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Abstract: protein misfolding and aggregation into amyloid assemblies underlie a broad class of neurodegenerative and systemic disorders,
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that are difficult to access experimentally, while also supporting more efficient expenmental design. Against this mechanistic backdrop,
therapeutic development has shifted from non-specific aggregate clearance toward precise modulation of aggregation pathways. Emerging
strategies emphasise sustainability-oriented principles, including selectivity, reversibility, reduced material complexity, and compatibility with
green chemistry. Small molecules, nanomaterials, supramolecular assemblies, peptide-based constructs, and polymeric systems are being
developed to bias aggregation trajectories, attenuate secondary nucleation, or destabilise toxic intermediates rather than enforce complete
inhibition. This review highlights recent progresses in amyloid aggregation and presents a computationally guided, sustainable framework for
disease-specific aggregation control.
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neuropathic disorders that may be localized to specific tissues
or distributed systemically. Current understanding indicates
that aberrant protein aggregation contributes to several dozen
distinct human diseases, underscoring its broad biomedical
relevance. Representative classes of amyloid-associated
disorders and their primary aggregation-prone proteins are
summarized in Table 1.2 Neurodegenerative diseases such as
Alzheimer’s disease (AD), Parkinson’s disease (PD), and
Huntington’s disease (HD) represent some of the most
extensively studied amyloid-related disorders, in which the
progressive accumulation of 3-sheet-rich protein assemblies
leads to synaptic dysfunction, neuronal loss, and irreversible
cognitive or motor impairment.*® In contrast, non-neuropathic
amyloidoses arise when aggregation is confined to peripheral
tissues, whereas systemic forms involve widespread
deposition across multiple organs, reflecting differences in
tissue susceptibility and biological context. Importantly, each
amyloid disorder is associated with the misfolding and
aggregation of a characteristic protein or peptide. Alzheimer-
type neurodegeneration is defined by aggregation of amyloid-
B peptides, while Parkinsonian disorders are driven by the self-
assembly of a-synuclein. Huntington’s disease arises from
accumulation of huntingtin protein containing expanded

polyglutamine tracts that promote aggregation within
neuronal inclusion bodies. Similarly, pathogenic variants of
superoxide dismutase 1 are implicated in amyotrophic lateral
sclerosis. Beyond the nervous system, aberrant deposition of
serum amyloid A underlies AA amyloidosis in organs such as
the liver, spleen, and kidneys, while type 2 diabetes is
characterised by aggregation of islet amyloid polypeptide
within pancreatic B-cells. Despite differences in clinical
presentation, tissue involvement, and precursor proteins,
these disorders exhibit a striking molecular convergence.57 In
each case, normally soluble proteins undergo aberrant
conformational transitions that vyield toxic oligomeric
intermediates and highly ordered fibrillar aggregates.®-° Figure
1 provides an overview of these shared aggregation principles,
illustrating how distinct amyloidogenic proteins converge onto
common, pathway-dependent mechanisms governed by
intrinsic sequence features, extrinsic environmental factors,
and a rugged free-energy landscape characterised by
oligomer toxicity, fibril polymorphism, and kinetic amplification
processes.

Amyloid aggregation is not an isolated biochemical
anomaly. Instead, it reflects a generic propensity of
polypeptide chains to adopt alternative, aggregation-prone
conformations when native stability is compromised.'* This
understanding has shifted the perception of amyloid diseases
from protein-specific pathologies to broader disorders of
protein homeostasis.'? Central to this process is a nucleation-
dependent polymerization mechanism, in which an initial
energetically unfavourable nucleation event is followed by
rapid fibril elongation and a cascade of secondary processes
such as fragmentation and surface-catalyzed seeding.'® These
events collectively amplify aggregate formation and contribute
to disease progression.’* The molecular determinants
governing amyloid formation are inherently multifactorial.
Intrinsic factors such as amino acid composition, sequence
patterning, and conformational flexibility play decisive roles in
determining aggregation propensity.t>'® Post-translational
modifications, including phosphorylation, oxidation, and
truncation, further influence structural stability and aggregation
behaviour.1”-18 At the same time, extrinsic influences such as
pH, ionic strength, metal ion coordination, oxidative stress, and
macromolecular crowding exert profound effects on
aggregation kinetics and aggregate morphology.*®-?° Together,
these variables reshape the free-energy landscape of
amyloidogenic proteins, altering nucleation barriers, stabilizing
misfolded intermediates, and promoting intermolecular B-sheet
interactions.?1-22

A major challenge in amyloid research arises from the
transient and heterogeneous nature of aggregation
intermediates. Increasing experimental and clinical evidence
suggests that small, soluble oligomers are often more cytotoxic
than mature fibrils.?*2* However, these species are difficult to
isolate and characterise due to their short lifetimes and
dynamic interconversion.?>? As a result, understanding the
earliest stages of aggregation and developing strategies to
selectively target these intermediates remain central objectives
in the field. Over the past several decades, significant progress
has been achieved through advances in experimental
characterisation techniques. High-resolution methods such as
nuclear magnetic resonance spectroscopy and cryo-electron
microscopy have revealed detailed structural features of
amyloid fibrils.?% Atomic force microscopy and electron
microscopy have enabled direct visualisation of aggregate
morphology and growth processes.®*2 Complementary
fluorescence-based assays have provided kinetic insights into
nucleation, elongation, and secondary aggregation events.!3 33
Despite these advances, experimental techniques alone often
struggle to fully capture the complexity of amyloid formation,
particularly during the early stages when intermediates are
highly dynamic and structurally diverse.

Table 1. Representative classes of amyloid-associated disorders
and their primary aggregation-prone proteins

amyloid context principal aggregation-
prone protein or peptide

Central nervous system proteinopathies

Alzheimer-type
neurodegeneration

Amyloid-B—derived peptides

Synucleinopathies a-Synuclein

Polyglutamine expansion Huntingtin with expanded
disorders polyQ tract

Microtubule-associated
protein tau

Tauopathies

Prion-related Misfolded prion protein
encephalopathies (PrPse)

Motor neuron degeneration Superoxide dismutase 1

variants

Systemic amyloid deposition disorders

Immunoglobulin-associated
amyloidosis

Light-chain immunoglobulin
fragments

Inflammation-associated
amyloidosis

Serum amyloid A—derived
fragments

Native or mutant
transthyretin

Transthyretin-related
amyloidosis

Dialysis-associated amyloid
disease

,-Microglobulin

Hereditary systemic
amyloidoses

Mutant lysozyme, gelsolin,
or cystatin C

Coagulation-related
amyloidosis

Fibrinogen a-chain variants

Localised and tissue-specific amyloidoses

Endocrine amyloid deposition Islet amyloid polypeptide,

calcitonin, prolactin
Ocular amyloid disorders Crystallins, lactoferrin
Cutaneous amyloid conditions Keratin-derived peptides

Vascular and age-related Medin
amyloidosis
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Computational modelling has therefore become an
indispensable component of amyloid research. Molecular
dynamics simulations at atomistic and coarse-grained levels
have provided mechanistic insight into protein misfolding
pathways, oligomer formation, and fibril assembly.®43¢ Kinetic
and thermodynamic models have clarified the roles of primary
and secondary nucleation processes in aggregation
amplification.®” More recently, machine learning and data-
driven approaches have enabled the identification of
aggregation-prone regions and the rapid screening of potential
aggregation modulators.®®3° Importantly, computational
techniques allow systematic exploration of large
conformational and chemical spaces with minimal material
input, thereby complementing experimental studies while
improving overall efficiency. Beyond their mechanistic utility,
computational approaches have gained renewed relevance in
the context of sustainability. Traditional experimental
workflows often rely on extensive trial-and-error procedures,
large reagent consumption, and resource-intensive
instrumentation. In contrast, predictive modelling can
substantially reduce experimental redundancy by prioritising
promising candidates and narrowing the design space before
synthesis and testing.**4! This capability is particularly
important as the field moves toward the development of
therapeutic strategies that are not only effective but also
scalable and environmentally responsible.

Therapeutic intervention aimed at controlling amyloid
aggregation has long been pursued as a viable route to
disease modification. Early strategies focused primarily on
small molecules and peptide-based inhibitors designed to
stabilise native protein conformations or disrupt B-sheet
formation.*>*® While these approaches have generated

valuable mechanistic insights, many candidates have
encountered limitations related to bioavailability, off-target
toxicity, metabolic instability, and challenges associated with
large-scale synthesis.** These shortcomings have prompted a
re-evaluation of how anti-amyloid therapeutics are designed
and developed.

In recent years, increasing attention has been directed
toward sustainable therapeutic strategies that balance efficacy
with long-term safety, scalability, and environmental impact.
Bio-derived and naturally occurring small molecules have
emerged as attractive aggregation modulators due to their
structural diversity and favourable biocompatibility profiles.*>4¢
Nanomaterial-based approaches, including biodegradable and
surface-functionalised nanostructures, offer new opportunities
to sequester toxic oligomers or redirect aggregation pathways
while minimising long-term persistence and toxicity.*’
Supramolecular systems governed by reversible non-covalent
interactions provide adaptable platforms for aggregation
control without permanent chemical modification.*%4° Similarly,
polymeric and hybrid materials designed using principles of
green chemistry are gaining recognition as multifunctional and
sustainable therapeutic candidates.5%-5!

The success of these emerging strategies is closely linked
to advances in computational design. Predictive modelling of
binding modes, aggregation hotspots, and structure—activity
relationships enable rational selection of candidate molecules
and materials prior to synthesis.5?%% This integrated approach
reduces synthetic waste, accelerates optimisation cycles, and
aligns therapeutic development with sustainability-oriented
design principles. The convergence of computational
chemistry, molecular biophysics, and materials science is
therefore reshaping the therapeutic landscape of amyloid
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Figure 1. Conceptual framework of amyloid aggregation and its mechanistic drivers.
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disorders. Disease-specific studies further highlight the need
for tailored aggregation control strategies. Amyloid-B
aggregation in Alzheimer’s disease, a-synuclein assembly in
Parkinson’s disease, and polyglutamine-driven aggregation of
huntingtin in Huntington’s disease each exhibit distinct
structural and kinetic features. Understanding these
differences is essential for developing targeted interventions.
Computational and experimental investigations have
demonstrated how sequence context, post-translational
modifications, and cellular environments uniquely influence
aggregation behaviour in each system, reinforcing the
importance of adaptable and disease-specific therapeutic
frameworks.

In this review, we present a comprehensive analysis of
sustainable therapeutic strategies for controlling amyloid
protein aggregation. We begin by outlining the molecular and
physicochemical principles governing amyloidogenesis and
discussing the clinical spectrum of amyloid-associated
disorders. We then examine experimental and computational
methodologies used to probe aggregation pathways, with
emphasis on efficiency and resource-conscious approaches.
Disease-specific aggregation models of amyloid-B, a-
synuclein, and huntingtin are subsequently discussed to
illustrate  how mechanistic insight informs therapeutic
development. Finally, emerging classes of sustainable
aggregation inhibitors are reviewed, highlighting the central
role of computationally guided design in advancing next-
generation anti-amyloid therapeutics. By integrating
perspectives from structural biology, computational chemistry,
materials science, and sustainability-focused design, this
article aims to provide a holistic view of current efforts to control
amyloid aggregation. Such interdisciplinary approaches are
essential  for  translating fundamental  mechanistic
understanding into clinically viable and environmentally
responsible therapeutic solutions. Ultimately, sustainable
strategies are poised to play a defining role in shaping the
future of amyloid-targeted intervention.

2. Molecular Basis of Amyloid Aggregation

Amyloid protein aggregation represents a central
molecular event underlying a wide range of neurodegenerative
and systemic disorders.t 54 |t arises from the aberrant
misfolding of specific proteins that subsequently self-assemble
into insoluble fibrillar structures. These fibrils are defined by a
highly ordered cross--sheet architecture, in which B-strands
align perpendicular to the fibril axis, imparting remarkable
structural stability.>® Accumulation of such aggregates,
whether intracellular or extracellular, disrupts cellular
homeostasis and initiates a cascade of pathological events
including membrane damage, oxidative stress, inflammatory
responses, and progressive tissue dysfunction.%6” Despite
substantial diversity in amino acid sequence, native structure,
and biological function among amyloidogenic proteins, the
aggregation process exhibits striking mechanistic similarities.
Most amyloid systems follow a nucleation-dependent
polymerization pathway, in which a slow and energetically
unfavourable nucleation step precedes rapid fibril elongation
and amplification through secondary processes. This apparent
universality suggests that amyloid formation is governed by
generic physicochemical principles rather than protein-specific
idiosyncrasies alone.®® Such convergence has positioned
amyloid aggregation as a fundamental problem in protein
science, with implications that extend beyond individual
disease contexts.

Intensive investigation over the past two decades has
significantly refined the conceptual framework of amyloid
aggregation.  Early descriptions based largely on
histopathological ~observations and bulk biochemical
measurements have evolved into sophisticated molecular
models informed by advanced biophysical characterisation

and computational analysis. It is now well recognised that
aggregation is not a linear transition from monomer to fibril.
Instead, it proceeds through a complex network of metastable
intermediates, including soluble oligomers and protofibrillar
assemblies, each exhibiting distinct structural, kinetic, and
toxicological profiles.5°-° These intermediates are increasingly
regarded as critical determinants of disease progression and
therapeutic outcome. The aggregation behaviour of proteins in
biological environments is further modulated by a confluence
of intrinsic and extrinsic factors. Sequence composition,
conformational flexibility, and post-translational modifications
define the intrinsic aggregation propensity of a protein, while
environmental parameters such as pH, ionic strength,
temperature, metal ion availability, and molecular crowding
exert strong extrinsic control.5! Cellular components including
molecular chaperones, membranes, and proteostasis
networks also play decisive roles, either suppressing
aggregation or, under pathological conditions, inadvertently
promoting it.62 Notably, many amyloid assemblies evade
cellular clearance mechanisms and display prion-like features,
enabling templated propagation of misfolded conformations
across cells and tissues.5?

A detailed understanding of amyloid aggregation at the
molecular level is therefore essential for the rational
development of therapeutic strategies. This need is particularly
acute in the context of sustainable intervention design, where
controlling aggregation pathways through minimal, efficient,
and environmentally responsible means is a growing priority.
Insight into how specific structural motifs, intermolecular
interactions (Figure 2), and environmental conditions drive
aggregation provides a foundation for identifying intervention
points that can be targeted using bio-compatible molecules,
reversible supramolecular systems, or computationally
optimised inhibitors.

A comprehensive understanding of the amyloid
aggregation process requires consideration of multiple
interconnected dimensions. This includes the molecular origins
of protein misfolding and the structural principles that define
amyloid fibril architecture, as well as the physicochemical
forces that regulate aggregation pathways and Kkinetics.
Equally important is an appreciation of how these molecular
events manifest across different disease contexts, giving rise
to both systemic and localised amyloid disorders with distinct
pathological features. Together, these aspects provide a
cohesive framework for interpreting amyloidogenesis and form
the conceptual foundation for the rational development of
strategies aimed at controlling aggregation in a precise,
effective, and sustainable manner.

2.1. Protein Misfolding Pathways and Fibrillar
Architectures

Recent advances in amyloid research have substantially
refined current understanding of protein misfolding and fibril
architecture, shifting the field away from simplified linear
models toward a structurally heterogeneous and context-
dependent view of aggregation. High-resolution structural
techniques, combined with multiscale computational
approaches, have revealed that amyloid fibrils represent
families of related polymorphs rather than a single invariant
end state.54%° These insights, largely emerging over the past
five years, have important implications for both disease
mechanisms and therapeutic intervention. Cryogenic electron
microscopy has been central to this conceptual transition.
Structural studies from several groups have demonstrated that
amyloidogenic proteins such as amyloid-B, tau, and o-
synuclein can adopt multiple fibrillar conformations with distinct
protofilament arrangements and surface chemistries.?®
Although cryo-EM has provided static structural snapshots,
recent work has emphasized how fibril architecture is shaped
by aggregation conditions and kinetic history. For example,
insulin amyloid fibrils have served as an important model
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system for understanding protofilament organization.
Putawski, Kolinski, and co-workers reported a multiscale
modelling framework that integrates coarse-grained docking
with atomistic molecular dynamics to reconstruct insulin
protofilament structures that closely resemble experimentally
resolved cryo-EM fibrils.56-68 Their work illustrates how parallel,
in-register B-sheet assemblies can emerge from sequence-
driven self-assembly while accommodating structural
variability at the protofilament level. Beyond mature fibrils,
increasing attention has been directed toward misfolded
oligomeric species that precede or coexist with fibrillar
assemblies.

Over the last few years, comparative studies of toxic and
non-toxic oligomers have provided mechanistic insight into

;-g

(A) (B)]
Lm‘_wdrogen i
bonds

how subtle structural differences translate into profound
biological consequences. Work led by Limbocker et. al has
been particularly influential in this area.®® Using stabilized
oligomer populations derived from the same protein sequence,
these studies demonstrated that toxicity correlates strongly
with solvent-exposed hydrophobic regions, membrane affinity,

and conformational flexibility rather than oligomer size alone.”
71

Importantly, structurally similar oligomers can exhibit
markedly different toxic profiles, highlighting that misfolding
outcomes are not uniquely determined by aggregation extent
but by specific structural features. These findings have
reshaped prevailing views of amyloidogenesis by underscoring
the central role of metastable intermediates. Rather than being
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simple on-pathway precursors to fibrils, oligomers are now
understood as structurally diverse species that occupy distinct
regions of the protein energy landscape. Their ability to
interconvert, persist, or dissociate from fibril surfaces adds a
further layer of complexity to aggregation models. Such
behaviour complicates therapeutic strategies that target fibrils
alone and reinforces the need for structural resolution across
multiple aggregation states.

Computational modelling has emerged as a critical tool for
bridging experimental gaps, particularly for transient and
heterogeneous species that evade direct structural
characterization. Recent studies have increasingly adopted
multiscale strategies that combine coarse-grained sampling
with atomistic refinement. The work by Putawski et. al
exemplifies this trend, demonstrating how coarse-grained
docking can efficiently generate fibrillar oligomer ensembles
that are subsequently refined into realistic protofilament
models using molecular dynamics.®” This approach addresses
longstanding challenges associated with time-scale limitations
and force-field accuracy in all-atom simulations of aggregation
processes. At the molecular level, simulations have also
provided insight into how amyloid fibril surfaces influence
secondary aggregation phenomena. Recent molecular
dynamics studies by Zou and Agren revealed that fibril
surfaces can act as structural templates, inducing ordered
aggregation of small molecules through cooperative hydrogen
bonding and m—1r stacking interactions.”? Their work on tau
fibrils demonstrated that ligands exhibit high conformational
disorder in solution but adopt highly ordered, crystal-like
assemblies when bound to fibril surfaces. These findings
highlight the active role of fibrillar architecture in directing
molecular organization and suggest that fibrils themselves can
participate in templated aggregation processes beyond protein
self-assembly.

Recent structural and computational investigations
increasingly point toward amyloid aggregation as a process
shaped by interdependent contributions from primary
sequence, local environment, and aggregation kinetics. Rather
than converging on a single structural endpoint, amyloid-
forming proteins populate ensembles of fibrillar and prefibrillar
states whose properties are determined by their formation
pathways and molecular context. This perspective is
supported by observations of fibril polymorphism and oligomer
heterogeneity across multiple systems, which indicate that
aggregation outcomes cannot be fully rationalised without
accounting for kinetic history and surface-mediated
interactions.> 13 3 Such structural diversity has important
consequences for therapeutic intervention, as it implies that
effective modulation of aggregation requires precise targeting
of specific conformational states or interfaces rather than
generic suppression of fibril formation. In this regard, high-
resolution structural models reported in recent years have
enabled more refined identification of aggregation-prone
motifs, toxic surfaces, and templating regions that govern
intermolecular recognition. The growing integration of
computational prediction with experimentally constrained
modelling has further enhanced this capability, allowing
aggregation mechanisms to be interrogated with reduced
experimental overhead while maintaining mechanistic fidelity.
This shift toward structure-informed and computationally
guided analysis provides a foundation for developing targeted
strategies that are both mechanistically robust and compatible
with sustainability-oriented research paradigms.

