-field and (B) confocal fluorescence images of self-ass
Label-free excitation using a 405 nm laser source reveals blue-green fl

consistent with intrinsic emission from peptide aggregates. (C) Fluoresce
solution, recordedwith an excitationwavelength of 355 nm. The emission
arising from the aggregated peptide structure.

6482 | Nanoscale Adv., 2025, 7, 6475–6490
(Fig. 7(C)), also indicated an emission at 450 nm;24 the reason
for this intrinsic uorescence mechanism is plausibly the
electronic transition induced by the direct excitation of the
brils. Intrinsic uorescence in amyloid brils has been
attributed to electron delocalization through hydrogen bonds in
cross-b sheet structures. Shukla et al.25 rst observed this in
protein aggregates and proposed a mechanism involving low-
energy transitions via backbone hydrogen bonding.26 Del Mer-
cato et al.27 and Sharpe et al.28 further demonstrated similar
blue-range uorescence in brillar peptides lacking aromatic
residues. These emissions were Stokes-shied, supporting
embled mAb21 peptide structures after 7 days of incubation at pH 12.
uorescence associated with the branched, amyloid-like morphology,
nce emission spectrum of themAb21 peptide (2.1 × 10−4 M) in aqueous
maximum is observed near 445 nm, indicative of intrinsic fluorescence

© 2025 The Author(s). Published by the Royal Society of Chemistry
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intrinsic uorescence as a general feature of amyloid-like
assemblies.

The bright eld and confocal images of the mAb21 peptide-
amyloid are shown in Fig. 7(A) and (B), respectively. The
morphological features obtained through confocal image study
also show the amyloid-forming nature of this KLVFF-based
peptide with the fractal morphology type as observed in SEM
and AFM studies. The morphological analysis of mAb21
suggests that it forms fractal patterns resulting from diffusion-
limited aggregation (DLA).29 These patterns are comparatively
different from KLVFF alone,30 which forms brillar assembly.

3.3.4 Dynamic light scattering and zeta potential study of
mAb21 peptide amyloids. The self-assembly of mAb21 was
investigated using Dynamic Light Scattering (DLS), which esti-
mates the average hydrodynamic radius of particles in solution.
DLS measurements were performed at different time points to
assess the progression of assembly in a pH 12 aqueousmedium.
The mAb21 peptide, initially aer 1 hour of dissolution,
exhibited sizes ranging from 41.6 nm, 50.2 and 78.5 nm diam-
eter. The hydrodynamic size (Z-average) increased over time,
reaching values of 986.3 nm, 1035 nm, and 1040 nm aer 6 days
of incubation (Fig. 8). As the concentration used for DLS study
was relatively higher (100 mM peptide) in comparison to that in
the ThT uorescence enhancement study, the aggregation
kinetics was relatively faster leading to faster amyloid matura-
tion on the rst day itself. Furthermore, the polydispersity index
(PdI) remained high (0.481), consistent with the non-uniform
population of branching assemblies.

3.3.5 Potentiometry pH titration and zeta potential
measurement of the mAb21 peptide. The pH potentiometric
titration was performed to broadly characterize the acid–base
behavior of the mAb21 peptide across a wide pH range. While
aggregation experiments were conducted at pH 12, this titration
provides insight into the peptide's overall protonation prole
and electrostatic environment, which may be relevant for
Fig. 8 Dynamic Light Scattering (DLS) analysis showing the average
hydrodynamic diameter (d nm) ofmAb21 peptide assemblies at pH 12,
measured 1 hour post-dissolution and after incubation on Day 1 and
Day 6. The increase in Z-average size over time suggests progressive
aggregation.

© 2025 The Author(s). Published by the Royal Society of Chemistry
interactions under variable pH conditions, such as in metal-
binding studies. From the titration curve (Fig. S6), approxi-
mate values of pK1= 2.9, pK2= 6.2, and pK3= 9.3 were inferred,
with the isoelectric point (pI) estimated as (pK1 + pK2)/2 z 4.5.
These values are broadly consistent with the known side-chain
pKa values of acidic (Asp, Glu: 3.65, 4.25) and basic (Lys, Arg:
10.53, 12.48) residues in the peptide.

