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ARTICLE INFO ABSTRACT

Keywords: Aberrant accumulation of protein misfolding can cause aggregation and fibrillation and is one of
Ne“r?det%enera“f’e diseases the primary characteristic features of neurodegenerative diseases. Because they are disordered,
Protein aggregation misfolded, and aggregated proteins pose a significant setback in drug designing. The structural

Structural analysis study of intermediate steps in these kinds of aggregated proteins will allow us to determine the

conformational changes as well as the probable pathways encompassing various neurodegener-
ative disorders. The analysis of protein aggregates involved in neurodegenerative diseases relies
on a diverse toolkit of biophysical techniques, encompassing both morphological and non-
morphological methods. Additionally, Thioflavin T (ThT) assays and Circular Dichroism (CD)
spectroscopy facilitate investigations into aggregation kinetics and secondary structure alter-
ations. The collective application of these biophysical techniques empowers researchers to
comprehensively unravel the intricate nature of protein aggregates associated with neuro-
degeneration. Furthermore, the topics covered in this review have summed up a handful of well-
established techniques used for the structural analysis of protein aggregation. This multifaceted
approach advances our fundamental understanding of the underlying mechanisms driving
neurodegenerative diseases and informs potential therapeutic strategies.
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1. Introduction

Aggregation is a major stumbling block in the yield and functionality of many protein products, including therapeutic proteins as
well as pharmacological compounds. This eventually hampers their rapid commercialization and affects almost all stages of production
viz., expression, purification, packaging, and distribution. Thereby, protein aggregation needs to be carefully controlled to ensure
satisfactory product quality, according to the WHO Guidelines for the Management of Protein Aggregation in Pharmaceuticals.
Therefore, a deeper comprehension to understand the mechanisms underlying protein aggregation, at the fundamental level, in order
to optimize the primary sequence or the operative parameters of the concerned protein, is required [1].

Neurological diseases are the primary contributor to both physical and cognitive impairment on a global scale, with a current
prevalence rate of roughly 15% among the global population [2]. The total number of patients has seen a significant increase over the
course of the last three decades [3]. Recent research suggests that the global prevalence of epilepsy exceeds 50 million individuals,
whereas dementia affects around 47.5 million individuals [4]. Moreover, according to the findings of the Global Burden of Disease
research, it has been reported that in the year 2019, there was a significant occurrence of major neurological diseases, resulting in a
total of 10.06 million deaths and 349.22 million DALYs (disability-adjusted life years) [5]. These protein aggregates are typically
composed of p-sheet conformation resulting in amyloid misfolding that is scattered throughout the brain. Protein aggregates are
produced either because of the misfolding of a particular protein or the random misfolding of endogenic proteins that act as seeds for
aggregation (Fig. 1). The key factors responsible for the formation of proteinaceous aggregates include hydrophobicity, low net charge,
as well as stability [6]. We further advocate illustrating the conformation i.e., size or shape of the aggregate, as well as potential
structural alterations to the protein species so as to get a better understanding of the aggregation of proteins.

The protein folding mechanism includes diverse categories of interaction like van der Waals interaction, H-bonding, hydrophobic
interactions, and electrostatic interactions, that are essential for maintaining the structural integrity of proteins. Furthermore, research
suggests that H-bonds play a fundamental role in both protein folding and unfolding as well [7-9]. Despite the fact that cells have
mechanisms to govern the integrity of their proteins, proteins frequently misfold as a result of dominant-negative mutations, traf-
ficking errors, the loss of binding partners, errors in post-translational regulation, ROS damage, and fluctuations in environmental
conditions like (pH, temperature, protein concentration etc.) [10,11]. The natively folded/unfolded monomeric protein type slowly
transforms into a partially folded intermediate and then converts to soluble oligomers and protofibrils. Eventually, these oligomers
form beta-rich fibrils with typical morphology of amyloid as observed under an electron microscope (Fig. 2) [12].So, for proper cell
functioning, protein folding into its correct native state is essential as misfolding can lead to aggregation further resulting in many
types of diseases [10,13].

2. Techniques employed for the analysis of aggregates

There are two types of particles that can be used to classify insoluble aggregates: the first one being the subvisible particles (SVPs),
and the other one, visible particles (VPs). Methods such as spectroscopy, flow cytometry, coulter counter, fluorescence microscopy, as
well as data acquisition, have all been utilized on a consistent basis in the process of characterizing these particles (Table 1& 2). In this
context, the term "aggregation" pertains to soluble aggregates, whilst the term "particulates" is intended to refer to both subvisible
particles (100 nm-100 m) and macroscopic insoluble aggregates that emerge as visible particles (>100 m) (Fig. 3). The European
Immunogenicity Platform (EIP) has incorporated the Protein Characterization Subcommittee (EIP-PCS) to converse about the existing
type of methodologies for analyzing protein aggregates [14]. Seeing that aggregation is a very complicated process a single technique
is not sufficient to describe the complete assembly process (see Table 2).