2.2. Physicochemical Determinants
Aggregation

Governing

Recent studies increasingly frame amyloid aggregation as
an energy-driven process shaped by a delicate balance
between intrinsic sequence-encoded features and extrinsic
environmental influences.® Rather than acting independently,
these factors collectively remodel the protein free-energy
landscape, thereby regulating the formation, maturation, and

diversification of amyloid assemblies. Advances over the past
few years have refined this view by providing quantitative and
structural evidence for how aggregation pathways are selected
and amplified under physiological and pathological conditions.
At the molecular level, intrinsic sequence determinants remain
central to aggregation propensity. Aggregation-prone regions
enriched in hydrophobic and B-sheet-favouring residues have
been identified as key stabilizing elements within amyloid
fibrils.’>'6 Recent energetic profiling studies by the
Schymkowitz and Rousseau groups have provided residue-
level thermodynamic insight into this phenomenon by
analysing cryo-EM-derived fibril structures of amyloid-8, tau, a-
synuclein, and islet amyloid polypeptide.” Their 2025 work
demonstrated that fibril maturation is anchored by a limited
number of sequence-encoded aggregation-prone motifs that
act as energetic stabilisation cores, while surrounding regions
introduce varying degrees of structural frustration that enable
polymorphic divergence. This framework offers a quantitative
basis for understanding why distinct fibril polymorphs can arise
from the same primary sequence under different conditions.

Post-translational modifications further modulate these
intrinsic driving forces by altering local charge distribution,
conformational flexibility, and intermolecular interaction
patterns. Recent experimental and computational studies
indicate that phosphorylation, truncation, and oxidative
modifications can selectively stabilise or destabilise specific
aggregation intermediates, thereby biasing aggregation
pathways rather than simply accelerating or inhibiting fibril
formation.'’® Such effects are increasingly interpreted
through the lens of altered nucleation barriers and changes in
secondary nucleation efficiency, rather than through binary
aggregation outcomes. Extrinsic physicochemical conditions
exert equally profound control over amyloid assembly. Solution
pH and ionic strength remain among the most influential
parameters, as they directly affect electrostatic interactions
and protein solubility. Time-resolved cryo-EM studies on tau
fibril formation have shown that subtle changes in buffer
composition can reproducibly direct aggregation toward
disease-relevant polymorphs.?®30. 35 For example, the
presence of divalent cations or specific salts has been shown
to stabilise distinct protofilament interfaces, leading to fibril
structures closely resembling those isolated from patient
tissue. These findings reinforce the notion that environmental
context is not merely permissive but actively instructive in
amyloid assembly.

Metal ions represent a particularly important class of
extrinsic modulators. Recent work has expanded earlier
observations by demonstrating that metal ions can participate
directly in fibril maturation rather than acting solely as
aggregation accelerants.’*"® Energetic analyses of cryo-EM
fibril structures revealed that metal ions and polyanionic
cofactors are frequently associated with regions of structural
remodelling, where they compensate for local energetic strain
and stabilise otherwise unfavourable conformations. This
supports a model in which metal coordination contributes to
polymorphic selection by reshaping the energetic landscape
during fibril growth. Interfaces and surfaces have also emerged
as critical drivers of aggregation in both experimental and
biological contexts. Lipid membranes, cellular organelles, and
nanoscale surfaces can locally concentrate proteins, promote
partial unfolding, and lower nucleation barriers. Recent
molecular simulations and spectroscopic studies suggest that
membrane-associated aggregation often favours oligomeric
species with enhanced membrane affinity and toxicity.”s7”
Such surface-mediated pathways are increasingly implicated
in cellular dysfunction, particularly in neurodegenerative
diseases where membrane integrity is compromised at early
stages. Molecular crowding further complicates aggregation
behaviour under physiological conditions. High
macromolecular concentrations within cells restrict available
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volume and alter diffusion dynamics, thereby favouring
compact and aggregated states. Recent biophysical studies
indicate that crowding does not uniformly accelerate
aggregation but can selectively enhance secondary nucleation
and fibril fragmentation processes, leading to rapid
amplification of toxic species even when primary nucleation
remains slow.'® 78 Kinetic factors have gained renewed
attention as dominant determinants of amyloid toxicity and
propagation. Work from the Knowles and Dobson groups has
emphasised that secondary nucleation processes, in which
existing fibrils catalyse the formation of new aggregates on
their surfaces, are often the principal source of cytotoxic
oligomers.** This insight has shifted focus away from total fibril
burden toward kinetic control points within the aggregation
cascade. Recent modelling and experimental validation
indicate that modest perturbations to secondary nucleation
rates can produce disproportionately large effects on
aggregate load and toxicity.”

Recent evidence therefore supports a view of amyloid
aggregation in which thermodynamic stability and kinetic
accessibility are inseparably linked. Aggregation pathways
appear to be continuously reshaped by competition between
stabilizing sequence-encoded interactions, environmentally
imposed constraints, and amplification processes such as
fragmentation and surface-catalyzed nucleation. Within this
framework, fibril formation cannot be interpreted solely in terms
of end-state stability, as relatively subtle perturbations to
kinetic parameters may redirect aggregation toward
structurally and biologically distinct species. Such sensitivity to
pathway modulation has important implications for therapeutic
intervention, since effective control of aggregation may be
achieved by targeting specific kinetic bottlenecks or interfacial
processes rather than suppressing fibril growth globally.8°
Approaches that exploit this selectivity, particularly when
guided by quantitative modelling and constrained
experimentation, offer a route to intervention strategies that are
both  mechanistically precise and compatible with
sustainability-driven design principles.

2.3. Pathophysiological Manifestations of Amyloid
Deposition

Amyloid deposition gives rise to a broad spectrum of
pathophysiological manifestations that reflect both the
molecular properties of the aggregating protein and the
biological context in which deposition occurs. Rather than
being determined solely by fibril load, tissue dysfunction
emerges from a combination of aggregate structure, spatial
distribution, and interaction with local cellular and extracellular
components. Recent clinical and mechanistic studies
increasingly support the view that amyloid-related pathology is
shaped by dynamic interactions between misfolded protein
assemblies and tissue-specific vulnerabilities. In systemic
amyloidoses, circulating precursor proteins enable widespread
deposition across multiple organs, leading to progressive and
often overlapping clinical phenotypes. Transthyretin
amyloidosis provides a well-characterised example of this
process. Recent analyses synthesised by Tschope,
Elsanhoury, and Kristen indicate that both hereditary and wild-
type transthyretin variants can produce heterogeneous
patterns of cardiac, neurological, renal, and ocular
involvement, even among patients carrying the same genetic
mutation.®! This phenotypic diversity has been attributed not
only to differences in tetramer stability but also to tissue-
specific factors such as extracellular matrix composition,
mechanical stress, and local proteolytic activity, all of which
influence fibril formation and persistence.

Cardiac involvement illustrates how amyloid deposition
translates into organ-specific dysfunction. In transthyretin
amyloid cardiomyopathy, extracellular fibril accumulation
within the myocardial interstitium increases ventricular

stiffness, disrupts diastolic filling, and progressively impairs
systolic performance. However, recent imaging and biomarker
studies suggest that functional decline often precedes
extensive fibril accumulation, implicating soluble oligomers and
early fibrillar assemblies in myocardial toxicity.82#% This
observation aligns with emerging evidence that amyloid-
related cardiotoxicity reflects alterations in cellular signalling,
calcium handling, and microvascular function rather than
passive  mechanical infiltration alone.  Neurological
manifestations similarly reflect complex interactions between
amyloid assemblies and cellular architecture. In amyloid
polyneuropathies, fibril deposition within peripheral nerves
compromises axonal transport and Schwann cell function,
leading to length-dependent sensory and motor deficits.
Clinical data from recent cohort studies indicate that autonomic
dysfunction often develops early and may progress
independently of overt fibril burden, suggesting that prefibrillar
species and local inflammatory responses play a significant
role in neuronal injury. These findings challenge earlier models
that linked neurological decline directly to cumulative fibril
deposition. In disorders traditionally classified as localised
amyloidoses, such as Alzheimer’s and Parkinson’s diseases,
amyloid pathology remains spatially constrained but exhibits
pronounced regional heterogeneity. Recent biomarker-driven
studies in preclinical and prodromal populations have
demonstrated that amyloid deposition follows reproducible
spatial patterns that correlate with synaptic vulnerability and
network connectivity. Work from the ALFA cohort has shown
that early amyloid accumulation in specific cortical regions is
associated with subtle alterations in cerebrospinal fluid
biomarker ratios and structural brain metrics, even in
cognitively unimpaired.®* These observations suggest that
amyloid pathology interacts with region-specific metabolic and
connectivity profiles to shape disease progression.

Inflammatory responses have emerged as a unifying
modifier of amyloid-associated pathology across both systemic
and localised diseases. Recent studies have revealed that
extracellular protein assemblies released during innate
immune activation can actively participate in amyloid
propagation. Notably, work by Pelegrin et. al demonstrated that
oligomeric ASC  specks released from activated
inflammasomes can act as scaffolds for amyloid deposition,
thereby linking chronic inflammation to accelerated tissue
pathologies.®> This mechanism provides a molecular
explanation for the frequent coexistence of amyloid deposition
with inflammatory and degenerative processes. The
heterogeneity of pathophysiological manifestations is further
compounded by fibril polymorphism. Cryo-electron microscopy
studies have revealed that amyloid fibrils extracted from
different tissues, or from different patients, often adopt distinct
conformations with variable surface properties.®® 3% Such
structural variation is increasingly recognised as a determinant
of tissue tropism, cellular toxicity, and responsiveness to
therapeutic intervention. Differences in fibril architecture may
influence interactions with membranes, extracellular matrix
components, and immune receptors, thereby modulating
disease course at the tissue level.

Current evidence indicates that the clinical manifestations
of amyloid diseases arise from a convergence of structural,
kinetic, and biological factors rather than from amyloid
deposition per se. Tissue damage reflects the interplay
between aggregate species, local microenvironment, and host
response mechanisms. Framing amyloid pathology in this
manner provides a mechanistic bridge between aggregation
processes and disease phenotypes, and it supports the
development of intervention strategies that target context-
specific drivers of dysfunction rather than focusing exclusively
on fibril removal.
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Figure 3. The approximate timescales involved in different classes of molecular simulations: quantum mechanical (QM), atomistic, coarse-grained, and continuum
models. Reproduced with permission from ref. 93 Copyright 2015 Annual Review of Physical Chemistry.

3. Probing Amyloid Aggregation:
Sustainable Characterization Approaches

A detailed interrogation of amyloid aggregation requires
methodological frameworks capable of resolving both
structural organisation and dynamic evolution across multiple
length and time scales. Over the past several years, progress
in this area has been driven by the combined application of
computational modelling and experimental biophysical
characterisation, which together have reshaped how
aggregation pathways are examined and interpreted. Rather
than relying on single-technique descriptions, contemporary
studies increasingly adopt integrated strategies that allow
aggregation to be followed from early misfolding events
through oligomer formation and eventual fibril maturation.®6-87
As illustrated in Figure 3, quantum mechanical, atomistic,
coarse-grained, and continuum models collectively span time
scales ranging from picoseconds to seconds and length scales
from nanometres to micrometres, enabling complementary
interrogation of local electronic interactions, conformational
dynamics, mesoscale assembly, and collective behaviour.
Molecular dynamics simulations, coarse-grained
representations, and data-driven prediction tools have
therefore been used to identify aggregation-prone regions,
interrogate nucleation mechanisms, and quantify free-energy
barriers associated with distinct stages of assembly.
Importantly, recent computational studies emphasise pathway
sensitivity rather than static end states, highlighting how subtle
changes in sequence, post-translational modification, or
environmental  conditions can redirect aggregation
trajectories.®®® Such approaches are increasingly valued not
only for their mechanistic insight but also for their efficiency, as
they enable targeted hypothesis testing while reducing
experimental redundancy and resource consumption.

Experimental biophysical methods continue to play a
decisive role by providing empirical constraints and structural
validation. Spectroscopic techniqgues such as circular
dichroism and fluorescence assays remain widely used to
monitor secondary structure evolution and aggregation kinetics
in real time. At the same time, high-resolution tools including
cryogenic electron microscopy and solid-state nuclear
magnetic resonance spectroscopy have delivered detailed
structural models of amyloid fibrils, revealing their cross-g
architecture and extensive polymorphism.?® %5 Atomic force
microscopy and scattering-based methods further complement
these techniques by enabling direct visualisation of aggregate
morphology and growth behaviour under controlled conditions.
Together, these approaches have clarified how aggregation
intermediates and mature fibrils differ in structure, stability, and
biological interaction. Increasingly, the strength of amyloid
characterisation lies in the convergence of computational
prediction with experimental observation. Models generated in
silico are now routinely refined and validated using
spectroscopic, kinetic, and structural data, leading to more
accurate representations of aggregation pathways. This
reciprocal refinement has allowed researchers to move beyond
descriptive characterisation toward mechanistically informed
interrogation of aggregation processes.? % In the context of
sustainability, such integrative methodologies support a shift
toward precision-driven experimentation, where focused
measurements are guided by predictive frameworks rather
than extensive empirical screening. Modern characterisation
strategies do more than document amyloid formation. They
provide a platform for interrogating how aggregation responds
to molecular perturbation, environmental change, and
therapeutic intervention. This methodological perspective
underpins subsequent discussions of computational and
experimental tools, positioning them not as isolated techniques
but as components of a coherent strategy for probing and
ultimately controlling amyloid aggregation in a rational and
resource-conscious manner.
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3.1. Computational Modelling Approaches to Understand
Amyloid Aggregation

Computational modelling has become integral to
contemporary investigations of amyloid aggregation,
particularly in contexts where experimental access to early or
transient species remains limited. Over the past several years,
advances in simulation methodologies and computational
power have enabled increasingly detailed interrogation of
misfolding pathways, oligomer formation, and fibril growth,
allowing aggregation to be analysed as a dynamic, pathway-
dependent process rather than a static structural transition. %"
92 These approaches have been especially valuable in
resolving how  sequence features, environmental
perturbations, and intermolecular interactions reshape
aggregation landscapes at molecular resolution. Atomistic
molecular dynamics simulations continue to form the
backbone of computational studies of amyloidogenic proteins.
Recent work from groups such as Strodel, Urbanc, and
Vendruscolo has focused on capturing early misfolding events
and oligomerisation pathways for amyloid-B, a-synuclein, tau,
and model peptides under physiologically relevant
conditions.?% 3. 70. 8 Rather than attempting to simulate
complete fibril formation directly, many studies now prioritise
the identification of metastable intermediates and nucleation-
competent conformations. Enhanced sampling techniques,
including  replica  exchange  molecular  dynamics,
metadynamics, and bias-exchange schemes, have been
instrumental in overcoming kinetic trapping on rugged free-
energy landscapes, enabling rare but functionally important
transitions to be accessed within feasible simulation times. %394

Despite these advances, the intrinsic time- and length-
scale limitations of all-atom simulations have necessitated the
development of reduced-resolution approaches. Coarse-
grained models have therefore assumed a prominent role in
recent aggregation studies, particularly for exploring collective
phenomena such as nucleation rates, fibril elongation, and
fragmentation. Coarse-grained frameworks developed by
Kolinski, Knowles, and co-workers have been used to simulate
protofilament assembly and fibril growth kinetics over
mesoscopic scales, revealing how cooperative interactions
and surface-catalyzed processes dominate aggregation
behaviour once critical nuclei are formed.%” These models
have proven particularly effective for linking molecular-level
interactions with experimentally observed kinetic laws. A
notable trend in recent years has been the increasing
integration of data-driven methods with physics-based
simulations. Machine learning approaches have been
employed to identify aggregation-prone sequence motifs,
classify conformational ensembles, and predict aggregation
propensity across protein families.®>% Tools derived from
neural networks and graph-based representations have been
trained on structural and kinetic datasets generated from both
simulations and experiments, enabling rapid screening of
sequence variants and environmental perturbations.
Importantly, such models are increasingly used in conjunction
with molecular simulations rather than as standalone
predictors, allowing mechanistic hypotheses to be refined
rather than replaced by statistical inference. Multiscale
modelling strategies have further expanded the scope of
computational amyloid research by incorporating extrinsic
factors that influence aggregation in biological environments.
Hybrid approaches that couple atomistic or coarse-grained
protein representations with continuum descriptions of solvent,
membranes, or crowded media have provided insight into how
confinement, surface interactions, and macromolecular
crowding modulate aggregation pathways.”” Recent
simulations of membrane-associated aggregation have shown
that lipid composition and surface curvature can bias proteins
toward oligomeric states with enhanced membrane affinity,

offering a mechanistic basis for the early cytotoxicity observed
in several neurodegenerative disorders.

Across these diverse modelling approaches, a common
shift is evident in how computational results are interpreted.
Rather than seeking single dominant structures or pathways,
recent studies emphasise ensembles, competing routes, and
sensitivity to perturbation. This perspective aligns closely with
experimental observations of polymorphism and kinetic
heterogeneity and has reinforced the view that aggregation
outcomes are dictated by pathway selection rather than
thermodynamic endpoints alone. Within this framework,
computational modelling functions less as a predictive oracle
and more as a hypothesis-generating and hypothesis-
constraining tool, guiding targeted experiments and narrowing
the space of plausible mechanistic scenarios. As simulation
methodologies continue to mature, their role in amyloid
research is increasingly defined by integration rather than
isolation. Computational models are now routinely refined
using experimental constraints and, in turn, inform
experimental design by identifying critical variables and control
points within aggregation cascades.”® This reciprocal
relationship supports more focused and resource-efficient
investigation strategies, which is particularly relevant in the
context of sustainability-oriented research and therapeutic
development.

3.2. Experimental Biophysical Methods to Study Protein
Aggregation

Experimental biophysical techniques remain indispensable
for resolving the structural and kinetic features of amyloid
aggregation and for anchoring computational predictions in
empirical observation. Over the past several years,
methodological advances have enabled aggregation
processes to be interrogated across multiple stages, from early
conformational rearrangements to mature fibril architectures,
while increasingly emphasising quantitative interpretation and
experimental efficiency. Rather than serving solely as
descriptive tools, contemporary biophysical methods are now
routinely applied to test mechanistic hypotheses and constrain
aggregation models.®® Spectroscopic techniques continue to
provide sensitive readouts of conformational change during
aggregation. Circular dichroism (CD) spectroscopy is widely
used to monitor protein secondary and tertiary structure,
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Figure 4. Circular dichroism spectroscopy as a tool for probing protein
secondary and tertiary structure. (A) Schematic illustration of a typical
circular dichroism instrument configuration. (B) Representative far-uv CD
spectra corresponding to characteristic protein and peptide secondary
structures, including random coil, a-helix, B-sheet, and polyproline I
conformations. (C) Near-UV CD spectra illustrating tertiary structural
contributions from aromatic residues, shown for proteins containing both
tryptophan and tyrosine and for proteins containing tyrosine alone.
Reproduced with permission from ref. 101 Copyright 2020 MDPI.
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particularly the progressive enrichment of 3-sheet content that
accompanies amyloid fibril formation. As illustrated in Figure 4,
far-UV CD spectra report on backbone conformational
changes associated with random coil, a-helical, and B-sheet
structures, while near-UV CD signals arise from the chiral
environments of aromatic side chains and provide information
on tertiary structural organisation. Recent methodological work
has emphasised the importance of careful experimental design
and data interpretation, as highlighted by Kardos and co-
workers, who demonstrated that wavelength selection,
concentration effects, and baseline corrections critically
influence the reliability of CD measurements for aggregated
protein systems.'® Fourier-transform infrared spectroscopy
offers complementary information by resolving amide | band
components associated with distinct 3-sheet arrangements,
enabling discrimination between parallel and antiparallel motifs
that may not be readily distinguished by CD alone.”*: 101102

Fluorescence-based assays remain central to kinetic
analysis of amyloid formation. Thioflavin T (ThT) fluorescence
is extensively employed to monitor fibril growth in real time and
to extract kinetic parameters associated with nucleation and
elongation.1%® However, recent studies have underscored the
need for cautious interpretation, as ThT binding affinity and
fluorescence response can vary significantly between fibril
polymorphs and aggregation conditions. As a result,
fluorescence assays are increasingly combined with
orthogonal measurements to avoid overreliance on single-
probe readouts and to improve mechanistic resolution.
Microscopy techniques provide direct access to aggregate
morphology and spatial organisation. Atomic force microscopy
(AFM)  has been widely used to visualise fibril growth,
branching, and surface heterogeneity under near-physiological
conditions.®? Its ability to resolve height profiles and
mechanical properties has proven particularly useful for
distinguishing between oligomeric species, protofibrils, and
mature fibrils. Transmission electron microscopy complements
AFM by offering higher lateral resolution and broader field-of-
view imaging, allowing aggregate populations to be assessed
across different stages of assembly. Recent applications
increasingly integrate microscopy with kinetic sampling,
enabling structural snapshots to be correlated with specific
phases of aggregation. High-resolution  structural
characterisation has been transformed by cryogenic electron
microscopy (cryo-EM) and solid-state nuclear magnetic
resonance spectroscopy (ssNMR). Cryo-EM has enabled
near-atomic reconstruction of amyloid fibrils derived from
diverse proteins, revealing extensive polymorphism in
protofilament organisation and inter-sheet packing.®® These
structures have provided critical insight into how sequence and
environment influence fibril architecture. ssSNMR has further
enriched this picture by resolving site-specific conformational
heterogeneity and residue-level dynamics within fibrils.?®¢ The
combination of cryo-EM and ssNMR has been particularly
powerful in establishing structure—function relationships and in
validating computationally derived models. Scattering
techniques offer additional perspectives on aggregation in
solution. Dynamic light scattering is frequently employed to
detect early changes in particle size distribution and to identify
the onset of aggregation under varying conditions. Small-angle
X-ray scattering (SAXS) provides low-resolution structural
information on aggregate shape and assembly state, enabling
comparison between solution-phase species and surface-
adsorbed or dried aggregates observed by microscopy.'%
Recent studies increasingly exploit SAXS as a bridge between
kinetic assays and high-resolution structural methods,
particularly for monitoring intermediate states.