Zeta potential measurements were performed for the mAb21
peptide across pH 2 to 12 to characterize the pH-dependent
changes in net surface charge. The peptide exhibited positive
charge at acidic pH, transitioned to near-neutral at pH 4, and
became increasingly negative above pH 5 due to deprotonation
of glutamic acid, aspartic acid, and lysine residues. At pH 12,
relevant to the aggregation experiments, the peptide carried
a net charge of −3.5 mV (Fig. S7). While not directly linked to
aggregation behavior, these measurements provide insight into
protonation states and electrostatic properties relevant for
interpreting metal-binding potential and environmental
responsiveness.
3.4 Toxic metal lead (Pb) and uranium (U) binding
properties of mAb21 peptide amyloids

Toxic metals lead and uranium were studied for their binding to
the Ab 1–42 based designed peptide, mAb21 self-assembled
amyloid-peptide. Toxic metals, such as cadmium, mercury,
etc., have been known to increase amyloid-b structure formation
upon exposure.31,32 Metal-ion binding to amyloid b peptide
generally showcases residue specicity that inuences the
structure and aggregation of the Ab peptide. In the case of
copper, zinc, and iron, metal ions predominantly bind to the
histidine residues within the Ab peptide, wherein the nitrogen
present in the imidazole side-chains acts as the ligand for
coordination along with oxygens of the other amino acid resi-
dues. To understand the metal-binding and sequestration
capability of the mAb21 self-assembled amyloid-peptide we
studied a mixture of metal ion solution containing 5 ppm each
of mercury (Hg2+), lead (Pb2+), calcium (Ca2+), chromium (Cr3+),
cobalt (Co2+) nickel (Ni2+), zinc (Zn2+), and copper (Cu2+). The
metal ion binding preference of the mAb21 self-assembled
amyloid-peptide was observed to be Pb2+ > Hg2+ > Co2+ > Cr3+

> Cu2+ > Zn2+ > Ni2+ > Ca2+, (Fig. S8 and Table S2). We speci-
cally investigated the binding of toxic metals such as lead (Pb)
and uranium (U) to the mAb21 self-assembled amyloid-peptide
in detail using spectroscopic techniques.

3.4.1 Lead metal ion binding of mAb21 peptide amyloids.
The toxic metal lead has been known to bind to enzymes and
regulatory proteins and coordinate with zinc nger proteins,
having implications in physiological processes such as the
development of neurological disorders. Lead is known to bind
to nitrogen, oxygen, and sulfur atoms and is predominantly
observed to be coordinated to glutamate and aspartate side-
chains, apart from side-chain nitrogen, water molecules, and
sulfur. Pb ions are especially prone to interact with Ab and affect
its aggregation.33 They are also known to compete with essential
metal ions such as zinc and calcium, increasing the expression
of amyloid b peptide and modulating their aggregation.32 Lead
Nanoscale Adv., 2025, 7, 6475–6490 | 6483
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Fig. 9 UV absorption spectra for 50 mM of mAb21 peptide (black),
15 ppmof lead acetate (blue), and 50 mMmAb21–lead acetate complex
(15 ppm) (red). The inset shows the titration of themAb21 peptide with
increasing concentration of lead acetate (0–30 ppm).
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ions (Pb2+) are known to interact potentially with various resi-
dues present in the Ab peptide, such as histidine and aspartate
residues. However, the exact binding sites and coordination
geometry of lead with Ab are still being investigated. Given its
affinity for nitrogen, oxygen, and sulfur-containing ligands, it is
hypothesized that lead may coordinate with histidine, aspartic
acid, glutamic acid, and/or cysteine residues similar to other
metals like copper and zinc.

3.4.1.1 UV absorption spectroscopy for lead binding to mAb21
peptide amyloids. The UV absorption peak of lead(II) acetate
Fig. 10 Concentrations of lead acetate before and after filtration throu
concentrations of lead acetate, 5 (15 mM), 10 (30 mM), 15 (45 mM), and 20
amyloid material and filtered through a 5 kDa cut-off filter. (B) Increasing
from 30, to 50, 70, and 100 mM incubated with 5 ppm lead acetate solu

6484 | Nanoscale Adv., 2025, 7, 6475–6490
appears at 210 nm (Fig. 9), consistent with the detection of
a signal for Pb2+ between 205 and 215 nm in the literature.34 In
the absence of lead, the peptide amyloid solution exhibits an
absorbance peak at ∼200 nm (Fig. 9), corresponding to p– p*

transitions from the peptide backbone.35 In the presence of
peptide and lead acetate, the spectra reveal a shoulder at
∼260 nm (Fig. 9), which is attributable to the ligand-to-metal
charge transfer (LMCT) transition bands upon formation of
the Pb(II)–peptide complexes. The new band at ∼260 nm in the
amyloid peptide + lead acetate spectra suggests lead-amyloid
interactions, likely due to charge attraction and peptide
ligand coordination with the metal ion.36 This is consistent, for
instance, with the appearance of a shoulder at around 240 nm
for lysozyme–lead metal ion interaction.37 The presence of more
than one shoulder/peak is observed for the [Pb(mAb21 peptide)]
lead–peptide complex at around 240 nm and 260 nm.