Across these approaches, a notable shift has occurred
toward integrative experimental design. Rather than applying
techniques in isolation, recent studies emphasise cross-
validation, quantitative consistency, and minimal redundancy.

Experimental datasets are increasingly generated with explicit
reference to computational predictions, allowing targeted
measurements to test specific mechanistic scenarios. This
convergence has improved both interpretability and efficiency,
supporting a more sustainable approach to amyloid
characterisation in which experimental effort is focused on
resolving critical uncertainties rather than exhaustively
cataloguing aggregate properties.
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Figure 5. Overview of in vivo strategies for staging amyloid-B8 pathology
across the clinical progression of Alzheimer’s disease, integrating molecular
imaging modalities with advanced computational and algorithm-driven
analytical frameworks. Reproduced with permission from: ref. 105 Copyright
2021 Springer Nature.
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4. Disease-Specific Insights into Amyloid
Control

Computational approaches have become increasingly
influential in clarifying how general principles of amyloid
aggregation manifest in specific disease contexts. While the
physicochemical drivers of misfolding and assembly share
common features across amyloid systems, disease-associated
proteins exhibit distinct sequence compositions, cellular
environments, and pathological trajectories that shape their
aggregation behaviour. Recent computational studies have
therefore shifted toward protein- and disease-specific
modelling, aiming to resolve how universal aggregation
mechanisms are modulated by molecular context and
biological constraints. In neurodegenerative disorders, such
disease-focused computational analyses have provided insight
into why structurally related aggregation processes give rise to
divergent  pathological outcomes. Simulations  of
amyloidogenic proteins now routinely interrogate not only fibril
formation but also the dynamic equilibrium between
monomers, oligomers, and higher-order assemblies under
conditions relevant to disease progression. This has been
particularly important for understanding how differences in
aggregation  Kkinetics,  structural  polymorphism, and
intermolecular interactions translate into variable toxicity and
propagation patterns across disorders.

In Alzheimer's disease, computational modelling of
amyloid-B peptides has been central to dissecting the
molecular origins of aggregation heterogeneity at the
molecular level. Recent simulations have examined how
peptide length, sequence composition, and environmental
factors influence nucleation pathways and oligomer stability,
revealing that amyloid-B aggregation proceeds through
multiple competing assembly routes rather than a single
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dominant pathway. At the systems and clinical scale, these
molecular insights complement in vivo imaging approaches
that track the spatial and temporal progression of amyloid
pathology. As illustrated in Figure 5, molecular imaging
combined with advanced algorithmic analysis enables staging
of amyloid-B deposition across the clinical continuum of
Alzheimer’s disease, providing a macroscopic correlate to the
heterogeneous aggregation processes identified through
computational and biophysical studies.%® Such findings have
contributed to a more nuanced understanding of toxicity, in
which pathogenicity is linked to specific conformational states
rather than total fibril burden.

Comparable insights have emerged from computational
investigations of a-synuclein aggregation in Parkinson’s
disease. Owing to its intrinsically disordered nature, a-
synuclein presents particular challenges for structural
characterisation, making computational approaches especially
valuable. Recent simulations have examined how transient
secondary structure formation, long-range intramolecular
contacts, and intermolecular B-sheet alignment cooperate to
drive oligomerisation and fibril growth.5% 1% These studies also
demonstrate how familial mutations and post-translational
modifications bias aggregation pathways by altering
conformational ensembles and interaction networks, thereby
predisposing  proteins toward pathogenic assembly.
Computational studies of polyglutamine-expanded huntingtin
fragments have further illustrated how sequence repetition and
chain length influence aggregation dynamics. Simulations
performed over the past several years have revealed that
polyglutamine tracts exhibit length-dependent transitions from
disordered coils to B-sheet-rich assemblies, with intermediate
states that promote cooperative aggregation. These models
have provided mechanistic insight into how expansion beyond

Composite by stage

Intermediate

>,

A

a critical threshold alters nucleation barriers and stabilises
aggregation-prone conformations, offering a molecular
explanation for the sharp onset of pathology in Huntington’s
disease.

Across these disease contexts, integration of
computational modelling with experimental observation has
become increasingly sophisticated. Multiscale approaches that
combine atomistic resolution with mesoscale dynamics allow
aggregation processes to be examined under conditions that
better approximate the crowded and heterogeneous cellular
environment. Machine learning methods applied to simulation-
derived datasets have further enabled rapid identification of
aggregation-prone motifs and sensitivity to perturbation,
supporting comparative analysis across disease-relevant
proteins. Disease-specific computational studies underscore
that amyloid aggregation cannot be fully understood without
accounting for protein identity, cellular milieu, and pathological
context. Rather than treating aggregation as a uniform
process, recent work emphasises how subtle molecular
differences are amplified into distinct disease phenotypes. This
perspective provides a rational basis for developing targeted
strategies aimed at controlling amyloid formation in a context-
dependent manner, with computational modelling serving as a
critical tool for identifying and prioritising disease-relevant
intervention points.

4.1. Amyloid-B Aggregation in Alzheimer’s Disease

Aggregation of amyloid-f3 peptides remains one of the most
intensively studied molecular processes in Alzheimer's
disease, owing to its central role in plaque formation and
downstream neurotoxicity.1%”-1% Computational modelling has
been particularly influential in refining current understanding of
how amyloid-B transitions from a largely disordered monomeric
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Figure 6. In vivo staging of amyloid-8 deposition along the Alzheimer’s disease clinical continuum using molecular imaging and algorithmbased analysis.
Composite neocortical distributions of ['8F]-florbetapir PET signals are shown for early (stage 1), intermediate (stage 2), and late (stage 3) amyloid-8 accumulation,
enabling both regional and global assessment of amyloid plaque burden across disease progression. Adapted with permssion from: ref. 111 Copyright 2019

American Medical Association.
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ensemble into oligomeric and fibrillar assemblies. Rather than
depicting aggregation as a single linear pathway, recent
simulations increasingly describe a network of competing
conformational routes that are sensitive to peptide length,
sequence composition, and local environment.®3 1% Atomistic
molecular dynamics simulations have provided detailed insight
into early misfolding events that precede stable aggregate
formation.  Studies from groups such as Shea, Strodel,
Urbanc, and Vendruscolo have examined how transient [3-
hairpin formation and inter-residue hydrophobic contacts
promote intermolecular association of AB peptides.110-112
Enhanced sampling approaches, including replica exchange
molecular dynamics and metadynamics, have been critical for
accessing these rare but aggregation-relevant conformational
states.}'®14 Recent work has demonstrated that short
sequence motifs within the central hydrophobic core and C-
terminal region play a disproportionate role in stabilizing
nucleation-competent conformations, with familial mutations
altering local flexibility and intermolecular contact patterns in
ways that bias aggregation pathways.*®

While atomistic simulations excel at resolving early-stage
conformational transitions, coarse-grained models have
enabled exploration of aggregation kinetics over extended
length and time scales. Over the past several years, coarse-
grained frameworks developed by Knowles, Kolinski, and co-
workers have been used to investigate secondary nucleation,
fibril elongation, and fragmentation processes that dominate
amyloid-B aggregation under physiological conditions.58: §7- 116
These studies demonstrate that surface-catalyzed nucleation
on existing fibrils is a major source of new oligomeric species,
supporting experimental evidence that pathogenicity is more
closely linked to kinetic amplification processes than to total
fibril mass.* At the clinical scale, these molecular and kinetic
insights are complemented by in vivo imaging approaches that
track the spatial progression of amyloid pathology. As shown
in Figure 6, positron emission tomography using ['®F]-
florbetapir enables staging of amyloid-B deposition across
early, intermediate, and late phases of Alzheimer’s disease,
providing a macroscopic readout of aggregate accumulation
that reflects the cumulative outcome of underlying aggregation
dynamics. Integration of such imaging data with computational
and biophysical models supports a multiscale framework in
which molecular mechanisms of aggregation are linked to
region-specific patterns of plaque burden observed during
disease progression.® 117 This perspective challenges earlier
assumptions that a single dominant oligomer species drives
toxicity and instead supports a model in which structural
heterogeneity and interconversion are intrinsic features of the
aggregation process. Computational predictions of oligomer
stability and interfacial exposure have also been used to
rationalise differences in membrane affinity and synaptic
toxicity reported in experimental studies.®®

Computational approaches have also been applied to
interrogate how environmental factors relevant to Alzheimer’s
disease modulate amyloid-B aggregation. Simulations
incorporating metal ions, lipid membranes, and molecular
crowding have demonstrated that these extrinsic elements can
selectively stabilise specific aggregation pathways.5% 18 In
particular, membrane-associated simulations suggest that lipid
composition and surface curvature influence oligomer
structure and persistence, providing a mechanistic basis for
early membrane disruption observed in neuronal systems.!1°

4.2. a-Synuclein Assembly in Parkinsonian Disorders

Misfolding and aggregation of a-synuclein constitute a
central molecular event in Parkinsonian disorders, where
intracellular inclusions enriched in fibrillar a-synuclein are
closely associated with neuronal dysfunction and loss.65 120
Unlike many amyloidogenic proteins, a-synuclein is
intrinsically disordered in its monomeric state, a feature that

confers pronounced conformational plasticity and complicates
structural characterisation.'?® Computational modelling has
therefore assumed a particularly prominent role in elucidating
how this disordered ensemble evolves toward aggregation-
competent states under pathological conditions. Atomistic
molecular dynamics simulations have been extensively
employed to explore the conformational landscape of
monomeric and oligomeric a-synuclein. Recent studies from
groups including Strodel and Vendruscolo have demonstrated
that transient secondary structure formation, particularly within
the non-amyloid- component region, promotes intermolecular
association by stabilizing B-sheet-prone conformations.'?2-123
Enhanced sampling techniques such as replica exchange
molecular dynamics and metadynamics have been essential
for capturing these low-population conformers, which are rarely
observed in unbiased simulations but appear to play a decisive
role in early oligomerisation. These findings support a model in
which aggregation is initiated not by global folding transitions
but by localised structural ordering within an otherwise
disordered chain.

Coarse-grained simulations have complemented atomistic
studies by enabling exploration of aggregation kinetics over
extended length and time scales. Recent multiscale
investigations have examined how monomer concentration,
sequence composition, and environmental variables influence
nucleation and fibril growth. Such models indicate that a-
synuclein aggregation is highly sensitive to solution conditions,
with modest changes in pH, ionic strength, or crowding leading
to pronounced shifts in aggregation pathways. Familial
Parkinson’s disease mutations, including A30P, E46K, and
A53T, have been shown in simulations to alter intramolecular
contact patterns and intermolecular alignment, thereby biasing
the system toward distinct oligomeric and fibrillar
assemblies.'?*124 A defining feature of a-synuclein pathology
is the apparent ability of aggregates to propagate in a prion-
like manner. Computational studies have contributed to
mechanistic understanding of this phenomenon by examining
how preformed fibrils and oligomers template the conversion
of soluble monomers into  aggregation-competent
conformations.®® Simulations of fibril surface interactions
suggest that templated (-sheet formation is facilitated by
complementary electrostatic and hydrophobic interactions
along exposed fibril interfaces. This surface-mediated process
provides a molecular explanation for experimental
observations of seeded aggregation and intercellular spread.

The role of cellular membranes has also been a major
focus of recent computational work. a-Synuclein exhibits
strong affinity for lipid bilayers, and simulations incorporating
membrane models have shown that membrane binding
stabilises partially helical conformations that can either
suppress or promote aggregation depending on lipid
composition and curvature. Under certain conditions,
membrane-associated oligomers exhibit enhanced stability
and membrane-disruptive potential, offering a mechanistic link
between aggregation and early synaptic dysfunction observed
in  Parkinsonian disorders.5°%0 € Within this evolving
computational framework, a-synuclein aggregation is
increasingly viewed as a context-dependent process shaped
by competing interactions rather than a single deterministic
pathway. Computational analyses have therefore shifted
toward identifying aggregation-sensitive regions, interfacial
contacts, and environmental triggers that govern pathway
selection. Such insights are being used to prioritise intervention
points that target early misfolding events or surface-mediated
amplification processes, rather than focusing exclusively on
mature fibrils.1?> This approach aligns with broader efforts to
develop mechanism-guided strategies for modulating
aggregation in Parkinsonian disorders.

4.3. Polyglutamine Expansion and Huntington’s Disease
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Huntington’s disease arises from the expansion of
polyglutamine tracts within the huntingtin protein, leading to
aberrant self-assembly and progressive neurodegeneration.
Unlike amyloid-B or a-synuclein, polyglutamine-driven
aggregation is dominated by repetitive sequence motifs whose
length-dependent behaviour strongly influences disease onset
and severity. Computational modelling has therefore played a
central role in clarifying how polyglutamine expansion alters
conformational preferences, aggregation kinetics, and
structural organisation at multiple scales.*?61?7 Atomistic
molecular dynamics simulations have been widely applied to
examine the conformational landscapes of polyglutamine
segments of varying lengths. Recent studies indicate that
expansion beyond a critical threshold promotes stabilisation of
B-sheet-rich conformations that are otherwise transient or
weakly populated in shorter polyglutamine tracts.*?81% These
simulations further show that polyglutamine chains exhibit a
pronounced tendency toward intermolecular hydrogen
bonding and side-chain interdigitation, features that facilitate
nucleation and early oligomer formation. The influence of
flanking sequences has also been examined, with
computational results suggesting that adjacent non-
polyglutamine regions can modulate aggregation by altering
chain flexibility, solvent exposure, and intermolecular
alignment.131-132

While atomistic simulations provide detailed insight into
early conformational transitions, coarse-grained approaches
have been essential for probing aggregation dynamics over
extended time and length scales. Recent coarse-grained
studies have explored how polyglutamine length governs
cooperative assembly, revealing that nucleation rates and fibril
growth exhibit strong non-linear dependence on repeat
number. These models suggest that aggregation in
Huntington’s disease is not simply accelerated by expansion
but qualitatively altered, with longer polyglutamine tracts
accessing aggregation pathways that are kinetically
inaccessible to shorter sequences. Such findings offer a
mechanistic explanation for the sharp disease threshold
observed clinically.®® Data-driven computational strategies
have further expanded understanding of polyglutamine
aggregation. Machine learning-assisted analyses applied to
simulation-derived ensembles have been used to identify
structural transitions and interaction patterns associated with
increased aggregation propensity and cellular toxicity. Rather
than relying on sequence composition alone, these
approaches emphasise conformational features such as (-
sheet persistence, intermolecular contact lifetimes, and
solvent exposure as predictors of pathogenic behaviour. This
shift reflects a broader trend toward integrating structural
dynamics into aggregation models.134-135

Computational investigations have also addressed how
cellular factors influence polyglutamine aggregation.
Simulations incorporating molecular crowding, confinement,
and interaction with cellular components suggest that
aggregation pathways are strongly modulated by the
intracellular environment. Under crowded conditions, compact
and aggregation-prone conformations are preferentially
stabilised, potentially accelerating nucleation and promoting
the formation of toxic oligomeric species. These observations
are consistent with experimental reports of enhanced
aggregation in cellular and in vivo systems relative to dilute in
vitro conditions.’®*¥'%7  From a mechanistic standpoint,
computational studies increasingly portray polyglutamine
aggregation as a process dominated by repeat-length—
dependent loss of conformational plasticity rather than by
competition among multiple aggregation routes. Once the
polyglutamine tract exceeds a critical length, simulations
indicate that intramolecular disorder is progressively replaced
by persistent intermolecular -sheet networks that favour
irreversible assembly. In this regime, aggregation kinetics

become less sensitive to environmental modulation and more
strongly governed by chain length and cooperative hydrogen-
bonding patterns. This behaviour distinguishes polyglutamine
disorders from other amyloid diseases in which aggregation
pathways remain highly tuneable. Computational analyses of
huntingtin therefore highlight a fundamental constraint on
aggregation control, namely that effective modulation must
occur upstream of repeat-driven conformational locking. This
insight has direct implications for therapeutic strategy
development, as it emphasises the importance of targeting
early chain-level conformational bias rather than later-stage
fibrillar structures.*3®

5. Sustainable Therapeutic Strategies to
Regulate Amyloid Aggregation

Protein misfolding and amyloid aggregation represent
attractive yet challenging targets for therapeutic intervention,
as these processes lie upstream of irreversible cellular and
tissue damage in a wide range of disorders. Early therapeutic
efforts largely focused on alleviating downstream symptoms or
clearing accumulated deposits, often with limited long-term
success. In recent years, attention has increasingly shifted
toward strategies that directly modulate aggregation pathways
at the molecular level, with the aim of altering misfolding
trajectories, suppressing toxic intermediate formation, or
destabilising pathogenic assemblies before extensive
deposition occurs.'3%-140 This shift has coincided with a broader
reassessment of how anti-amyloid therapeutics are conceived
and evaluated. Rather than prioritising maximal aggregate
clearance, contemporary approaches increasingly emphasise
selectivity, reversibility, and compatibility with biological and
environmental constraints. In this context, sustainability
extends beyond material sourcing or synthetic efficiency and
encompasses the ability of therapeutic agents to exert
controlled modulation of aggregation with minimal off-target
effects, reduced systemic burden, and scalable design
principles.'#1-¥42 Such considerations have become particularly
relevant as mechanistic insight has revealed that
indiscriminate suppression of aggregation can disrupt
physiological protein homeostasis and lead to unintended
consequences.

At the molecular level, most anti-amyloid strategies aim to
disrupt the specific non-covalent interactions that stabilise
misfolded conformations and drive cooperative self-assembly.
Advances in structural biology and computational modelling
have enabled precise identification of aggregation-sensitive
regions, fibril surfaces, and kinetic control points that govern
pathway selection.®® As schematically illustrated in Figure 7,
therapeutic agents such as carbon nanotubes and small
molecules can interfere with amyloid formation at multiple
stages by suppressing B-sheet organisation, destabilising
oligomeric intermediates, or promoting the remodelling and
disassembly of preformed fibrils. These effects are mediated
through a combination of aromatic stacking, hydrogen bonding,
electrostatic, and hydrophobic interactions that compete with
protein—protein contacts essential for fibril growth. Importantly,
such interventions are increasingly designed to bias
aggregation pathways away from toxic species rather than
enforcing complete inhibition, consistent with emerging views
of pathway-dependent amyloid toxicity. The range of
modulators explored, spanning small molecules,
nanostructured materials, supramolecular assemblies,
peptides, and polymeric systems, reflects both the mechanistic
complexity of amyloid aggregation and the need for adaptable,
interaction-specific therapeutic strategies.?**14 Rather than
treating these approaches as interchangeable, recent studies
increasingly examine how chemical composition, size,
flexibility, and interaction modality influence aggregation
control, biocompatibility, and long-term stability. This
comparative perspective has helped clarify which design
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Figure 7. Schematic overview illustrating the mechanisms by which carbon nanotubes (CNTs) and small-molecule inhibitors regulate amyloid protein aggregation.
Amyloidogenic proteins and peptides can self-associate to form B-sheet-rich oligomeric intermediates, including B-barrel-like assemblies, which subsequently
evolve into protofibrils and mature fibrils. CNTs and small molecules interfere with these aggregation pathways by inhibiting B-sheet organisation and by
destabilising or disrupting preformed protofibrillar and fibrillar structures through non-covalent interactions. These interactions ultimately reduce the formation and
persistence of pathogenic amyloid assemblies. Owing to space constraints, representative CNT systems and selected small-molecule inhibitors are illustrated.

Reproduced with permission from ref. 145 Copyright 2021 American Chemical Society.

principles are most effective under specific pathological
conditions.

Within this evolving landscape, sustainable therapeutic
development is closely linked to rational design and predictive
validation.  Computational  screening,  structure-guided
optimisation, and targeted experimental evaluation are now
routinely combined to reduce empirical trial-and-error and to
focus resources on the most promising candidates.>? This
integrated strategy not only accelerates therapeutic discovery
but also aligns aggregation control with broader goals of
efficiency, safety, and translational feasibility.

5.1. Small Molecule Modulators with Green Design
Principles

Small molecules continue to occupy a central position in
efforts to regulate amyloid aggregation, owing to their structural
tunability, well-established pharmacological profiles, and
potential for scalable production. In recent years, however,
their development has increasingly been guided by
considerations that extend beyond potency alone.
Contemporary studies place growing emphasis on molecular
simplicity, biocompatibility, and environmentally responsible
synthesis, reflecting a broader shift toward green design
principles in anti-amyloid drug discovery.'*?> Mechanistically,
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small molecule modulators exert their effects by interacting
with aggregation-sensitive regions of amyloidogenic proteins,
thereby altering misfolding trajectories and assembly kinetics.
Rather than acting as non-specific aggregation suppressors,
many recently reported compounds preferentially stabilise
native or partially folded conformations, disrupt early
oligomerisation events, or interfere with surface-mediated
secondary nucleation.% 14" Computational studies have played
a key role in identifying these interaction modes by mapping
binding hotspots, predicting conformational bias, and
evaluating structure—activity relationships prior to synthesis.
This predictive capability has reduced experimental
redundancy and enabled more focused exploration of
chemical space.*®15° Natural and bio-derived small molecules
have attracted particular attention within this framework.
Polyphenols, flavonoids, alkaloids, and other secondary
metabolites offer chemically diverse scaffolds that are often
accessible through low-impact extraction or green synthetic
routes. Recent experimental and computational investigations
suggest that many of these compounds interact with
amyloidogenic proteins through a combination of hydrogen
bonding, aromatic stacking, and hydrophobic contacts,
allowing them to modulate aggregation without permanently
stabilizing off-pathway complexes.*51%2 Their relatively low
toxicity and metabolic compatibility further enhance their
appeal as sustainable aggregation modulators.

Alongside naturally inspired compounds, rationally
designed small molecules with reduced structural complexity
have also gained prominence. Minimalist scaffolds that retain
key interaction motifs while avoiding excessive
functionalisation are increasingly favoured, as they offer
improved solubility, reduced off-target interactions, and
simplified synthesis. Computational screening and fragment-
based design approaches have been particularly effective in
this context, enabling systematic optimisation of binding
efficiency while adhering to green chemistry principles such as
atom economy and reduced solvent usage.*>3% Importantly,
recent studies increasingly evaluate small molecule
modulators in terms of how they influence aggregation
pathways rather than whether they completely inhibit fibril
formation. Compounds that selectively attenuate secondary
nucleation or destabilise toxic oligomeric species have been
shown to exert disproportionate effects on aggregate load and
cytotoxicity, even at relatively low concentrations.* This
pathway-focused perspective aligns well with sustainability
goals, as it favours precise modulation over high-dose
intervention and minimises the risk of disrupting normal protein
homeostasis.

5.2. Nanomaterial-Based Interventions

Nanomaterial-based strategies introduce a fundamentally
different mode of interaction with amyloidogenic proteins by
exploiting nanoscale interfaces rather than discrete molecular
recognition alone. In contrast to small molecule modulators,
nanomaterials exert their influence primarily through surface-
driven effects, where size, curvature, and surface chemistry
collectively determine how misfolded proteins adsorb,
reorganise, or dissociate. Recent studies increasingly frame
nanomaterials not as passive aggregation inhibitors but as
active modulators of the aggregation energy landscape. %5156
A defining feature of nanomaterials is their high surface area
coupled with  tuneable physicochemical properties.
Experimental and computational investigations have shown
that nanoscale surfaces can selectively bind misfolded
monomers or oligomeric species through multivalent
interactions, effectively lowering their local concentration in
solution and altering nucleation kinetics. Depending on surface
chemistry, such interactions can either suppress aggregation
by stabilizing non-productive conformations or redirect
assembly toward less toxic pathways. This duality has been
highlighted in recent work on graphene derivatives, metal

oxide nanoparticles, and polymer-coated nanostructures,
where subtle changes in surface functionalisation produce
markedly different aggregation outcomes.'57-10 Nanoparticles
and nanocomposites have been particularly informative in
dissecting surface-mediated aggregation mechanisms.
Molecular simulations and spectroscopic studies suggest that
adsorption onto nanoparticle surfaces can induce partial
unfolding or conformational rearrangement of amyloidogenic
proteins, thereby disrupting the alignment required for B-sheet
propagation. At the same time, excessively strong binding has
been shown to promote surface-catalyzed aggregation under
certain conditions, underscoring the importance of balanced
interaction strength. This sensitivity has prompted increased
emphasis on rational surface design guided by computational
modelling rather than empirical optimisation alone. Nanotubes
and fibrillar nanostructures introduce additional geometric
considerations. Their elongated morphology and anisotropic
surfaces can template protein alignment along specific axes,
influencing fibril growth directionality and polymorphism.
Recent simulations indicate that curvature and surface
roughness play decisive roles in determining whether such
materials inhibit fibril elongation or inadvertently stabilise
protofibrillar assemblies.*®! These findings reinforce the view
that nanomaterials function as kinetic modifiers whose effects
depend strongly on structural compatibility with aggregation
intermediates.

From a sustainability perspective, nanomaterial-based
interventions have undergone significant conceptual
refinement in recent years. Earlier approaches often relied on
inorganic or non-degradable materials with limited translational
relevance. More recent efforts increasingly focus on
biodegradable, bio-derived, or hybrid nanostructures designed
to minimise long-term persistence and toxicity.!%% 162
Functionalisation with peptides, polysaccharides, or small
organic ligands has been used to enhance selectivity while
reducing non-specific protein adsorption. Computational
screening of surface chemistries has further enabled
prioritisation of designs that achieve aggregation modulation at
low material loadings, aligning therapeutic efficacy with
resource efficiency. Functionalisation also enables targeting
strategies that are difficult to realise with small molecules
alone. Ligand-decorated nanomaterials can be engineered to
preferentially interact with specific protein conformers, cellular
compartments, or microenvironments associated with disease
pathology. Recent studies combining multiscale simulations
with cellular assays suggest that such targeting can bias
nanomaterial—protein interactions toward early aggregation
species, thereby modulating pathway selection rather than
merely scavenging mature fibrils.63

5.3. Supramolecular and Self-Assembled Systems

Supramolecular and self-assembled systems introduce a
mode of amyloid regulation that is fundamentally distinct from
both small molecule inhibition and nanoscale surface
interactions. Rather than relying on permanent binding or
physical sequestration, these systems operate through
dynamic and reversible non-covalent interactions that compete
directly with protein—protein contacts driving aggregation. This
reversibility allows supramolecular assemblies to respond
adaptively to changes in aggregation state and molecular
environment, closely paralleling principles of biological
recognition and regulation.'641% Recent studies have
demonstrated that supramolecular hosts constructed from
macrocycles, foldamers, and hydrogen-bonded networks can
selectively engage aggregation-prone  motifs  within
amyloidogenic proteins. By forming transient host—guest
complexes, these systems interfere with the alignment and
stabilisation of B-sheet-rich assemblies without irreversibly
trapping protein molecules.®® Such behaviour has been shown
to bias aggregation pathways away from cooperative fibril
growth and toward less ordered or non-propagating states. The
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dynamic nature of these interactions is particularly
advantageous in systems where aggregation intermediates
continuously interconvert, as it allows sustained modulation
without stoichiometric excess.

Self-assembled supramolecular architectures have also
been explored as competitive scaffolds that mimic structural
features of amyloid fibrils. Peptide-based assemblies, aromatic
stacks, and hydrogen-bonded frameworks can present
complementary interaction surfaces that engage misfolded
proteins through multivalent but reversible contacts.'67-168
Experimental and computational investigations suggest that
these assemblies can disrupt early oligomerisation by diverting
aggregation-prone segments into alternative association
modes that are incompatible with fibril elongation. Unlike rigid
nanomaterials, supramolecular systems often exhibit adaptive
reorganisation upon protein binding, further influencing
aggregation kinetics. Computational modelling has played a
central role in guiding the design of supramolecular
aggregation modulators. Molecular simulations and docking
studies have been used to identify favourable host geometries,
binding orientations, and interaction strengths that enable
effective competition with protein—protein contacts.!6%-170
Recent work increasingly integrates free-energy calculations
with experimental validation to ensure that supramolecular
binding remains sufficiently strong to perturb aggregation while
retaining reversibility. This balance is critical, as overly stable
complexes may introduce off-pathway aggregation or
unintended sequestration effects.

From a sustainability perspective, supramolecular systems
offer several advantages that align with green therapeutic
design. Many assemblies rely on self-organisation driven by
simple building blocks rather than extensive covalent
synthesis, reducing synthetic complexity and waste."*172
Their activity is often achieved at low concentrations due to
cooperative binding effects, further limiting material usage. In
addition, the reversible nature of supramolecular interactions
reduces the likelihood of long-term accumulation and
persistent  off-target  effects, which are important
considerations for translational viability.

5.4. Peptide and Peptidomimetic Inhibitors

Peptide- and peptidomimetic-based inhibitors exploit a
level of sequence specificity that is difficult to achieve with
small molecules or supramolecular assemblies. By directly
mimicking aggregation-prone segments of amyloidogenic
proteins, these inhibitors are designed to engage misfolded
species through homologous recognition, thereby competing
with native protein—protein interactions that drive self-
assembly.1®175 This strategy capitalises on the intrinsic
selectivity of peptide—peptide interactions, allowing
aggregation to be modulated at the level of sequence-encoded
recognition rather than through generic binding mechanisms.
Recent studies have demonstrated that short peptides derived
from amyloidogenic core regions can effectively disrupt
aggregation by forming hetero-oligomeric complexes with
monomers or early oligomers. These complexes often adopt
conformations that are incompatible with further B-sheet
propagation, thereby arresting fibrii growth at an early
stage.1"8"17” Importantly, the efficacy of such inhibitors depends
not only on sequence complementarity but also on
conformational flexibility, as overly rigid peptides may
themselves nucleate aggregation. This balance between
mimicry and misrecognition has become a central design
consideration in contemporary peptide-based approaches.

Advances in peptide engineering have significantly
expanded the applicability of these inhibitors. Chemical
modifications such as cyclisation, backbone N-methylation,
and incorporation of non-natural amino acids have been used
to enhance proteolytic stability, reduce self-aggregation, and
improve membrane permeability.1”817° Peptidomimetics that

retain key side-chain functionalities while replacing labile
peptide bonds offer additional control over pharmacokinetic
properties. Recent work increasingly favours minimalist
designs that preserve essential recognition motifs while limiting
peptide length and synthetic complexity, aligning functional
performance  with  sustainability =~ considerations.%-182
Computational modelling has played a critical role in guiding
the development of peptide and peptidomimetic inhibitors.
Docking studies and molecular dynamics simulations are
routinely used to evaluate how candidate sequences interact
with aggregation-prone regions of target proteins and to
assess whether binding promotes or suppresses B-sheet
alignment. Free-energy  calculations  further  allow
discrimination between productive inhibitory binding and
unintended stabilisation of aggregation intermediates.*8 Such
predictive frameworks have reduced empirical screening
requirements and enabled more focused optimisation of
peptide sequences.

Beyond direct inhibition of monomer association, peptide-
based strategies have also been explored for targeting fibril
surfaces and secondary nucleation processes. Simulations
suggest that peptides designed to recognise specific fibril
interfaces can interfere with surface-catalyzed oligomer
formation, a major source of cytotoxic species in several
amyloid disorders.84185 This surface-directed approach differs
fundamentally from fibril disassembly strategies, as it seeks to
modulate ongoing aggregation dynamics rather than remove
existing deposits. From a sustainability perspective, peptide
and peptidomimetic inhibitors occupy an intermediate position
between small molecules and larger self-assembled systems.
While peptide synthesis can be resource-intensive, recent
advances in solid-phase synthesis, sequence optimisation,
and computational pre-screening have substantially reduced
material usage and experimental redundancy.'® The high
specificity of peptide-based inhibitors also enables activity at
lower concentrations, mitigating concerns related to dosage
and off-target interactions.

5.5. Polymeric and Hybrid Materials

Polymeric and hybrid materials regulate amyloid
aggregation through mechanisms that are fundamentally
distinct from molecular recognition-driven inhibitors. Rather
than relying on discrete binding events, polymer-based
systems exert control through collective, multivalent
interactions distributed along extended and often dynamically
reorganising  architectures.  This  property  enables
simultaneous engagement with multiple regions of misfolded
or partially unfolded proteins, allowing polymers to influence
aggregation behaviour at mesoscopic length scales where
steric confinement, local concentration effects, and
environmental buffering become dominant.® 62 187-189 \ithin
this broad class, polymeric gels and polymer-rich networks
represent a particularly versatile subset, encompassing
chemically crosslinked hydrogels, physically associated
supramolecular gels, and peptide—polymer hybrid assemblies.
These materials span a wide range of compositions, from fully
synthetic systems to biohybrid constructs incorporating
peptides, proteins, or degradable backbones. Studies on
peptide—polyester and peptide—polymer hybrids have
demonstrated how grafting density, chain flexibility, and
secondary structure propensity can be used to tune
aggregation, crystallisation, and assembly behaviour of the
polymer matrix itself, thereby indirectly modulating protein self-
association.50 190194 gych systems illustrate that gels are not a
monolithic material class but instead encompass diverse
architectures and formation pathways, including ring-opening
polymerization—derived biohybrids, physically assembled
networks, and hierarchical micro- and nanostructured
domains,193-1%

https://doi.org/10.63654/icms.2026.03004

19


https://doi.org/10.63654/icms.2026.03004

Ghosh & Das et al.

Innov. Chem. Mater. Sustain. 2026, 3(1), 4-28

From a mechanistic perspective, polymeric gels influence
amyloid aggregation primarily by reshaping the physical
context of assembly.'® Polymer networks with balanced
hydrophobic and hydrophilic domains can preferentially
associate with exposed hydrophobic patches on misfolded
proteins, reducing the probability of productive protein—protein
encounters without enforcing rigid or irreversible binding.%* In
contrast to small-molecule inhibitors, these interactions are
inherently adaptive and dynamic, allowing sequestration of
oligomeric  species while preserving conformational
reversibility. This mode of action distinguishes polymeric gels
from supramolecular hosts and highlights their capacity to bias
aggregation pathways rather than suppress fibril formation
outright. Hybrid polymeric systems further expand this design
space by integrating functional elements such as
nanoparticles, peptides, or small molecules within polymer
matrices. These composites combine the environment-
modulating capability of polymer networks with the chemical or
structural specificity of embedded components, enabling
cooperative regulation of aggregation. Experimental and
computational studies indicate that such hybrid materials can
simultaneously buffer local protein concentration, interfere with

A Antibody Modeling

nucleation events, and modulate fibril surface activity. These
combined effects are particularly relevant for attenuating
secondary nucleation processes, which are highly sensitive to
surface availability and local physicochemical conditions.
Stimuli-responsive polymeric gels introduce an additional layer
of control by coupling aggregation modulation to environmental
triggers such as pH, redox state, or enzymatic activity. Rather
than constitutively interacting with amyloid species, these
systems undergo conformational or phase transitions under
pathological conditions, enabling conditional and spatially
confined engagement. This behaviour offers a route to
minimise off-target effects while maintaining effective
aggregation control in diseased tissues.%61%

Computational modelling has played a central role in
rationalising and optimising polymer- and gel-based
aggregation regulators. Simulations of polymer—protein
interactions have elucidated how chain length, flexibility,
charge distribution, and functional group density influence
binding behaviour and aggregation outcomes. Coarse-grained
approaches, in particular, have been effective in capturing how
polymer networks reshape aggregation kinetics by modifying
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Figure 8. Conceptual workflow of computational approaches applied to antibody research. (A) Antibody structure prediction converts amino acid sequence
information into three-dimensional molecular models. (B) Interface mapping methods are used to identify antibody residues that participate in antigen recognition,
defining the paratope—epitope interaction landscape. (C) Computational antibody design refines binding affinity and specificity toward a selected epitope through
iterative modelling, docking, and energy optimisation procedures. (D) In parallel, candidate antibodies are evaluated for immunological safety and favourable
biophysical characteristics to ensure suitability for therapeutic application. (E) Large-scale analysis of antibody repertoires provides system-level insight into the
organisation and functional principles of adaptive immune responses. Reproduced with permission from ref. 200 Copyright 2019 Oxford University Press.
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diffusion, confinement, and intermolecular encounter rates.16%
197,200 These studies consistently show that relatively modest
changes in polymer architecture or network topology can
produce disproportionate effects on aggregation pathways,
reinforcing the importance of design at the mesoscale.

From a sustainability perspective, polymeric and hybrid gel
systems present both challenges and opportunities. While
polymer synthesis can be resource-intensive, increasing
emphasis on biodegradable backbones, renewable
monomers, and simplified architectures has improved
compatibility with green design principles. Importantly, the
multivalent and cooperative nature of polymer—protein
interactions often enable effective aggregation modulation at
low material loadings, reducing overall resource demand.
When combined with computationally guided design,
polymeric gels emerge as adaptable platforms capable of
balancing mechanistic efficacy, material efficiency, and
translational feasibility.

6. Integrating Computational Design with
Sustainable Therapeutics

The growing integration of computational modelling with
the development of sustainable therapeutic strategies reflects
an important methodological evolution in amyloid research.
Computational approaches are increasingly incorporated at
early stages of therapeutic exploration, not only to rationalise
experimental observations but also to inform decisions related
to molecular design, material selection, and mechanistic
targeting. This integration has been facilitated by advances in
structural biology, aggregation kinetics, and data-driven
modelling, which together provide a more detailed and
predictive description of amyloid assembly processes. Across
the range of therapeutic modalities discussed in this review,
computational design contributes to improved selectivity and
efficiency by narrowing the space of viable intervention
strategies. Molecular simulations and predictive frameworks
are now commonly used to identify aggregation-prone regions,
evaluate interaction modes, and assess the likelihood that a
given intervention will stabilise or destabilise specific
aggregation intermediates. When applied at an early stage,
such analyses can reduce reliance on extensive empirical
screening and support a more focused allocation of
experimental effort. In this sense, sustainability is reflected not
only in the nature of the therapeutic agents themselves but
also in the design strategies that guide their development.

Recent computational studies further demonstrate that
modulation of amyloid aggregation can be achieved through
rational, pathway-specific intervention strategies rather than
complete suppression of fibril formation (Figure 8).20% In this
context, computational antibody-based approaches provide a
structured framework for designing aggregation-modulating
therapeutics through sequential and well-defined modelling
steps. As illustrated in Figure 8A, antibody modelling enables
the generation of high-resolution three-dimensional antibody
structures directly from sequence information, providing the
structural foundation for downstream analyses. Building on
this, Figure 8B depicts antibody—antigen interface prediction,
where computational tools identify paratope residues on the
antibody that interact with aggregation-prone epitopes on
amyloidogenic proteins. These predictions allow selective
targeting of structurally and kinetically relevant aggregation
intermediates. Subsequently, Figure 8C highlights antibody
design and optimisation, in which iterative cycles of molecular
modelling, docking, and energy minimisation are employed to
enhance binding affinity and specificity toward selected
amyloid epitopes. This step is particularly important for biasing
aggregation pathways by stabilizing non-toxic conformations
or interfering with secondary nucleation processes. In parallel,
Figure 8D emphasises the evaluation of immunological safety
and biophysical properties, ensuring that candidate antibodies

exhibit favourable stability, solubility, and low immunogenic
risk, which are essential for translational applicability. At a
broader level, Figure 8E illustrates how large-scale antibody
repertoire analysis can be leveraged to extract general
principles governing adaptive immune recognition. Such
analyses inform antibody engineering strategies by identifying
sequence and structural patterns associated with effective and
selective binding, thereby reducing empirical trial-and-error in
therapeutic development. Importantly, this computational
workflow aligns closely with sustainability-oriented design
principles. By prioritising in silico screening, optimisation, and
safety evaluation prior to experimental validation,
computational antibody approaches minimise material
consumption and experimental redundancy. When integrated
with experimental feedback, these strategies support the
development of aggregation-modulating therapeutics that
operate at lower effective concentrations and with reduced off-
target effects. More broadly, Figure 8 exemplifies how
computational design enables informed, efficient, and
mechanistically precise intervention in amyloid aggregation
pathways.