3.4.1.2 Atomic absorption spectroscopy for quantitative anal-
ysis of lead content and binding to self-assembled mAb21 peptide
amyloids. Self-assembled mAb21 peptide was incubated with
increasing concentrations of lead acetate solution and ltered
through a 5 kDa molecular weight cut-off lter. The concen-
tration of the solution of lead acetate was monitored aer
ltration through atomic absorption spectroscopy. The 10 mM
mAb21 self-assembled peptide amyloid material showed 15–
30% binding and removal of lead ions from the solution at
different lead acetate ppm levels (5, 10, 15, and 20 ppm), as
shown in Fig. 10(A). The peptide : metal ratio at 10 mM peptide
and 15 mM (5 ppm) of lead acetate corresponds to a 1 : 1.5 ratio,
followed by 1 : 3 for 10 mM peptide and 30 mM (10 ppm) of lead
acetate, 1 : 4.5 for 10 mM peptide and 45 mM (15 ppm) of lead
acetate, and a 1 : 6 ratio for 10 mM peptide and 60 mM (20 ppm)
of lead acetate (Fig. 10(A) and Table 2). Correspondingly while
gh the self-assembled peptide amyloid material mAb21. (A) Increasing
(60 mM) incubated with 10 mM of the mAb21 self-assembled peptide
concentration of the self-assembled peptide amyloid material mAb21
tion and filtered through a 5 kDa cut-off membrane filter.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Lead (ppm) content in solution before and after incubation
with mAb21 peptide amyloids

Peptide
(mM)

Lead
(before) (ppm)

Lead
(aer) (ppm)

%Pb
removal

10 5 (15 mM) 3.6 (10.8 mM) 28%
10 10 (30 mM) 6.6 (19.2 mM) 34%
10 15 (45 mM) 9.5 (29.1 mM) 36.6%
10 20 (60 mM) 12.5 (40.5 mM) 37.5%

Table 3 Binding energy (eV) values for lead acetate and the amyloid–
lead complex

Sample Binding energy (eV) Dmetal (eV)

Lead acetate 137.76 (Pb 4f7/2), 142.63 (Pb 4f5/2) 4.87
Peptide + lead acetate 137.62 (Pb 4f7/2), 142.49 (Pb 4f5/2) 4.87
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the concentration of the lead-acetate solution was kept constant
(5 ppm or 15 mM) and the concentrations of the self-assembled
mAb21 peptide are increased from 10 mM to 30, 50, 70, and 100
mM, resulting in peptide : metal ratios of 1 : 0.5 (30 mM), 1 : 0.3
(50 mM), 1 : 0.2 (75 mM), and 1 : 0.15 (100 mM), it was observed
that there was a signicant decrease in lead metal ion content
upon increasing the concentration of the peptide to ∼7.5 times
the lead metal ion content, at 5 ppm (15 mM). Around ∼30%
decrease in lead content upon incubation with 10 mM of peptide
amyloids, ∼50% decrease in lead content for 30 mM of peptide
amyloids, ∼80% decrease of lead content for 70 mM peptide
amyloids were observed, and more than 95% lead content was
observed to be decreased for 100 mM concentration of the self-
assembled peptide (Fig. 10(B)).

3.4.1.3 X-ray photoelectron spectroscopy for binding analysis
of lead to self-assembled mAb21 peptide amyloids. The X-ray
photoelectron spectroscopy (XPS) study was employed for the
analysis of the ability of the mAb21 peptide amyloid nano-
structure to interact with Pb2+ and to further validate the
Fig. 11 (A) Survey scan of themAb21 peptide, lead acetate, and themAb2
acetate alone (top panel) and 15 ppm lead acetate solution incubated w

© 2025 The Author(s). Published by the Royal Society of Chemistry
decrease in lead acetate concentration observed from atomic
absorption spectroscopy, by monitoring the Pb based binding
energy peaks for lead acetate solutionmixed and incubated with
the self-assembled mAb21 peptide amyloids formed at pH 12.
The XPS survey scan revealed the presence of carbon (C),
nitrogen (N), and oxygen (O) atoms in themAb21 self-assembled
peptide amyloid material, while the XPS survey scan of only lead
acetate showed the presence of Pb, C, and O, and the peptide–
lead complexes were identied by the existence of binding
energy (eV) associated with lead (Pb) features, in addition to
carbon (C), nitrogen (N), and oxygen (O), as illustrated in
Fig. 11(A). The X-ray photoelectron spectroscopy (XPS) spectra
of lead compounds are characterized by two well-resolved peaks
within the Pb 4f region (Fig. 11(B)), with a spin–orbit compo-
nent Dmetal of 4.87 eV (Table 3). The peak with higher binding
energy at approximately 142 eV is attributed to Pb 4f5/2, while
the lower energy peak at around 138 eV is assigned to Pb 4f7/2
(Table 3).38 However, it should be noted that the binding energy
values could be slightly inuenced by the groups binding to the
metal ion and the oxidation state of the lead metal ion.
1–lead acetate complex. (B) Pb 4f narrow band scan XPS spectra of lead
ith 50 mM of the mAb21 self-assembled peptide (bottom panel).

Nanoscale Adv., 2025, 7, 6475–6490 | 6485
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Fig. 12 UV-visible absorption spectra of arsenazo III dye in water
(black), 12.9 mM (1 : 1 complex) of the uranyl nitrate – arsenazo III dye
complex (red), and the uranyl nitrate–arsenazo complex (5 ppm/12.9
mM) incubated with mAb21 peptide amyloid (pH 12.0) at different
concentrations, 20 mM (light blue), 40 mM (magenta), 60 mM (green)
and 80 mM (dark blue).
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Two peaks at around 142.63 and 137.76 eV of Pb(II) ions
arising from Pb 4f5/2 and 4f7/2, respectively, in lead acetate are
slightly shied to lower binding energies upon binding to the
Fig. 13 Fluorescence emission quenching of uranyl nitrate by themAb21
solution titrated with increasing concentrations of themAb21 self-assemb
mM). [B] Benesi–Hildebrand plot of [(F0 − Fm)/(F0 − F)] (F0 is the fluoresce
intensity upon quenching), vs. [1/Q] (Q = peptide concentration in mM) s

6486 | Nanoscale Adv., 2025, 7, 6475–6490
self-assembled mAb21 peptide, appearing at 142.49 and
137.62 eV respectively. The addition of the self-assembled
mAb21 peptide causes a shi in the binding energy of lead
acetate, indicating complex formation rather than just surface
adsorption. The charge of the mAb21 peptide under pH 12
conditions is −2 due to the presence of two deprotonated glu-
tamic acid (E), one deprotonated aspartic acid (D), and one
protonated arginine (R) amino acid residues upon complex
formation with the lead (Pb2+) ion, which possibly produces
a neutral complex system to alter the electron density at the lead
metal ion site.

3.4.2 Uranium metal ion binding analysis of mAb21
peptide amyloids

3.4.2.1 UV-visible spectroscopy studies for binding analysis of
uranyl nitrate to self-assembled mAb21 peptide amyloids. UV-
visible absorption spectroscopy was employed to investigate
the interaction between uranyl nitrate and the self-assembled
mAb21 peptide amyloid material. Arsenazo III, a chromogenic
dye forming 1 : 1 complexes with rare-earth metal ions, was
used to detect uranium. Its characteristic absorption peak at
553 nm indicates the dye, while a band at 653 nm indicates
complexation with uranyl(VI) nitrate.39,40 This signal may shi or
diminish depending on metal-dye stoichiometry. To assess the
inuence of peptide amyloid on this complex, varying concen-
trations of the peptide were incubated with the uranium
peptide. [A] Fluorescence emission quenching of 10 ppm uranyl nitrate
led peptide (5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 60, 70, 80, 90, and 100
nce intensity without the peptide and Fm is the minimum fluorescence
howcasing 1 : 1 metal and peptide binding.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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solution for 12 h. UV-vis analysis of the ltrate showed
a concentration-dependent decrease in the 653 nm peak, indi-
cating that uranium was retained by the peptide amyloid
material, as shown in Fig. 12. This supports effective uranium
binding by the self-assembled peptide.