The integration of computational and sustainable
perspectives also influences how therapeutic outcomes are
evaluated. Rather than focusing exclusively on reductions in
aggregate load, recent work increasingly considers changes in
aggregation dynamics, intermediate populations, and pathway
selection as indicators of therapeutic relevance.
Computationally derived metrics, when interpreted alongside
experimental data, provide a more mechanistic basis for
assessing intervention efficacy and for comparing different
therapeutic strategies. Looking ahead, further progress in this
area is likely to depend on iterative workflows that more tightly
couple predictive modelling with targeted experimentation.
Advances in automation, data curation, and model validation
may facilitate such cycles, enable refinement of therapeutic
designs while maintain control over resource use. As
computational methods continue to mature, their role in
shaping translational and regulatory considerations may also
expand, particularly in contexts where long-term safety and
environmental impact are important.

The studies discussed in this review illustrate how amyloid
aggregation can be approached as a process amenable to
informed and measured intervention. Computational design
provides a framework for linking molecular-level understanding
with therapeutic strategy development, while sustainability
considerations encourage restraint, specificity, and efficiency.
Continued integration of these perspectives is expected to
support the development of aggregation-modulating
interventions that are both mechanistically grounded and
compatible with broader biological and practical constraints.

7. Challenges, Opportunities, and
Translational Perspectives

Despite substantial progress in understanding and
regulating amyloid aggregation, several conceptual and
practical challenges continue to limit translation of aggregation-
modulating strategies into clinically viable therapies. Many of
these challenges arise not from a lack of mechanistic insight,
but from the intrinsic complexity of protein aggregation in
biological systems, where heterogeneity, temporal evolution,
and context dependence complicate both prediction and
intervention. Addressing these issues requires careful
alignment between molecular-level understanding and
translational constraints. One persistent challenge lies in
reconciling in vitro aggregation models with in vivo behaviour.
While simplified experimental systems and computational
simulations have been indispensable for dissecting
aggregation mechanisms, they often fail to capture the full
complexity of cellular environments, including molecular
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crowding, compartmentalisation, and dynamic regulation by
proteostasis networks. As a result, aggregation pathways
identified under controlled conditions may not fully reflect those
operating in diseased tissues. Bridging this gap remains a
central concern, particularly for therapeutic strategies that rely
on precise modulation of early aggregation events. A related
issue concerns the identification of appropriate therapeutic
targets within the aggregation cascade. Increasing evidence
suggests that toxicity is frequently associated with transient
oligomeric species rather than mature fibrils. However, these
intermediates are structurally heterogeneous, short-lived, and
difficult to characterise experimentally. Targeting such species
therefore poses both conceptual and technical challenges, as
interventions must be sufficiently specific to avoid stabilizing
off-pathway assemblies or disrupting normal protein function.
Computational models offer valuable guidance in this context,
but their predictive accuracy remains dependent on the quality
and scope of available experimental data.

Translational development is further complicated by
considerations of delivery, bioavailability, and long-term safety.
Many aggregation modulators, particularly peptides,
nanomaterials, and polymer-based systems, face barriers
related to tissue penetration, metabolic stability, and
clearance. Strategies that appear effective at the molecular
level may encounter unforeseen limitations when deployed in
complex biological settings. These issues underscore the
importance of incorporating translational constraints early in
the design process, rather than treating them as secondary
optimisation steps. At the same time, the current landscape
presents significant opportunities. Advances in multiscale
modelling, machine learning, and integrative characterisation
provide increasingly sophisticated tools for navigating
aggregation complexity. When combined with targeted
experimental validation, these approaches enable more
realistic assessment of how aggregation pathways respond to
perturbation under biologically relevant conditions. Such
capabilities support the development of intervention strategies
that are adaptable rather than static, an attribute that may be
particularly important for chronic and progressive disorders.

Opportunities also arise from a growing emphasis on
sustainability and precision in therapeutic design. By
prioritising pathway modulation over aggregate elimination,
and by favouring agents that operate effectively at low
concentrations, recent strategies align more closely with
translational feasibility and long-term use. Computationally
guided design plays a critical role in this shift, enabling rational
trade-offs between efficacy, safety, and material complexity.
This perspective encourages development pathways that are
not only scientifically robust but also economically and
environmentally responsible. From a translational standpoint,
progress will likely depend on tighter integration between
mechanistic  studies and disease-relevant  models.
Longitudinal investigations that track aggregation dynamics
alongside functional outcomes may provide more informative
benchmarks for therapeutic evaluation than static measures of
aggregate burden. In parallel, regulatory and clinical
frameworks may need to adapt to accommodate interventions
that modulate dynamic biological processes rather than
produce binary on—off effects.

In this context, amyloid aggregation research occupies a
position of both challenge and opportunity. The field has
moved beyond descriptive characterisation  toward
mechanistically informed control, yet translation remains
contingent on continued refinement of models, metrics, and
design principles. Sustained progress will require coordinated
efforts that balance depth of molecular insight with practical
considerations of delivery, safety, and sustainability.
Computational approaches, when integrated with experimental
and translational perspectives, are well positioned to facilitate

this balance and to support the next generation of amyloid-
targeted therapeutic strategies.

8. Concluding Remarks and Future Outlook

Amyloid aggregation represents a central molecular driver
of numerous neurodegenerative and systemic disorders,
including Alzheimer’s, Parkinson’s, and Huntington’s diseases.
Advances in experimental biophysics and computational
modelling have transformed current understanding of this
process, establishing amyloid formation as a dynamic,
pathway-dependent phenomenon that can be modulated
rather than merely observed. High-resolution structural
methods and kinetic assays have clarified how misfolded
proteins populate heterogeneous oligomeric and fibrillar
states, while multiscale computational approaches have
enabled interrogation of free-energy landscapes, kinetic
bottlenecks, and aggregation-sensitive interfaces that are
difficult to resolve experimentally. Together, these
developments have provided a mechanistic foundation for
rational intervention.

Importantly, this mechanistic insight has enabled the
emergence of material-based strategies with clear application
potential. Small molecules and supramolecular systems offer
chemically tunable platforms for selectively biasing early
misfolding events and secondary nucleation processes.
Nanostructured materials, including carbon-based and hybrid
nanomaterials, provide surface-mediated routes to modulate
aggregation kinetics and sequester toxic intermediates.
Polymeric and hybrid materials introduce additional
functionality through multivalent interactions, environmental
buffering, and stimuli responsiveness, enabling conditional and
context-dependent aggregation control. Collectively, these
material classes expand the therapeutic design space beyond
conventional inhibitors and open opportunities for combination
strategies that integrate molecular specificity with mesoscale
control.

From an application perspective, the ability of these
materials to operate at low effective concentrations, modulate
aggregation pathways rather than enforcing complete
inhibition, and be engineered for biodegradability and
controlled interaction profiles enhances their translational
relevance. Such properties are particularly advantageous for
chronic disorders, where long-term safety, dosing restraint,
and compatibility with endogenous proteostasis mechanisms
are critical. Computationally guided design further strengthens
this application potential by enabling early-stage screening,
optimisation, and prioritisation of candidates with favourable
efficacy—safety—sustainability trade-offs. Looking ahead, the
most promising applications are likely to arise from adaptive
and disease-specific intervention frameworks. Genetic
background, mutation profiles, and cellular environments
strongly influence aggregation behaviour, suggesting that
materials designed to target conserved kinetic control points or
interfacial processes may offer broader applicability across
disease contexts. Integration of computational prediction with
targeted experimental validation will be essential for advancing
these materials toward preclinical and translational stages. In
parallel, increasing understanding of endogenous modulators
of protein homeostasis, including molecular chaperones,
degradation pathways, and membrane-associated processes,
offers opportunities to design materials that complement or
amplify natural protective mechanisms.

The convergence of materials science, computational
modelling, and mechanistic biophysics is redefining how
amyloid aggregation can be controlled. While significant
translational challenges remain, the material platforms
reviewed here provide a versatile and increasingly application-
oriented toolkit for modulating amyloid formation. Continued
interdisciplinary integration is expected to accelerate progress
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toward therapeutically viable, scalable, and biologically
compatible strategies for amyloid-associated diseases.

Author Contribution Declaration &

Information

Contribution

Ayan Bera - writing — original draft preparation; Pooja Ghosh
— writing — reviewing and editing; Barun Das — writing —
reviewing and editing.

Corresponding Author

Pooja Ghosh - Centre for Interdisciplinary Sciences, JIS
Institute of Advanced Studies and Research (JISIASR),

JIS School of Medical Science and Research Campus,
Santragachi, Howrah 711112, West Bengal, India

Email: poojaghosh@ijisiasr.org
https://orcid.org/0000-0002-2299-1082

Dr. Barun Das - Centre for Interdisciplinary Sciences, JIS
Institute of Advanced Studies and Research (JISIASR),

JIS School of Medical Science and Research Campus,
Santragachi, Howrah 711112, West Bengal, India

Email: barundas@jisiasr.org
https://orcid.org/0009-0009-2067-3177

Author

Ayan Bera - Centre for Interdisciplinary Sciences, JIS Institute
of Advanced Studies and Research (JISIASR),

JIS School of Medical Science and Research Campus,
Santragachi, Howrah 711112, West Bengal, India
https://orcid.org/0009-0004-5094-6782

Data Availability Declaration

This review neither generates nor analyzes new data, nor does
it present any primary research findings or employ specialized
software.

Declaration of Conflict of Interest

The authors have no conflict of financial interest.

Acknowledgements

PG acknowledges the Department of Science & Technology
and Biotechnology, Government of West Bengal (DSTBT,
Govt. W.B, Project ID: 1368/RND/CS23/Nil/Nov-2023/1/1), for
financial support.

References

1. F. Chiti, C. M. Dobson. Protein misfolding, functional amyloid,
and human disease. Annu. Rev. Biochem. 2006, 75, 333.
https://doi.org/10.1146/annurev.biochem.75.101304.123901

2. T. P. Knowles, M. Vendruscolo, C. M. Dobson. The amyloid
state and its association with protein misfolding diseases. Nat.
Rev. Mol. Cell Biol., 2014, 15, 384.
https://doi.org/10.1038/nrm3810

3. P. Ghosh, P. De. Modulation of amyloid protein fibrillation by
synthetic polymers: Recent advances in the context of
neurodegenerative diseases. ACS Appl. Bio Mater., 2020, 3, 6598.
https://doi.org/10.1021/acsabm.0c01021

4. E. Agorogiannis, G. Agorogiannis, A. Papadimitriou, G.
Hadjigeorgiou. Protein misfolding in neurodegenerative diseases.
Neuropathol. appl. neurobiol., 2004, 30, 215.
https://doi.org/10.1111/j.1365-2990.2004.00558.x

5. K. Marciniuk, R. Taschuk, S. Napper. Evidence for prion-like
mechanisms in several neurodegenerative diseases: Potential
implications for immunotherapy. J. Immunol. Res., 2013, 2013,
473706. https://doi.org/10.1155/2013/473706

6. T. R. Jahn, O. S. Makin, K. L. Morris, K. E. Marshall, P. Tian, P.
Sikorski, L. C. Serpell. The common architecture of cross-g
amyloid. J. Mol. Biol., 2010, 395, 717
https://doi.org/10.1016/j.jmb.2009.09.039

7. S. Tzotzos, A. J. Doig. Amyloidogenic sequences in native
protein  structures.  Protein  Sci., 2010, 19, 327.
https://doi.org/10.1002/pro.314

8. L. C. Serpell. Alzheimer's amyloid fibrils: structure and
assembly. Biochim. Biophys. Acta Mol. Basis Dis., 2000, 1502, 16.
https://doi.org/10.1073/pnas.95.11.6448

9. S. Kumar, J. B. Udgaonkar. Mechanisms of amyloid fibril
formation by proteins. Curr. Sci., 2010, 639.

10. T. Sinnige. Molecular mechanisms of amyloid formation in
living systems. Chem. Sci., 2022, 13, 7080.
https://doi.org/10.1039/D2SC01278B

11. C. M. Dobson. Protein folding and misfolding. Nature 2003,
426, 884. https://doi.org/10.1038/nature02261

12. W. E. Balch, R. I. Morimoto, A. Dillin, J. W. Kelly. Adapting
proteostasis for disease intervention. Science 2008, 319, 916.
https://doi.org/10.1126/science.1141448

13. A. K. Buell, C. M. Dobson, T. P. Knowles. The physical
chemistry of the amyloid phenomenon: thermodynamics and
kinetics of filamentous protein aggregation. Essays Biochem.,
2014, 56, 11. https://doi.org/10.1042/bse0560011

14. S. I. Cohen, S. Linse, L. M. Luheshi, E. Hellstrand, D. A. White,
L. Rajah, D. E. Otzen, M. Vendruscolo, C. M. Dobson, T. P.
Knowles. Proliferation of amyloid-B42 aggregates occurs through
a secondary nucleation mechanism. Proc Natl Acad Sci U.S.A,,
2013, 110, 9758. https://doi.org/10.1073/pnas.1218402110

15. F. Bemporad, G. Calloni, S. Campioni, G. Plakoutsi, N. Taddei,
F. Chiti. Sequence and structural determinants of amyloid fibril
formation. Acc. Chem. Res., 2006, 39, 620.
https://doi.org/10.1021/ar050067x

16. G. G. Tartaglia, M. Vendruscolo. The Zyggregator method for
predicting protein aggregation propensities. Chem. Soc. Rev.,
2008, 37, 1395. https://doi.org/10.1039/B706784B

17. R. G. Roy, P. K. Mandal, J. C. Maroon. Oxidative stress occurs
prior to amyloid AB plaque formation and tau phosphorylation in
Alzheimer’s disease: Role of glutathione and metal ions. ACS
Chem. Neurosci., 2023, 14, 2944,
https://doi.org/10.1021/acschemneuro.3c00486

18. H.-g. Lee, G. Perry, P. |. Moreira, M. R. Garrett, Q. Liu, X. Zhu,
A. Takeda, A. Nunomura, M. A. Smith. Tau phosphorylation in
Alzheimer's disease: pathogen or protector? Trends Mol. Med.,
2005, 11, 164. https://doi.org/10.1016/j.molmed.2005.02.008

19. A. P. Minton. Influence of macromolecular crowding upon the
stability and state of association of proteins: predictions and
observations.  J. Pharm. Sci., 2005, 94, 1668.
https://doi.org/10.1002/jps.20417

20. R. J. Ellis, A. P. Minton. Protein aggregation in crowded
environments.  Biological Chemistry 2006, 387, 485.
https://doi.org/10.1515/bc.2006.064

21. T. R. Jahn, S. E. Radford. Folding versus aggregation:
polypeptide conformations on competing pathways. Arch.
Biochem. Biophys., 2008, 469, 100.
https://doi.org/10.1016/j.abb.2007.05.015

22. C. Pintado-Grima, O. Barcenas, A. Bartolomé-Nafria, M. Fornt-
Sufié, V. Iglesias, J. Garcia-Pardo, S. Ventura. A review of fifteen
years developing computational tools to study protein aggregation.
Biophysica 2023, 3, 1. https://doi.org/10.3390/biophysica3010001
23. M. P. Lambert, A. Barlow, B. A. Chromy, C. Edwards, R. Freed,
M. Liosatos, T. Morgan, I. Rozovsky, B. Trommer, K. L. Viola.
Diffusible, nonfibrillar ligands derived from AB1-42 are potent
central nervous system neurotoxins. Proc. Natl. Acad. Sci. U.S.A,,
1998, 95, 6448. https://doi.org/10.1073/pnas.95.11.6448

24. 1. Benilova, E. Karran, B. De Strooper. The toxic A oligomer
and Alzheimer's disease: an emperor in need of clothes. Nat.
Neurosci., 2012, 15, 349. https://doi.org/10.1038/nn.3028

25. R. I. Horne, S. E. Sandler, M. Vendruscolo, U. F. Keyser.
Detection of protein oligomers with nanopores. Nat. Rev. Chem.,
2025, 9, 224. https://doi.org/10.1038/s41570-025-00694-7

26. H. Chakraborty, A. Chattopadhyay. Excitements and
challenges in GPCR oligomerization: molecular insight from FRET.
ACS Chem. Neurosci., 2015, 6, 199.
https://doi.org/10.1021/cn500231d

27. R. Tycko. Molecular structure of amyloid fibrils: insights from
solid-state  NMR. Q. Rev. Biophys.,, 2006, 39, 1.
https://doi.org/10.1017/S0033583506004173

https://doi.org/10.63654/icms.2026.03004

23


https://doi.org/10.63654/icms.2026.03004
mailto:poojaghosh@jisiasr.org
https://orcid.org/0000-0002-2299-1082
mailto:barundas@jisiasr.org
https://orcid.org/0009-0009-2067-3177
https://orcid.org/0009-0004-5094-6782
https://doi.org/10.1146/annurev.biochem.75.101304.123901
https://doi.org/10.1038/nrm3810
https://doi.org/10.1021/acsabm.0c01021
https://doi.org/10.1111/j.1365-2990.2004.00558.x
https://doi.org/10.1155/2013/473706
https://doi.org/10.1016/j.jmb.2009.09.039
https://doi.org/10.1002/pro.314
https://doi.org/10.1073/pnas.95.11.6448
https://doi.org/10.1039/D2SC01278B
https://doi.org/10.1038/nature02261
https://doi.org/10.1126/science.1141448
https://doi.org/10.1042/bse0560011
https://doi.org/10.1073/pnas.1218402110
https://doi.org/10.1021/ar050067x
https://doi.org/10.1039/B706784B
https://doi.org/10.1021/acschemneuro.3c00486
https://doi.org/10.1016/j.molmed.2005.02.008
https://doi.org/10.1002/jps.20417
https://doi.org/10.1515/bc.2006.064
https://doi.org/10.1016/j.abb.2007.05.015
https://doi.org/10.3390/biophysica3010001
https://doi.org/10.1073/pnas.95.11.6448
https://doi.org/10.1038/nn.3028
https://doi.org/10.1038/s41570-025-00694-7
https://doi.org/10.1021/cn500231d
https://doi.org/10.1017/S0033583506004173

Ghosh & Das et al.

Innov. Chem. Mater. Sustain. 2026, 3(1), 4-28

28. R. Tycko. Solid-state NMR studies of amyloid fibril structure.
Annu. Rev. Phys. Chem., 2011, 62, 279.
https://doi.org/10.1146/annurev-physchem-032210-103539

29. A. W. Fitzpatrick, B. Falcon, S. He, A. G. Murzin, G.
Murshudov, H. J. Garringer, R. A. Crowther, B. Ghetti, M. Goedert,
S. H. Scheres. Cryo-EM structures of tau filaments from
Alzheimer’s disease. Nature 2017, 547, 185.
https://doi.org/10.1038/nature23002

30. A. W. Fitzpatrick, H. R. Saibil. Cryo-EM of amyloid fibrils and
cellular aggregates. Curr. Opin. Struct. Biol.,, 2019, 58, 34.
https://doi.org/10.1016/j.sbi.2019.05.003

31. A. -M. Chiorcea-Paquim, W. B. S. Machini, A. M. Oliveira-Brett.
Amyloid- peptides interaction with curcumin: AFM and
electrochemical characterisation. Electrochim. Acta 2025, 525,
146160. https://doi.org/10.1016/j.electacta.2025.146160

32. R. Khurana, C. lonescu-Zanetti, M. Pope, J. Li, L. Nielson, M.
Ramirez-Alvarado, L. Regan, A. L. Fink, S. A. Carter. A general
model for amyloid fibril assembly based on morphological studies
using atomic force microscopy. Biophys. J., 2003, 85, 1135.
https://doi.org/10.1016/S0006-3495(03)74550-0

33. A. J. Dear, T. C. Michaels, G. Meisl, D. Klenerman, S. Wu, S.
Perrett, S. Linse, C. M. Dobson, T. P. Knowles. Kinetic diversity of
amyloid oligomers. Proc. Natl. Acad. Sci. U.S.A., 2020, 117,
12087. https://doi.org/10.1073/pnas.1922267117

34. S. Bhattacharya, L. Xu, D. Thompson. Revisiting the earliest
signatures of amyloidogenesis: Roadmaps emerging from
computational modeling and experiment. Wiley Interdiscip. Rev.
Comput. Mol. Sci., 2018, 8, e1359.
https://doi.org/10.1002/wcms.1359

35. Z. Faidon Brotzakis, T. Lohr, S. Truong, S. Hoff, M. Bonomi,
M. Vendruscolo. Determination of the structure and dynamics of
the fuzzy coat of an amyloid fibril of IAPP using cryo-electron
microscopy. Biochem., 2023, 62, 2407.
https://doi.org/10.1021/acs.biochem.3c00010

36. M. Schaffler, D. J. Wales, B. Strodel. The energy landscape of
AB 42: a funnel to disorder for the monomer becomes a folding
funnel for self-assembly. Chem. Commun., 2024, 60, 13574.
https://doi.org/10.1039/D4CC02856B

37. A. V. Kuznetsov. Numerical and analytical simulation of the
growth of amyloid-B plaques. J. Biomech. Eng., 2024, 146,
061004. https://doi.org/10.1115/1.4064969

38. K. Khalili, F. Farzam, B. Dabirmanesh, K. Khajeh. Prediction of
protein aggregation. Prog. Mol. Biol. Transl. Sci., 2024, 206, 229.
https://doi.org/10.1016/bs.pmbts.2024.03.005

39. V. Cima, A. Kunka, E. Grakova, J. Planas-Iglesias, M.
Havlasek, M. Subramanian, M. Beloch, M. Marek, K. Slaninova, J.
Damborsky. Prediction of aggregation prone regions in proteins
using deep neural networks and their suppression by
computational design. bioRxiv 2024, 2024.03. 06.583680.
https://doi.org/10.1101/2024.03.06.583680

40. B. Banik (ed). Green Approaches in Medicinal Chemistry for
Sustainable Drug Design: Applications, 2™ ed.,Vol. 1, Elsevier,
2024.

41. B. Rebecca, K. P. M. Kumar, S. Padmini, B. K. Srivastava, S.
Halder, S. Boopathi, in Handbook of Research on Al and ML for
Intelligent Machines and Systems, |Gl Global Scientific Publishing,
2024, pp. 348-373.

42. C. Soto, L. Estrada. Amyloid inhibitors and -sheet breakers.
In: J. R. Harris, F. Fahrenholz (eds), Alzheimer’s Disease.
Subcellular Biochemistry, vol 38. Springer, Boston, MA. 2005, 351
https://doi.org/10.1007/0-387-23226-5_18

43. Y. -L. Han, C. Li, H. -H. Yin, Y. He, Y. -X. Guan. In Silico
Screening of Small Molecule Inhibitors for Amyloid-8 Aggregation.
J. Chem. Inf. Model., 2025, 65, 6238.
https://doi.org/10.1021/acs.jcim.5c00831

44. T. Qureshi, S. E. Desale, H. Chidamabram, S. Chinnathambi,
in Multi-Factorial Approach as a Therapeutic Strategy for the
Management of Alzheimer’s Disease, Springer, 2025, pp. 113-
138.

45. M. A. Alwaili, F. F. A. Alkhayl, H. A. Rudayni, A. A. Allam, N.
G. Altoom, A. M. Lamsabhi, E. M. Kamel. Unraveling molecular
mechanisms of B-glucuronidase inhibition by flavonoids from
Centaurea scoparia: integrated in silico and in vitro insights. New
J. Chem., 2024, 48, 14236. https://doi.org/10.1039/D4NJ02393E
46. W. Li, R. Cao, J. Cao, J. Zhang, X. Yang, X. Liu, L. Sun.
Proteins make tea polyphenol EGCG not always develop

satisfactory a-glucosidase inhibition: The influences of three
proteins on a-glucosidase inhibitory activity of EGCG. Food
Hydrocoll., 2025, 159, 110674.
https://doi.org/10.1016/j.foodhyd.2024.110674

47. O. D. Warerkar, N. H. Mudliar, M. M. Momin, P. K. Singh.
Targeting amyloids with coated nanoparticles: a review on
potential combinations of nanoparticles and bio-compatible
coatings. Crit. Rev. Ther. Drug Carrier Syst., 2024, 41, 85.
https://doi.org/10.1615/critrevtherdrugcarriersyst.2023046209

48. Q. -Q. Wang. Anion recognition-directed supramolecular
catalysis with functional macrocycles and molecular cages. Acc.
Chem. Res., 2024, 57, 3227.
https://doi.org/10.1021/acs.accounts.4c00583

49. F. A. Mohammed, T. Xiao, L. Wang, R. B. Elmes. Macrocyclic
receptors for anion recognition. Chem. Commun., 2024, 60, 11812.
https://doi.org/10.1039/D4CC04521A

50. P. Ghosh, A. Bera, P. Bhadury, P. De. From small molecules
to synthesized polymers: potential role in combating amyloidogenic
disorders. ACS Chem. Neurosci., 2021, 12, 1737.
https://doi.org/10.1021/acschemneuro.1c00104

51. M. Holubova, P. Stépanek, M. Hruby. Polymer materials as
promoters/inhibitors of amyloid fibril formation. Colloid Polym. Sci.,
2021, 299, 343. https://doi.org/10.1007/s00396-020-04710-8

52. Y. Niu, P. Lin. Advances of computer-aided drug design
(CADD) in the development of anti-Azheimer’s-disease drugs.
Drug Discov. Today 2023, 28, 103665.
https://doi.org/10.1016/j.drudis.2023.103665

53. B. Devanath, S. Deka, D. Das, H. R. Bhat, N. R. Chanu, K.
Bhattacharya, in Computational and Experimental Studies in
Alzheimer's Disease, CRC Press, 2024, pp. 53-70.

54. F. Chiti, C. M. Dobson. Protein misfolding, amyloid formation,
and human disease: a summary of progress over the last decade.
Annu. Rev. Biochem., 2017, 86, 27.
https://doi.org/10.1146/annurev-biochem-061516-045115

55. D. Eisenberg, M. Jucker. The amyloid state of proteins in
human diseases. Cell 2012, 148, 1188.
https://doi.org/10.1038/nn.3028

56. S. S. Mamsa, B. P. Meloni. Arginine and arginine-rich peptides
as modulators of protein aggregation and cytotoxicity associated
with Alzheimer’s disease. Front. Mol. Neurosci., 2021, 14, 759729.
https://doi.org/10.3389/fnmol.2021.759729

57. M. Matveyenka, S. Rizevsky, D. Kurouski. Amyloid aggregates
exert cell toxicity causing irreversible damages in the endoplasmic
reticulum. Biochim. Biophys. Acta Mol. Basis Dis., 2022, 1868,
166485. https://doi.org/10.1016/j.bbadis.2022.166485

58. T. C. Michaels, D. Qian, A. Sari¢, M. Vendruscolo, S. Linse, T.
P. Knowles. Amyloid formation as a protein phase transition. Nat.
Rev. Phys., 2023, 5, 379. https://doi.org/10.1038/s42254-023-
00598-9

59. R. Cascella, A. Bigi, N. Cremades, C. Cecchi. Effects of
oligomer toxicity, fibril toxicity and fibril spreading in
synucleinopathies. Cell. Mol. Life Sci,, 2022, 79, 174.
https://doi.org/10.1007/s00018-022-04166-9

60. A. Nutini. Amyloid oligomers and their membrane toxicity-A
perspective study. Prog. Biophys. Mol. Biol., 2024, 187, 9.
https://doi.org/10.1016/j.pbiomolbio.2024.01.002

61. Z. Du, M. Li, J. Ren, X. Qu. Current strategies for modulating
AR aggregation with multifunctional agents. Acc. Chem. Res.,
2021, 54, 2172. https://doi.org/10.1021/acs.accounts.1c00055

62. F. U. Hartl, A. Bracher, M. Hayer-Hartl. Molecular chaperones
in protein folding and proteostasis. Nature 2011, 475, 324.
https://doi.org/10.1038/nature10317

63. S. Zampar, S. E. Di Gregorio, G. Grimmer, J. C. Watts, M.
Ingelsson. “Prion-like” seeding and propagation of oligomeric
protein assemblies in neurodegenerative disorders. Front.
Neurosci., 2024, 18, 1436262.
https://doi.org/10.3389/fnins.2024.1436262

64. Y. Baek, M. Lee. Exploring the complexity of amyloid-beta
fibrils: structural polymorphisms and molecular interactions.
Biochem. Soc. Trans., 2024, 52, 1631.
https://doi.org/10.1042/BST20230854

65. S. Lovestam, D. Li, J. L. Wagstaff, A. Kotecha, D. Kimanius, S.
H. McLaughlin, A. G. Murzin, S. M. Freund, M. Goedert, S. H.
Scheres. Disease-specific tau filaments assemble via polymorphic
intermediates. Nature 2024, 625, 119.
https://doi.org/10.1038/s41586-023-06788-w

https://doi.org/10.63654/icms.2026.03004

24


https://doi.org/10.63654/icms.2026.03004
https://doi.org/10.1146/annurev-physchem-032210-103539
https://doi.org/10.1038/nature23002
https://doi.org/10.1016/j.sbi.2019.05.003
https://doi.org/10.1016/j.electacta.2025.146160
https://doi.org/10.1016/S0006-3495(03)74550-0
https://doi.org/10.1073/pnas.1922267117
https://doi.org/10.1002/wcms.1359
https://doi.org/10.1021/acs.biochem.3c00010
https://doi.org/10.1039/D4CC02856B
https://doi.org/10.1115/1.4064969
https://doi.org/10.1016/bs.pmbts.2024.03.005
https://doi.org/10.1101/2024.03.06.583680
https://doi.org/10.1007/0-387-23226-5_18
https://doi.org/10.1021/acs.jcim.5c00831
https://doi.org/10.1039/D4NJ02393E
https://doi.org/10.1016/j.foodhyd.2024.110674
https://doi.org/10.1615/critrevtherdrugcarriersyst.2023046209
https://doi.org/10.1021/acs.accounts.4c00583
https://doi.org/10.1039/D4CC04521A
https://doi.org/10.1021/acschemneuro.1c00104
https://doi.org/10.1007/s00396-020-04710-8
https://doi.org/10.1016/j.drudis.2023.103665
https://doi.org/10.1146/annurev-biochem-061516-045115
https://doi.org/10.1038/nn.3028
https://doi.org/10.3389/fnmol.2021.759729
https://doi.org/10.1016/j.bbadis.2022.166485
https://doi.org/10.1038/s42254-023-00598-9
https://doi.org/10.1038/s42254-023-00598-9
https://doi.org/10.1007/s00018-022-04166-9
https://doi.org/10.1016/j.pbiomolbio.2024.01.002
https://doi.org/10.1021/acs.accounts.1c00055
https://doi.org/10.1038/nature10317
https://doi.org/10.3389/fnins.2024.1436262
https://doi.org/10.1042/BST20230854
https://doi.org/10.1038/s41586-023-06788-w

Ghosh & Das et al.

Innov. Chem. Mater. Sustain. 2026, 3(1), 4-28

66. W. Putawski, R. Dec, W. Dzwolak. Clues to the Design of
Aggregation-Resistant Insulin from proline scanning of highly
Amyloidogenic peptides derived from the N-terminal segment of
the A-chain. Mol. Pharm., 2024, 21, 2025.
https://doi.org/10.1021/acs.molpharmaceut.4c00077

67. W. Putawski, A. Kolinski, M. Kolinski. Multiscale modeling of
protofilament structures: A case study on insulin amyloid
aggregates. Int. J. Biol. Macromol.,, 2025, 285, 138382.
https://doi.org/10.1016/j.ijbiomac.2024.138382

68. Q. Xu, Y. Ma, Y. Sun, D. Li, X. Zhang, C. Liu. Protein amyloid
aggregate: Structure and function. Aggregate 2023, 4, e333.
https://doi.org/10.1002/agt2.333

69. R. Limbocker, N. Cremades, R. Cascella, P. M. Tessier, M.
Vendruscolo, F. Chiti. Characterization of Pairs of Toxic and
Nontoxic Misfolded Protein Oligomers Elucidates the Structural
Determinants of Oligomer Toxicity in Protein Misfolding Diseases.
Acc. Chem. Res., 2023, 56, 1395.
https://doi.org/10.1021/acs.accounts.3c00045

70. A. Gonzélez Diaz, R. Cataldi, B. Mannini, M. Vendruscolo.
Preparation and characterization of zn (ii)-stabilized AB42
oligomers. ACS Chem. Neurosci.,, 2024, 15, 2586.
https://doi.org/10.1021/acschemneuro.4c00084

71. S. Chia, R. L. Cataldi, F. S. Ruggeri, R. Limbocker, |. Condado-
Morales, K. Pisani, A. Possenti, S. Linse, T. P. Knowles, J. Habchi.
A relationship between the structures and neurotoxic effects of AR
oligomers stabilized by different metal ions. ACS Chem. Neurosci.,
2024, 15, 1125 https://doi.org/10.1021/acschemneuro.3c00718
72. R. Zou, H. Agren. Molecular Insight into Amyloid Fibril-
Templated Aggregation of Biomarkers. ACS Chem. Neurosci.,
2025, 16, 2076. https://doi.org/10.1021/acschemneuro.5c00103
73. R. Duran-Romafia, J. Schymkowitz, F. Rousseau, N. Louros.
Energetic profiling reveals thermodynamic principles underlying
amyloid fibril maturation. Nat. Commun., 2025, 16, 10081.
https://doi.org/10.1038/s41467-025-65035-0

74. E. Duran-Meza, R. Araya-Secchi, P. Romero-Hasler, E. A.
Soto-Bustamante, V. Castro-Fernandez, C. Castillo-Caceres, O.
Monasterio, R. Diaz-Espinoza. Metal lons Can Modulate the Self-
Assembly and Activity of Catalytic Peptide Amyloids. Langmuir
2024, 40, 6094. https://doi.org/10.1021/acs.langmuir.3c02983
75.Y.Wang, Y. Tang, M. Zhao, B. Yan, Y. Zhang, X. Gao, J. Fan,
M. Wang. Transition metal ion-catalyzed assembly of oat peptides
into amyloid fibrils: Feasibility, physicochemical properties, and
chitosan film reinforcement. Food Hydrocoll., 2025, 169, 111628.
https://doi.org/10.1016/j.foodhyd.2025.111628

76. A. P. de Oliveira, D. Baghel, B. Holcombe, W. Chase, T. Ward,
S.-H. J. Wang, A. Ghosh. Lipid mediated formation of antiparallel
aggregates in cerebral amyloid angiopathy. Acta Neuropathol.,
2025, 150, 3. https://doi.org/10.1007/s00401-025-02911-5

77. S. Efimova, O. Ostroumova. Mechanisms of lipid-mediated
regulation of the pore-forming activity of antimicrobial agents:
studies on planar lipid bilayers. Biochem. Moscow Suppl. Ser. A
2024, 18, 257. https://doi.org/10.1134/S1990747824700247

78. R. M. Murphy. Kinetics of amyloid formation and membrane
interaction with amyloidogenic proteins. Biochim. Biophys. Acta
Biomembir., 2007, 1768, 1923.
https://doi.org/10.1016/j.bbamem.2006.12.014

79. A. Kamada, Z. Toprakcioglu, T. P. Knowles. Kinetic analysis
reveals the role of secondary nucleation in regenerated silk fibroin
self-assembly. Biomacromolecules 2023, 24, 1709.
https://doi.org/10.1021/acs.biomac.2c01479

80. J. Wei, G. Meisl, A. J. Dear, T. C. Michaels, T. P. Knowles.
Kinetics of Amyloid Oligomer Formation. Annu. Rev. Biophys.,
2025, 54, 185. https://doi.org/10.1146/annurev-biophys-080124-
122953

81. C. Tschope, A. Elsanhoury, A. V. Kristen. Transthyretin
Amyloid Cardiomyopathy—2025 Update: Current Diagnostic
Approaches and Emerging Therapeutic Options. J. Clin. Med.,
2025, 14, 4785. https://doi.org/10.3390/jcm14134785

82. A. Lalario, R. Saro, G. Sinagra, M. Merlo, A. Porcari. Clinical
Use of Biomarkers in Cardiac Amyloidosis. Heart Failure Clinic
2024, 20, 283. https://doi.org/10.1016/].hfc.2024.03.001

83. A. Albulushi, J. Al Buraiki, G. Aly, Y. Al-Wahshi, A.
Jahangirifard. Role of biomarkers in early diagnosis and prognosis
of cardiac amyloidosis: A systematic review and meta-analysis.
Curr. Probl. Cardiol., 2025, 50, 102883.
https://doi.org/10.1016/j.cpcardiol.2024.102883

84. N. Vilor-Tejedor, P. Genius, B. Rodriguez-Fernandez, C.
Minguillén, I. Sadeghi, A. Gonzalez-Escalante, M. Crous-Bou, M.
Suérez-Calvet, O. Grau-Rivera, A. Brugulat-Serrat, G. Sanchez-
Benavides, M. Esteller, K. Fauria, J. L. Molinuevo, A. Navarro, J.
D. Gispert, f. t. A. s. D. N. Initiative, f. t. A. study. Genetic
characterization of the ALFA study: Uncovering genetic profiles in
the Alzheimer's continuum. Alzheimer's & Dementia 2024, 20,
1703. https://doi.org/10.1002/alz.13537

85. C. Alarcon-Vila, L. Hurtado-Navarro, S. V. Mateo, A. Pefiin-
Franch, C. M. Martinez, C. Molina-L6pez, M. C. Bafios, A. I
Gomez, J. Gomez-Roman, A. Baroja-Mazo. The inflammasome
adaptor protein ASC promotes amyloid deposition in cryopyrin-
associated periodic syndromes. EMBO Mol. Med., 2025, 17, 41.
https://doi.org/10.1038/s44321-024-00176-1

86. Y. Tao, W. Xia, Q. Zhao, H. Xiang, C. Han, S. Zhang, W. Gu,
W. Tang, Y. Li, L. Tan. Structural mechanism for specific binding
of chemical compounds to amyloid fibrils. Nat. Chem. Biol., 2023,
19, 1235. https://doi.org/10.1038/s41589-023-01370-x

87. T. Tripathi, V. K. Dubey (Eds), Advances in protein molecular
and structural biology methods, Academic Press, 2022.

88. H. Fatafta, M. Khaled, B. Kav, O. O. Olubiyi, B. Strodel. A brief
history of amyloid aggregation simulations. Wiley Interdiscip. Rev.
Comput. Mol. Sci., 2024, 14, el703.
https://doi.org/10.1002/wcms.1703

89. R. Pandey, B. Urbanc. Oligomer Formation by Physiologically
Relevant C-Terminal Isoforms of Amyloid 3-Protein. Biomolecules
2024, 14, 774. https://doi.org/10.3390/biom14070774

90. S. Bosio, F. Falchi, C. Rauzi, L. Bellucci. Morphological
inhibitors  of aggregation-prone amyloid-B conformers: A
computational exploration. Comput. Biol. Med., 2025, 196, 110545.
https://doi.org/10.1016/j.compbiomed.2025.110545

91. V. Iglesias, J. Chilimoniuk, C. Pintado-Grima, O. Barcenas, S.
Ventura, M. Burdukiewicz. Aggregating amyloid resources: A
comprehensive review of databases on amyloid-like aggregation.
Comput.  Struct.  Biotechnol.  J., 2024, 23, 4011.
https://doi.org/10.1016/j.csbj.2024.10.047

92. M. G. Costa, M. Gur, J. M. Krieger, |. Bahar. Computational
biophysics meets cryo-EM revolution in the search for the
functional dynamics of biomolecular systems. Wiley Interdiscip.
Rev. Comput. Mol. Sci., 2024, 14, e1689.
https://doi.org/10.1002/wcms.1689

93. D. Ghosh, A. Biswas, M. Radhakrishna. Advanced
computational approaches to understand protein aggregation.
Biophys. rev., 2024, 5, 021302. https://doi.org/10.1063/5.0180691
94. A. Morriss-Andrews, J. -E. Shea. Computational Studies of
Protein Aggregation: Methods and Applications. Annu. Rev. Phys.
Chem., 2015, 66, 643. https://doi.org/10.1146/annurev-physchem-
040513-103738

95. A. Arefeen, S. Singh, C. Razavi, H. Ghasemzadeh, S. Dev.
Assessing the quality of reporting in artificial intelligence/machine
learning research for cardiac amyloidosis. JAMIA open 2025, 8,
00af104. https://doi.org/10.1093/jamiaopen/ooafl04

96. A. Barison, D. Tomasoni, A. Filippeschi, M. G. Bellicini, C. A.
Avizzano, M. Metra, M. Grogan, in Cardiac Amyloidosis: Diagnosis
and Treatment, Springer, 2024, pp. 233-243.