3.4.2.2 Fluorescence spectroscopy studies for binding analysis
of uranyl nitrate to self-assembled mAb21 peptide amyloids.
Fluorescence spectroscopy was used to conrm uranium
binding to the self-assembled mAb21 peptide. Emission spectra
were recorded for a 10 ppm uranyl nitrate solution titrated with
increasing concentrations (5–100 mM) of peptide amyloid. A
steady decrease in uorescence intensity at 520 nm was
observed with no signicant shi in lmax, indicating quenching
upon binding. This result supports the uranium sequestration
suggested by the UV-vis arsenazo-III assay. Stern–Volmer anal-
ysis was performed to evaluate the quenching mechanism
(Fig. S9). The Stern–Volmer plot exhibited linearity at lower
peptide concentrations, consistent with static quenching via
ground-state complex formation between the uranyl ion and
peptide amyloid. At higher concentrations, a deviation from
linearity suggested the onset of dynamic quenching. The Stern–
Volmer quenching constant (KSV) was calculated to be 1.48 ×

104 M−1. The binding stoichiometry and association constant
(KA) were further determined using Benesi–Hildebrand plots
assuming a 1 : 1 uranyl–peptide binding ratio (Fig. 13(B)). From
the [(F0 − Fm)/(F0 − F)] vs. 1/[Q] plot, an association constant KA

of 1.209 × 104 M−1 was obtained, conrming efficient uranyl
binding by the peptide amyloid.

The designed Glu/Asp-rich regions are expected to chelate
Pb2+ and UO2

2+ through carboxylate oxygens. In the metal–
ligand binding Pb2+ may adopt hemi directed, asymmetric
geometries, while UO2

2+ typically forms equatorial coordination
with oxygen donor carboxylates.41,42 Amyloid-forming peptides
like Ab are known to bind divalent metals (e.g., Cu2+, Zn2+, and
Pb2+) via histidine and carboxylate residues;43 poly histidine-
rich peptides are also known to exhibit strong, selective metal
binding.44,45 Based on the functional groups present in the
mAb21 peptide the following peptide amyloid–uranyl ion
interaction mechanism is proposed. The uranyl–mAb21 peptide
amyloid complex probably adopts an octahedral coordination
Scheme 2 Schematic representation of the coordination environ-
ment of uranyl–mAb21 peptide amyloid.

© 2025 The Author(s). Published by the Royal Society of Chemistry
environment involving one aspartic acid, two glutamic acid
carboxylate groups and one oxygen from serine in the equatorial
plane of the octahedral uranyl center, and further stability for
uranyl binding is provided by the arginine side chain via an
expected U]O/H–N hydrogen bonding interaction, as shown
in Scheme 2.

This study focused on the aggregated peptide material as the
functional form for metal binding, leveraging its high surface
area and ordered architecture. The studies performed for
analysis of lead and uranium metal binding towards the mAb21
peptide have established its superior uranium and lead binding
capabilities compared to our previously studied peptides EKKE
and EKKEDRGDEKKE.16 The %Pb removal for the mAb21
peptide is comparable to that of the EKKEDRGDEKKE peptide
(34%) and much higher than that of the EKKE peptide alone
(5%), while uranyl uorescence quenching with mAb21 peptide
amyloids show a better binding constant KA = 1.209 × 104 M−1,
than the EKKEDRGDEKKE (KA = 1.03 × 104 M−1) and EKKE (KA

= 0.16 × 104 M−1) peptide amyloids.

4 Conclusions

The designed KLVFFAEDVESNRGAIIGLMV (mAb21) peptide,
which is the mutated version of KLVFFAEDVGSNKGAIIGLMV
(16–36) residues of the amyloid b 1–42 peptide retained the
ability to self-assemble into amyloid-like brils, even though
two of its residues, G to E at position 25 and K to R at position
28 have been mutated. The formation of diffusion-limited
aggregation (DLA) induced self-assembly of branched brils
at alkaline pH also indicates the role of diphenylalanine,
which has previously been reported to form such nano-
structures. The self-assembled peptide also retains the b-sheet
secondary structure content typically seen in amyloid brils
and amyloid b 1–42 peptide. The mAb21 self-assembled
peptide amyloid biomaterial also binds to lead and uranium
metal ions. The metal ion binding process was observed from
the decrease in lead metal content detected from atomic
absorption spectroscopy, and the LMCT band was observed
upon titration of increasing lead metal ions onto the self-
assembling peptide-amyloid material. The uorescence
quenching of uranyl nitrate, along with the decrease in the
absorption of the uranyl peak in the arsenazo III dye-based
uranium estimation, proves the binding of uranium to the
mAb21 peptide nanomaterial. The b-turn segment present in
the original mAb21 Ab 1–42 is hypothesized in this case to act
as a metal-binding pocket, binding to both lead and uranium
metal ions, due to the introduced E and R residues, respec-
tively. The study of mAb21 is a comprehensive study on the
nature of amyloid formation upon introducing point muta-
tions to a known amyloid-forming peptide, along with
assessing the ability of the self-assembled peptide amyloid to
bind to toxic metals such as lead and uranium.
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