97. C. Alfano, Y. Fichou, K. Huber, M. Weiss, E. Spruijt, S.
Ebbinghaus, G. De Luca, M. A. Morando, V. Vetri, P. A. Temussi.
Molecular crowding: the history and development of a scientific
paradigm. Chem. Rev., 2024, 124, 3186.
https://doi.org/10.1021/acs.chemrev.3c00615

98. Y. Levites, E. B. Dammer, Y. Ran, W. Tsering, D. Duong, M.
Abreha, J. Gadhavi, K. Lolo, J. Trejo-Lopez, J. Phillips. Integrative
proteomics identifies a conserved A3 amyloid responsome, novel
plaque proteins, and pathology modifiers in Alzheimer’s disease.
Cell Rep. Med., 2024, 5, 101669.
https://doi.org/10.1016/j.xcrm.2024.101669

99. A. -L. Mahul-Mellier, M. F. Altay, N. Maharjan, N. Ait-Bouziad,
A. Chiki, S. Jagannath, G. Limorenko, S. Novello, J. Ricci, S.
Vingill. Dissecting the differential role of C-terminal truncations in
the regulation of aSyn pathology formation and the biogenesis of
Lewy bodies. bioRxiv 2024, 2024.11. 29.625993.
https://doi.org/10.1101/2024.11.29.625993

100. J. Kardos, M. P. Nyiri, E. Moussong, F. Wien, T. Molnar, N.
Murvai, V. Téth, H. Vadaszi, J. Kun, F. Jamme. Guide to the
structural characterization of protein aggregates and amyloid fibrils

https://doi.org/10.63654/icms.2026.03004

25


https://doi.org/10.63654/icms.2026.03004
https://doi.org/10.1021/acs.molpharmaceut.4c00077
https://doi.org/10.1016/j.ijbiomac.2024.138382
https://doi.org/10.1002/agt2.333
https://doi.org/10.1021/acs.accounts.3c00045
https://doi.org/10.1021/acschemneuro.4c00084
https://doi.org/10.1021/acschemneuro.3c00718
https://doi.org/10.1021/acschemneuro.5c00103
https://doi.org/10.1038/s41467-025-65035-0
https://doi.org/10.1021/acs.langmuir.3c02983
https://doi.org/10.1016/j.foodhyd.2025.111628
https://doi.org/10.1007/s00401-025-02911-5
https://doi.org/10.1134/S1990747824700247
https://doi.org/10.1016/j.bbamem.2006.12.014
https://doi.org/10.1021/acs.biomac.2c01479
https://doi.org/10.1146/annurev-biophys-080124-122953
https://doi.org/10.1146/annurev-biophys-080124-122953
https://doi.org/10.3390/jcm14134785
https://doi.org/10.1016/j.hfc.2024.03.001
https://doi.org/10.1016/j.cpcardiol.2024.102883
https://doi.org/10.1002/alz.13537
https://doi.org/10.1038/s44321-024-00176-1
https://doi.org/10.1038/s41589-023-01370-x
https://doi.org/10.1002/wcms.1703
https://doi.org/10.3390/biom14070774
https://doi.org/10.1016/j.compbiomed.2025.110545
https://doi.org/10.1016/j.csbj.2024.10.047
https://doi.org/10.1002/wcms.1689
https://doi.org/10.1063/5.0180691
https://doi.org/10.1146/annurev-physchem-040513-103738
https://doi.org/10.1146/annurev-physchem-040513-103738
https://doi.org/10.1093/jamiaopen/ooaf104
https://doi.org/10.1021/acs.chemrev.3c00615
https://doi.org/10.1016/j.xcrm.2024.101669
https://doi.org/10.1101/2024.11.29.625993

Ghosh & Das et al.

Innov. Chem. Mater. Sustain. 2026, 3(1), 4-28

by CD spectroscopy. Protein Sci. 2025, 34, e70066.
https://doi.org/10.1002/pro.70066

101. B. Tintor, K. Ninkovi¢, J. MiloSevi¢, N. B. Polovié. Gaining
insight into protein structure via ATR-FTIR spectroscopy. Vib.
Spectrosc., 2024, 134, 103726.
https://doi.org/10.1016/j.vibspec.2024.103726

102. M. F. Pignataro, M. G. Herrera, V. |. Dodero. Evaluation of
Peptide/Protein Self-Assembly and Aggregation by Spectroscopic
Methods. Molecules 2020, 25, 4854.
https://doi.org/10.3390/molecules25204854

103. Z. Qin, Y. Sun, B. Jia, D. Wang, Y. Ma, G. Ma. Kinetic
mechanism of thioflavin T binding onto the amyloid fibril of hen egg
white lysozyme. Langmuir 2017, 33, 5398.
https://doi.org/10.1021/acs.langmuir.7b00221

104. E. Dahal, M. Choi, N. Alam, A. A. Bhirde, S. L. Beaucage, A.
Badano. Structural evaluation of an amyloid fibril model using
small-angle x-ray scattering. Phys. Biol.,, 2017, 14, 046001.
https://doi.org/10.1088/1478-3975/aa776a

105. H. Xie, C. Guo. Albumin alters the conformational ensemble
of amyloid-B by promiscuous interactions: Implications for amyloid
inhibition. ~ Front. ~ Mol.  Biosci.,, 2021, 7, 629520.
https://doi.org/10.3389/fmolb.2020.629520

106. H. Hampel, J. Hardy, K. Blennow, C. Chen, G. Perry, S. H.
Kim, V. L. Vilemagne, P. Aisen, M. Vendruscolo, T. lwatsubo, C.
L. Masters, M. Cho, L. Lannfelt, J. L. Cummings, A. Vergallo. The
Amyloid- Pathway in Alzheimer’s Disease. Mol. Psychiatry 2021,
26, 5481. https://doi.org/10.1038/s41380-021-01249-0

107. D. J. Selkoe, J. Hardy. The amyloid hypothesis of Alzheimer's
disease at 25 years. EMBO molecular medicine 2016, 8, 595.
https://doi.org/10.15252/emmm.201606210

108. C. Behl. In 2024, the amyloid-cascade-hypothesis still
remains a working hypothesis, no less but certainly no more. Front.
Aging Neurosci., 2024, 16, 1459224.
https://doi.org/10.3389/fnagi.2024.1459224

109. M. Lee, J. Yoon, S. Shin. Computational Study on Structure
and Aggregation Pathway of AB42 Amyloid Protofibril. J. Phys.
Chem. 2019, 123, 7859.
https.//d0|.org/lO.lOZl/acs.Jpcb.9bO7195

110. M. Zganec, E. Zerovnik, B. Urbanc. Assembly of stefin B into
polymorphic oligomers probed by discrete molecular dynamics. J.
Chem. Theory Comput., 2015, 11, 2355.
https://doi.org/10.1021/acs.jctc.5b00067

111. C. Camilloni, M. Vendruscolo. Statistical mechanics of the
denatured state of a protein using replica-averaged
metadynamics. J. Am. Chem. Soc., 2014, 136, 8982.
https://doi.org/10.1021/ja5027584

112. N. Mattsson, S. Palmqyist, E. Stomrud, J. Vogel, O. Hansson.
Staging B-Amyloid Pathology With Amyloid Positron Emission
Tomography. JAMA Neurol., 2019, 76, 1319.
https://doi.org/10.1001/jamaneurol.2019.2214

113. M. Cecchini, F. Rao, M. Seeber, A. Caflisch. Replica
exchange molecular dynamics simulations of amyloid peptide
aggregation. J. Chem. Phys.,, 2004, 121, 10748.
https://doi.org/10.1063/1.1809588

114. X. Li, Z. Yang, Y. Chen, S. Zhang, G. Wei, L. Zhang.
Dissecting the molecular mechanisms of the co-aggregation of
AB40 and AB42 peptldes A REMD simulation study. J. Phys.
Chem. 2023, 127, 4050.
https.//d0|.org/10.lOZl/acs.Jpcb.3001078

115. S. Devkota, R. Zhou, V. Nagarajan, M. Maesako, H. Do, A.
Noorani, C. Overmeyer, S. Bhattarai, J. T. Douglas, A. Saraf.
Familial Alzheimer mutations stabilize synaptotoxic y-secretase-
substrate complexes. Cell Rep., 2024, 43, 113761.
https://doi.org/10.1016/j.celrep.2024.113761

116. S. Liu, C. Wang, B. Zhang. Toward Predictive Coarse-
Grained Simulations of Biomolecular Condensates. Biochem.,
2025, 64, 1750. https://doi.org/10.1021/acs.biochem.4c00737
117. D. Chakraborty, J. E. Straub, D. Thirumalai. Energy
landscapes of AR monomers are sculpted in accordance with
Ostwald’s rule of stages. Sci. Adv., 2023, 9, eadd6921.
https://doi.org/10.1126/sciadv.add6921

118. S. Suresh, A. Singh S, R. Rushendran, C. Vellapandian, B.
Prajapati. Alzheimer’s disease: the role of extrinsic factors in its
development, an investigation of the environmental enigma. Front.
Neurol., 2023, 14, 1303111.
https://doi.org/10.3389/fneur.2023.1303111

119. J. M. Kenyaga, Q. Cheng, W. Qiang. Early stage 3-amyloid-
membrane interactions modulate lipid dynamics and influence
structural interfaces and fibrillation. J. Biol. Chem., 2022, 298,
102491. https://doi.org/10.1016/j.jbc.2022.102491

120. M. Goedert, M. G. Spillantini. A tribute to John Q. Trojanowski
(1946-2022), neuropathologist extraordinaire. Brain Pathol., 2022,
32, e13066. https://doi.org/10.1111/bpa.13066

121. S. R. Venati, V. N. Uversky. Exploring intrinsic disorder in
human synucleins and associated proteins. Int. J. Mol. Sci., 2024,
25, 8399. https://doi.org/10.3390/ijms25158399

122. A. -M. lllig, B. Strodel. Performance of Markov state models
and transition networks on characterizing amyloid aggregation
pathways from MD data. J. Chem. Theory Comput., 2020, 16,
7825. https://doi.org/10.1021/acs.jctc.0c00727

123. C. Privat, S. Madurga, F. Mas, J. Rubio-Martinez. Molecular
dynamics simulations of an a-synuclein NAC domain fragment with
a ff14IDPSFF IDP-specific force field suggest B-sheet intermediate
states of fibrillation. Phys. Chem. Chem. Phys., 2022, 24, 18841.
https://doi.org/10.1039/D2CP02042D

124. 1. F. Tsigelny, Y. Sharikov, V. L. Kouznetsova, J. P.
Greenberg, W. Wrasidlo, C. Overk, T. Gonzalez, M. Trejo, B.
Spencer, K. Kosberg. Molecular determinants of a-synuclein
mutants’ oligomerization and membrane interactions. ACS Chem.
Neurosci., 2015, 6, 403. https://doi.org/10.1021/cn500332w

125. M. Vidovi¢, M. G. Rikalovic. Alpha-synuclein aggregation
pathway in Parkinson’s disease: current status and novel
therapeutic approaches. Cells 2022, 11, 1732.
https://doi.org/10.3390/cells11111732

126. H.-C. Fan, L.-l. Ho, C.-S. Chi, S.-J. Chen, G.-S. Peng, T.-M.
Chan, S.-Z. Lin, H.-J. Harn. Polyglutamine (PolyQ) diseases:
genetics to treatments. Cell Transplant, 2014, 23, 441.
https://doi.org/10.3727/096368914X678454

127. M. D. Costa, P. Maciel. Modifier pathways in polyglutamine
(PolyQ) diseases: from genetic screens to drug targets. Cell. Mol.
Life Sci., 2022, 79, 274. https://doi.org/10.1007/s00018-022-
04280-8

128. K. M. Ruff, S. J. Khan, R. V. Pappu. A coarse-grained model
for polyglutamine aggregation modulated by amphipathic flanking
sequences. Biophys. J., 2014, 107, 1226.
https://doi.org/10.1016/j.bpj.2014.07.019

129. M. Farag, R. V. Pappu. Physical descriptions of molecular and
mesoscale organizations of proteins within condensates and at
interfaces. Biophys. J., 2022, 121, 355a.
https://doi.org/10.1016/j.bpj.2021.11.960

130. A. Boker, W. Paul. Thermodynamics and conformations of
single polyalanine, polyserine, and polyglutamine chains within the
PRIME20 model. J. Phys. Chem. B 2022, 126, 7286.
https://doi.org/10.1021/acs.jpch.2c04360

131. J. A. Larsen, J. H. van Gils, S. Ray, M. Dickmanns, S. Wang,
A. Sadek, H. Mohammad-Beigi, M. Zanganeh, S. Abeln, A. K.
Buell. Probing the effect of the disordered flank regions on amyloid
fibril growth and proliferation. RSC Adv. 2025, 15, 20668.
https://doi.org/10.1039/D5RA01654A

132. X. Wang, S. Zhang, J. Zhang, Y. Wang, X. Jiang, Y. Tao, D.
Li, C. Zhong, C. Liu. Rational design of functional amyloid fibrillar
assemblies. Chem. Soc. Rev.,, 2023, 52, 4603.
https://doi.org/10.1039/D2CS00756H

133. H. F. Fisher, R. J. Boys, C. S. Gillespie, C. J. Proctor, A.
Golightly. Parameter inference for a stochastic kinetic model of
expanded polyglutamine proteins. Biometrics 2022, 78, 1195.
https://doi.org/10.1111/biom.13467

134. A. Ganne, M. Balasubramaniam, S. Ayyadevara, R. J.
Shmookler Reis. Machine-learning analysis of intrinsically
disordered proteins identifies key factors that contribute to
neurodegeneration-related aggregation. Front. Aging Neurosci.,
2022, 14, 938117. https://doi.org/10.3389/fnagi.2022.938117

135. P. Mier, M. A. Andrade-Navarro. Predicting the involvement
of polyQ-and polyA in protein-protein interactions by their amino
acid context. Heliyon 2024, 10, e37861.
https://doi.org/10.1016/j.heliyon.2024.e37861

136. E. A. Algharably, E. Di Consiglio, E. Testai, F. Pistollato, H.
Mielke, U. Gundert-Remy. In vitro—in vivo extrapolation by
physiologically based kinetic modeling: Experience with three case
studies and lessons learned. Front. Toxicol., 2022, 4, 885843.
https://doi.org/10.3389/ftox.2022.885843

https://doi.org/10.63654/icms.2026.03004

26


https://doi.org/10.63654/icms.2026.03004
https://doi.org/10.1002/pro.70066
https://doi.org/10.1016/j.vibspec.2024.103726
https://doi.org/10.3390/molecules25204854
https://doi.org/10.1021/acs.langmuir.7b00221
https://doi.org/10.1088/1478-3975/aa776a
https://doi.org/10.3389/fmolb.2020.629520
https://doi.org/10.1038/s41380-021-01249-0
https://doi.org/10.15252/emmm.201606210
https://doi.org/10.3389/fnagi.2024.1459224
https://doi.org/10.1021/acs.jpcb.9b07195
https://doi.org/10.1021/acs.jctc.5b00067
https://doi.org/10.1021/ja5027584
https://doi.org/10.1001/jamaneurol.2019.2214
https://doi.org/10.1063/1.1809588
https://doi.org/10.1021/acs.jpcb.3c01078
https://doi.org/10.1016/j.celrep.2024.113761
https://doi.org/10.1021/acs.biochem.4c00737
https://doi.org/10.1126/sciadv.add6921
https://doi.org/10.3389/fneur.2023.1303111
https://doi.org/10.1016/j.jbc.2022.102491
https://doi.org/10.1111/bpa.13066
https://doi.org/10.3390/ijms25158399
https://doi.org/10.1021/acs.jctc.0c00727
https://doi.org/10.1039/D2CP02042D
https://doi.org/10.1021/cn500332w
https://doi.org/10.3390/cells11111732
https://doi.org/10.3727/096368914X678454
https://doi.org/10.1007/s00018-022-04280-8
https://doi.org/10.1007/s00018-022-04280-8
https://doi.org/10.1016/j.bpj.2014.07.019
https://doi.org/10.1016/j.bpj.2021.11.960
https://doi.org/10.1021/acs.jpcb.2c04360
https://doi.org/10.1039/D5RA01654A
https://doi.org/10.1039/D2CS00756H
https://doi.org/10.1111/biom.13467
https://doi.org/10.3389/fnagi.2022.938117
https://doi.org/10.1016/j.heliyon.2024.e37861
https://doi.org/10.3389/ftox.2022.885843

Ghosh & Das et al.

Innov. Chem. Mater. Sustain. 2026, 3(1), 4-28

137. B. S. Visser, W. P. Lipinski, E. Spruijt. The role of
biomolecular condensates in protein aggregation. Nat. Rev.
Chem., 2024, 8, 686. https://doi.org/10.1038/s41570-024-00635-w
138. D. Kumar, G. M. Hasan, A. Islam, M. I. Hassan. Therapeutic
targeting of Huntington's disease: Molecular and clinical
approaches. Biochem. Biophys. Res. Commun., 2023, 655, 18.
https://doi.org/10.1016/j.bbrc.2023.02.075

139. J. Cummings. Anti-amyloid monoclonal antibodies are
transformative treatments that redefine Alzheimer's disease
therapeutics. Drugs 2023, 83, 569.
https://doi.org/10.1007/s40265-023-01858-9

140. R. Dobson, K. Patterson, R. Malik, U. Mandal, H. Asif, R.
Humphreys, M. Payne, E. O-Charoenrat, L. Huzzey, A. Clare.
Eligibility for antiamyloid treatment: preparing for disease-
modifying therapies for Alzheimer’s disease. J. Neurol. Neurosurg.
Psychiatry 2024, 95, 796. https://doi.org/10.1136/jnnp-2024-
333468

141. C. Castiello, P. Junghanns, A. Mergel, C. Jacob, C. Ducho,
S. Valente, D. Rotil, R. Fioravanti, C. Zwergel, A. Mai.
GreenMedChem: the challenge in the next decade toward eco-
friendly compounds and processes in drug design. Green Chem.,
2023, 25, 2109. https://doi.org/10.1039/D2GC03772F

142. J. Becker, C. Manske, S. Randl. Green chemistry and
sustainability metrics in the pharmaceutical manufacturing sector.
Curr. Opin. Green Sustain. Chem., 2022, 33, 100562.
https://doi.org/10.1016/j.cogsc.2021.100562

143. A. Bera, D. Mukhopadhyay, K. Goswami, P. Ghosh, R. De, P.
De. Fatty acid-based polymeric micelles to ameliorate
amyloidogenic disorders. Biomater. Sci., 2022, 10, 3466.
http://dx.doi.org/10.1039/D2BM00359G

144. A. Dey, U. Haldar, T. Rajasekhar, P. Ghosh, R. Faust, P. De.
Polyisobutylene-based glycopolymers as potent inhibitors for in
vitro insulin aggregation. J. Mater. Chem. B 2022, 10, 9446.
http://dx.doi.org/10.1039/D2TB01856J

145. A. Bera, P. Ghosh, S. Barman, S. Bhattacharya, B.
Sudhamalla, K. Goswami, P. De. Insulin fibril inhibition using
glycopolymeric nanoassemblies. Biomater. Sci., 2023, 11, 3574.
http://dx.doi.org/10.1039/D2BM02078E

146. P. H. Nguyen, A. Ramamoorthy, B. R. Sahoo, J. Zheng, P.
Faller, J. E. Straub, L. Dominguez, J.-E. Shea, N. V. Dokholyan,
A. De Simone, B. Ma, R. Nussinov, S. Najafi, S. T. Ngo, A. Loquet,
M. Chiricotto, P. Ganguly, J. McCarty, M. S. Li, C. Hall, Y. Wang,
Y. Miller, S. Melchionna, B. Habenstein, S. Timr, J. Chen, B.
Hnath, B. Strodel, R. Kayed, S. Lesné, G. Wei, F. Sterpone, A. J.
Doig, P. Derreumaux. Amyloid Oligomers: A Joint
Experimental/Computational Perspective on Alzheimer’s Disease,
Parkinson’s Disease, Type Il Diabetes, and Amyotrophic Lateral
Sclerosis. Chem. Rev., 2021, 121, 2545,
https://doi.org/10.1021/acs.chemrev.0c01122

147. I. Sedov, D. Khaibrakhmanova. Molecular mechanisms of
inhibition of protein amyloid fibril formation: Evidence and
perspectives based on kinetic models. Int. J. Mol. Sci., 2022, 23,
13428. https://doi.org/10.3390/ijms232113428

148. R. Swetha, A. Sharma, R. Singh, A. Ganeshpurkar, D. Kumar,
A. Kumar, S. K. Singh. Combined ligand-based and structure-
based design of PDE 9A inhibitors against Alzheimer’s disease.
Mol. Divers., 2022, 26, 2877. https://doi.org/10.1007/s11030-022-
10504-7

149. T. S. Chisholm, M. Mackey, C. A. Hunter. Discovery of high-
affinity amyloid ligands using a ligand-based virtual screening
pipeline. J. Am. Chem. Soc.,, 2023, 145, 15936.
https://doi.org/10.1021/jacs.3c03749

150. V. K. Vyas, S. Bhati, S. Patel, M. Ghate. Structure-and ligand-
based drug design methods for the modeling of antimalarial
agents: A review of updates from 2012 onwards. J. Biomol. Struct.
Dyn., 2022, 40, 10481.
https://doi.org/10.1080/07391102.2021.1932598

151. F. K. Zaidi, R. Bhat. Two polyphenols with diverse
mechanisms towards amyloidosis: differential modulation of the
fibrillation pathway of human lysozyme by curcumin and EGCG. J.
Biomol. Struct. Dyn., 2022, 40, 4593.
https://doi.org/10.1080/07391102.2020.1860824

152. M. Ahmed. Targeting aging pathways with natural
compounds: a review of curcumin, epigallocatechin gallate,
thymoquinone, and resveratrol. Immun Ageing 2025, 22, 28.
https://doi.org/10.1186/s12979-025-00522-y

153. T. Kirkman, C. dos Santos Silva, M. Tosin, M. V. Bertacine
Dias. How to find a fragment: methods for screening and validation
in fragment-based drug discovery. ChemMedChem 2024, 19,
€202400342. https://doi.org/10.1002/cmdc.202400342

154. B. W. Chan, N. B. Lynch, W. Tran, J. M. Joyce, G. P. Savage,
W. Meutermans, A. P. Montgomery, M. Kassiou. Fragment-based
drug discovery for disorders of the central nervous system:
designing better drugs piece by piece. Front. Chem., 2024, 12,
1379518. https://doi.org/10.3389/fchem.2024.1379518

155. A. A. Ashkarran, S. Tadjiki, Z. Lin, K. Hilsen, N. Ghazali, S.
Krikor, S. Sharifi, M. Asgari, M. Hotchkin, A. Dorfman. Protein
corona composition of gold nanocatalysts. ACS Pharmacol. Transl.
Sci., 2024, 7, 1169 https://doi.org/10.1021/acsptsci.4c00028

156. A. A. Ashkarran, H. Gharibi, S. A. Sadeghi, S. M. Modaresi,
Q. Wang, T.-J. Lin, G. Yerima, A. Tamadon, M. Sayadi, M. Jafari.
Small molecule modulation of protein corona for deep plasma
proteome profiing. Nat. Commun., 2024, 15, 9638.
https://doi.org/10.1038/s41467-024-53966-z

157. X. Shao, C. Yan, C. Wang, C. Wang, Y. Cao, Y. Zhou, P.
Guan, X. Hu, W. Zhu, S. Ding. Advanced nanomaterials for
modulating Alzheimer's related amyloid aggregation. Nanoscale
Adv., 2023, 5, 46. https://doi.org/10.1039/D2NA00625A

158. X. Yao, Y. Guan, J. Wang, D. Wang. Cerium oxide
nanoparticles modulating the Parkinson's disease conditions:
From the alpha synuclein structural point of view and antioxidant
properties of cerium oxide nanoparticles. Heliyon 2024, 10,
€21789. https://doi.org/10.1016/j.heliyon.2023.e21789

159. A. Biswas, P. Hivare, R. Solanki, S. Gupta, D. Bhatia.
Applications of bionanomaterials in neurodegenerative diseases.
Mater. Adv., 2025, 6, 3785. https://doi.org/10.1039/D4MA01215A
160. A. Bera, P. Ghosh, K. Goswami, P. De. Amino Acid-Based
Polymer-Coated Silver Nanoparticles as Insulin Fibril Inhibitors.
ACS Appl. Nano Mater., 2023, 6, 8705.
https://doi.org/10.1021/acsanm.3c01078

161. L. Wang, N. Kang, H. Shi, L. Gao. Carbon nanotubes and
carbon nanoonions inhibit the formation of amyloid fibrils from
whey protein isolate. Carbon Trends 2025, 20, 100532.
https://doi.org/10.1016/j.cartre.2025.100532

162. M. Bazi Alahri, A. Jibril Ibrahim, M. Barani, H. Arkaban, S. M.
Shadman, S. Salarpour, P. Zarrintaj, J. Jaberi, A. Turki Jalil.
Management of brain cancer and neurodegenerative disorders
with polymer-based nanoparticles as a biocompatible platform.
Molecules 2023, 28, 841.
https://doi.org/10.3390/molecules28020841

163. M. Perxés Perich, S. Palma-Florez, C. Solé, S. Goberna-
Ferrén, J. Samitier, P. Gomez-Romero, M. Mir, A. Lagunas.
Polyoxometalate-Decorated Gold Nanoparticles Inhibit B-Amyloid
Aggregation and Cross the Blood—Brain Barrier in a pphysiological
Model. Nanomater., 2023, 13, 2697.
https://doi.org/10.3390/nan013192697

164. D. T. Dang. Molecular approaches to protein dimerization:
opportunities for supramolecular chemistry. Front. Chem., 2022,
10, 829312. https://doi.org/10.3389/fchem.2022.829312

165. K. Tas, B. D. Volta, C. Lindner, O. El Bounkari, K. Hille, Y.
Tian, X. Puig-Bosch, M. Ballmann, S. Hornung, M. Ortner.
Designed peptides as nanomolar cross-amyloid inhibitors acting
via supramolecular nanofiber co-assembly. Nat. Commun., 2022,
13, 5004. https://doi.org/10.1038/s41467-022-32688-0

166. H. Yin, Q. Cheng, D. Bardelang, R. Wang. Challenges and
opportunities of functionalized cucurbiturils for biomedical
applications. JACS Au 2023, 3, 2356.
https://doi.org/10.1021/jacsau.3c00273

167. Y. Huo, J. Hu, Y. Yin, P. Liu, K. Cai, W. Ji. Self-assembling
peptide-based functional biomaterials. ChemBioChem 2023, 24,
€202200582. https://doi.org/10.1002/chic.202200582

168. K. Nayak, P. Ghosh, M. E. H. Khan, P. De. Side-chain amino-
acid-based polymers: self-assembly and bioapplications. Polym.
Int., 2022, 71, 411. https://doi.org/10.1002/pi.6278

169. P. Ghosh, A. Kundu, D. Ganguly. From experimental studies
to computational approaches: recent trends in designing novel
therapeutics for amyloidogenesis. J. Mater. Chem. B 2025, 13,
858. https://doi.org/10.1039/D4TB01890G

170. A. Precupas, |. Matei. Thioflavin T: induced circular dichroism
and density functional theory as promising approach in amyloid
fibril  assays. Appl. Spectrosc. Rev., 2025, 61, 78.
https://doi.org/10.1080/05704928.2025.2501692

https://doi.org/10.63654/icms.2026.03004

27


https://doi.org/10.63654/icms.2026.03004
https://doi.org/10.1038/s41570-024-00635-w
https://doi.org/10.1016/j.bbrc.2023.02.075
https://doi.org/10.1007/s40265-023-01858-9
https://doi.org/10.1136/jnnp-2024-333468
https://doi.org/10.1136/jnnp-2024-333468
https://doi.org/10.1039/D2GC03772F
https://doi.org/10.1016/j.cogsc.2021.100562
http://dx.doi.org/10.1039/D2BM00359G
http://dx.doi.org/10.1039/D2TB01856J
http://dx.doi.org/10.1039/D2BM02078E
https://doi.org/10.1021/acs.chemrev.0c01122
https://doi.org/10.3390/ijms232113428
https://doi.org/10.1007/s11030-022-10504-7
https://doi.org/10.1007/s11030-022-10504-7
https://doi.org/10.1021/jacs.3c03749
https://doi.org/10.1080/07391102.2021.1932598
https://doi.org/10.1080/07391102.2020.1860824
https://doi.org/10.1186/s12979-025-00522-y
https://doi.org/10.1002/cmdc.202400342
https://doi.org/10.3389/fchem.2024.1379518
https://doi.org/10.1021/acsptsci.4c00028
https://doi.org/10.1038/s41467-024-53966-z
https://doi.org/10.1039/D2NA00625A
https://doi.org/10.1016/j.heliyon.2023.e21789
https://doi.org/10.1039/D4MA01215A
https://doi.org/10.1021/acsanm.3c01078
https://doi.org/10.1016/j.cartre.2025.100532
https://doi.org/10.3390/molecules28020841
https://doi.org/10.3390/nano13192697
https://doi.org/10.3389/fchem.2022.829312
https://doi.org/10.1038/s41467-022-32688-0
https://doi.org/10.1021/jacsau.3c00273
https://doi.org/10.1002/cbic.202200582
https://doi.org/10.1002/pi.6278
https://doi.org/10.1039/D4TB01890G
https://doi.org/10.1080/05704928.2025.2501692

Ghosh & Das et al.

Innov. Chem. Mater. Sustain. 2026, 3(1), 4-28

171. F. B. Cougnon, A. R. Stefankiewicz, S. Ulrich. Dynamic
covalent  synthesis. Chem. Sci, 2024, 15, 879.
https://doi.org/10.1039/D3SC05343A

172. Y. Chen, H. Tang, H. Chen, H. Li. Self-assembly via
condensation of imine or its N-substituted derivatives. Acc. Chem.
Res. 2023, 56, 2838.
https://doi.org/10.1021/acs.accounts.3c00475

173. P. K. Kanchi, A. K. Dasmahapatra. Destabilization of the
Alzheimer's amyloid- peptide by a proline-rich B-sheet breaker
peptide: a molecular dynamics simulation study. J. Mol. Model.,
2021, 27, 356 https://doi.org/10.1007/s00894-021-04968-x

174. N. Ghosh, L. M. Kundu. Breaker peptides against amyloid-
aggregation: a potential therapeutic strategy for Alzheimer’s
disease. Future  Med. Chem., 2021, 13, 1767.
https://doi.org/10.4155/fmc-2021-0184

175. P. Ghosh, A. Bera, A. Ghosh, P. Bhadury, P. De. Side-chain
proline-based polymers as effective inhibitors for in vitro
aggregation of insulin. ACS Appl. Bio Mater., 2020, 3, 5407.
https://doi.org/10.1021/acsabm.0c00709

176. A. Jarmuta, J. Ludwiczak, D. Stepkowski. 3-sheet breakers
with consecutive phenylalanines: Insights into mechanism of
dissolution of B-amyloid fibrils. Proteins:Struct., Funct., Bioinf.,
2021, 89, 762. https://doi.org/10.1002/prot.26057

177. K. Nayak, P. Ghosh, S. Barman, B. Sudhamalla, P. Theato,
P. De. Amyloid B-Peptide Segment Conjugated Side-Chain
Proline-Based Polymers as Potent Inhibitors in Lysozyme
Amyloidosis. Bioconjug. Chem., 2024, 35, 312.
https://doi.org/10.1021/acs.bioconjchem.3c00509

178. 1. J. Angera, M. M. Wright, J. R. Del Valle. Beyond N-
Alkylation: Synthesis, Structure, and Function of N-Amino
Peptides. Acc. Chem. Res., 2024, 57, 1287.
https://doi.org/10.1021/acs.accounts.4c00024

179. M. Konar, D. Ghosh, S. Samanta, T. Govindaraju. Combating
amyloid-induced cellular toxicity and stiffness by designer
peptidomimetics. RSC Chem. Biol,, 2022, 3, 220.
https://doi.org/10.1039/D1CB00235J

180. V. Apostolopoulos, J. Bojarska, T.-T. Chai, S. Elnagdy, K.
Kaczmarek, J. Matsoukas, R. New, K. Parang, O. P. Lopez, H.
Parhiz. A global review on short peptides: frontiers and
perspectives. Molecules 2021, 26, 430.
https://doi.org/10.3390/molecules26020430

181. C. Lamers. Overcoming the shortcomings of peptide-based
therapeutics. Future Drug Discov., 2022, 4, FDD75.
https://doi.org/10.4155/fdd-2022-0005

182. S. M. P. Vadevoo, S. Gurung, H.-S. Lee, G. R.
Gunassekaran, S.-M. Lee, J.-W. Yoon, Y.-K. Lee, B. Lee. Peptides
as multifunctional players in cancer therapy. Exp Mol Med 2023,
55, 1099. https://doi.org/10.1038/s12276-023-01016-x

183. P. A. Valiente, H. Wen, S. Nim, J. Lee, H. J. Kim, J. Kim, A.
Perez-Riba, Y. P. Paudel, I. Hwang, K.-D. Kim. Computational
design of potent D-peptide inhibitors of SARS-CoV-2. J. Med.
Chem., 2021, 64, 14955.
https://doi.org/10.1021/acs.jmedchem.1c00655

184. K. S. Chen, K. Menezes, J. B. Rodgers, D. M. O’'Hara, N.
Tran, K. Fujisawa, S. Ishikura, S. Khodaei, H. Chau, A. Cranston.
Small molecule inhibitors of a-synuclein oligomers identified by
targeting early dopamine-mediated motor impairment in C.
elegans. Mol. Neurodegener., 2021, 16, 77.
https://doi.org/10.1186/s13024-021-00497-6

185. S. Menon, S. Armstrong, A. Hamzeh, N. P. Visanji, S. P.
Sardi, A. Tandon. Alpha-synuclein targeting therapeutics for
Parkinson's disease and related synucleinopathies. Front. Neurol.,
2022, 13, 852003. https://doi.org/10.3389/fneur.2022.852003
186. L. Ferrazzano, M. Catani, A. Cavazzini, G. Martelli, D.
Corbisiero, P. Cantelmi, T. Fantoni, A. Mattellone, C. De Luca, S.
Felletti. Sustainability in peptide chemistry: current synthesis and
purification technologies and future challenges. Green Chem.,
2022, 24, 975. https://doi.org/10.1039/D1GC04387K

187. M. Zuo, T. Li, H. Feng, K. Wang, Y. Zhao, L. Wang, X. Y. Hu.
Chaperone Mimetic Strategy for Achieving Organic Room-
Temperature Phosphorescence based on Confined
Supramolecular Assembly. Small 2024, 20, 2306746.
https://doi.org/10.1002/smll.202306746

188. F. Siddiqui, P. Mishra, S. Khanam, S. Ranjan, P. Alam, T.
Albalawi, S. Khan, S. S. Mir. Nano-Chaperones: Bridging
Therapeutics for Amyloid Aggregation in Alzheimer's Disease and
Type-2 Diabetes Mellitus. Eur. J. Neurosci., 2025, 61, €70142.
https://doi.org/10.1111/ejn.70142

189. A. Bera, S. Sahoo, K. Goswami, S. K. Das, P. Ghosh, P. De.
Modulating Insulin Aggregation with Charge Variable Cholic Acid-
Derived Polymers. Biomacromolecules 2021, 22, 4833.
https://doi.org/10.1021/acs.biomac.1c01107

190. B. Joseph, S. Thomas, N. Sen, A. Paschold, W. H. Binder, S.
Kumar. Bioinspired synthetic polymers-based inhibitors of
Alzheimer's amyloid-B peptide aggregation. Polym. Chem., 2023,
14, 392. https://doi.org/10.1039/D2PY01217K

191. P. Ghosh, A. Mondal, P. De. Polymeric Materials as a
Promising Platform for Suppressing Protein Aggregation Process.
Curr. Indian Sci., 2024, 2, 1.
https://doi.org/10.2174/012210299X290674240509111832

192. A. Mondal, M. E. H. Khan, P. Ghosh, P. De. Future Direction
of Designing Antioxidant Polymers in Modulating Protein
Aggregation Process. J. Mol. Eng. Mater., 2021, 09, 2140001.
https://doi.org/10.1142/S2251237321400013

193. T. K. Paira, S. Banerjee, T. K. Mandal. Peptide-poly(e-
caprolactone)  biohybrids by grafting-from  ring-opening
polymerization: Synthesis, aggregation, and crystalline properties.
J. Polym. Sci. A Polym. Chem., 2012, 50, 2130.
https://doi.org/10.1002/pola.26003

194. A. Saha, T. K. Paira, M. Biswas, S. Jana, S. Banerjee, T. K.
Mandal. Combined atom-transfer radical polymerization and ring-
opening polymerization to design polymer—polypeptide copolymer
conjugates toward self-aggregated hybrid micro/nanospheres for
dye encapsulation. J. Polym. Sci. A Polym. Chem., 2015, 53, 2313.
https://doi.org/10.1002/pola.27713

195. T. K. Paira, A. Saha, S. Banerjee, T. Das, P. Das, N. R. Jana,
T. K. Mandal. Fluorescent Amphiphilic PEG-Peptide-PEG Triblock
Conjugate Micelles for Cell Imaging. Macromol. Biosci., 2014, 14,
929. https://doi.org/10.1002/mabi.201400083

196. E.-J. Nam, Y. Kwon, Y. Ha, S. R. Paik. Fabrication of a dual
stimuli-responsive assorted film comprising magnetic-and gold-
nanoparticles with a self-assembly protein of a-synuclein. ACS
Appl. Bio Mater., 2021, 4, 1863.
https://doi.org/10.1021/acsabm.0c01539

197. R. Boyuklieva, N. Zahariev, P. Simeonov, D. Penkov, P.
Katsarov. Next-Generation Drug Delivery for Neurotherapeutics:
The Promise of Stimuli-Triggered Nanocarriers. Biomedicines
2025, 13, 1464. https://doi.org/10.3390/biomedicines13061464
198. X. j. Dai, W. J. Li, D. D. Xie, B. x. Liu, L. Gong, H. H. Han.
Stimuli-Responsive Nano Drug Delivery Systems for the Treatment
of Neurological Diseases. Small 2025, 21, 2410030.
https://doi.org/10.1002/smll.202410030

199. A. Bera, P. Ghosh, S. Ghosh, A. Mukherjee, P. De.
Antioxidant Polymers with Enhanced Neuroprotection Against
Insulin  Fibrillation. Macromol. Biosci., 2023, 23, 2300100.
https://doi.org/10.1002/mabi.202300100

200. J. Basu, A. Soni, C. A. Athale. Physical effects of crowdant
size and concentration on collective microtubule polymerization.
Biophys. J., 2025, 124, 789.
https://doi.org/10.1016/j.bpj.2025.01.020

201. R. A. Norman, F. Ambrosetti, A. M. J. J. Bonvin, L. J. Colwell,
S. Kelm, S. Kumar, K. Krawczyk. Computational approaches to
therapeutic antibody design: established methods and emerging
trends. Brief. Bioinform., 2019, 21, 1549.
https://doi.org/10.1093/bib/bbz095

https://doi.org/10.63654/icms.2026.03004

28


https://doi.org/10.63654/icms.2026.03004
https://doi.org/10.1039/D3SC05343A
https://doi.org/10.1021/acs.accounts.3c00475
https://doi.org/10.1007/s00894-021-04968-x
https://doi.org/10.4155/fmc-2021-0184
https://doi.org/10.1021/acsabm.0c00709
https://doi.org/10.1002/prot.26057
https://doi.org/10.1021/acs.bioconjchem.3c00509
https://doi.org/10.1021/acs.accounts.4c00024
https://doi.org/10.1039/D1CB00235J
https://doi.org/10.3390/molecules26020430
https://doi.org/10.4155/fdd-2022-0005
https://doi.org/10.1038/s12276-023-01016-x
https://doi.org/10.1021/acs.jmedchem.1c00655
https://doi.org/10.1186/s13024-021-00497-6
https://doi.org/10.3389/fneur.2022.852003
https://doi.org/10.1039/D1GC04387K
https://doi.org/10.1002/smll.202306746
https://doi.org/10.1111/ejn.70142
https://doi.org/10.1021/acs.biomac.1c01107
https://doi.org/10.1039/D2PY01217K
https://doi.org/10.2174/012210299X290674240509111832
https://doi.org/10.1142/S2251237321400013
https://doi.org/10.1002/pola.26003
https://doi.org/10.1002/pola.27713
https://doi.org/10.1002/mabi.201400083
https://doi.org/10.1021/acsabm.0c01539
https://doi.org/10.3390/biomedicines13061464
https://doi.org/10.1002/smll.202410030
https://doi.org/10.1002/mabi.202300100
https://doi.org/10.1016/j.bpj.2025.01.020
https://doi.org/10.1093/bib/bbz095