Moreover, for analyzing protein aggregates, even though there is a long list of techniques, we have made an effort to be as
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Fig. 1. Schematic representation of the fate of proteins involved in protein aggregation.
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Fig. 2. Schematic description of the aggregation of amyloids [12].

Table 1
Investigative strategies used to contemplate protein structure, folding, and aggregation.
TECHNIQUES PRINCIPLE SIZES OBSERVABLE
Atomic force microscopy Topographical scanning 0.01 nm Molecular resolution
Size exclusion Separation through porous matrix based on size. 5-50 nm hydrodynamic scattering
chromatography
Analytical Sedimentation rate in response to centrifugal force. 1-100 nm Molecular weight and
ultracentrifugation confirmation
Field flow fractionation Separation by flow retention based on the diffusion coefficient 1-1000 nm Hydrodynamic diameter
Dynamic light scattering The fluctuation of scattered light signals 0.5-10 pm Hydrodynamic diameter
Mass spectroscopy Detection of mass/charge ratio of ionized molecule Atomic resolution Mass/charge ratio
Dalton
Optical microscopy Visualization of protein particles 1 pm-mm Size and morphology
Electron microscopy Visualization of protein particles and detection of chemicals at high ~ nm-mm Size and morphology
resolution
Table 2
Some Non-morphological techniques to detect aggregation of proteins [14,15,16].
TECHNIQUES DESCRIPTION ADVANTAGES DISADVANTAGES
UV-Vis Absorption Measures the absorbance of light by molecules, detecting changesin ~ Rapid and widely Limited to detecting changes
Spectroscopy absorbance due to protein aggregation accessible. in absorbance only.
Fluorescence Measures the emission of fluorescence light by fluorophores within  Sensitive and applicable to Requires suitable fluorescent
Spectroscopy proteins, detecting changes in fluorescence due to aggregation. a wide range of proteins. probes.
Absorbance Spectroscopy Measures the absorbance of infrared or other electromagnetic Provides structural Requires expertise in
(e.g., FTIR) radiation by molecular vibrations, revealing changes in protein information about spectral interpretation.

Circular Dichroism (CD)
Spectroscopy

Thioflavin T (ThT)
Fluorescence Assay

Fluorescence Resonance
Energy Transfer
(FRET)

Nuclear Magnetic
Resonance (NMR)
Spectroscopy

structure associated with aggregation.

Measures changes in protein secondary and tertiary structure
caused by aggregation, providing insights into conformational
changes.

Detects amyloid-like fibril formation in proteins by binding to
pB-sheet structures, indicating amyloid aggregation.

Measures energy transfer between fluorophores attached to
proteins, detecting changes in FRET signal due to aggregation.

Probes changes in protein conformation and dynamics associated
with aggregation, offering high structural resolution.

aggregates.
Provides information on
protein conformation.

Highly specific for amyloid
aggregates.

Provides insights into
proximity and interactions.

High structural resolution.

Cannot directly visualize
aggregates.

Limited to certain types of
protein aggregates.
Requires suitable labeling
and expertise.

Limited to small to
moderately sized proteins.
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Fig. 3. An overview of an analytical technique that can be used for analysis of aggregates, subvisible (SVP) and visible particles (VPS). Insoluble

aggregates can be categorized as subvisible particles (SVP) and visible particles (VPS).

comprehensive as possible and to explain the most popular analytical approaches. Various analytical techniques can be used to
investigate protein aggregates within the micrometer (um) range and (nm) range. The most esteemed of these methods include.

2.1. Direct non-morphological methods

2.1.1. Absorption spectroscopy

Absorption spectroscopy is amongst the most prevalent and commonly used technique for estimating the concentration of protein
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Fig. 4. UV absorption spectra of native and aggregated protein.
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in a solution and detecting alterations in the tertiary structure of a protein [17]. Tryptophan (W), tyrosine (Y), and phenylalanine (F)
are the three aromatic amino acids, found in a protein, detects a well-demarcated UV absorption peak in the region of 240-320 nm
[18]. The principle of the instrument is based on the absorption of light by protein at particular wavelengths, and by using precise
formulas, the quantity of light that is absorbed can be determined by measuring the imitated light after passing through the solution,
aiding in the quantitative estimation of protein. The Monochromatic light is set at a range or specified wavelength; however, scattering
has been noted in our study on aggregates [7]. Different absorption spectra are obtained for a native protein and the aggregated one
(Fig. 4).

The reduction of light produced by an absorption spectrophotometer has a significant contribution to the capacity of the instrument
to detect reflectance [19]. If the protein of interest contains aromatic residues and the absorbance is monitored over a broad range (at
least 240-350 nm), then it is possible to obtain an Ultraviolet light absorption spectrum with resolution up to 0.01 nm using spec-
trophotometers that contain diode arrays provided that the protein of interest contains aromatic residues. This range of values is
accurate enough to make it possible for the resultant analysis to separate the peaks of the spectrum into individual components [18]. At
this subsequent step, the energy of photons is used up by the electrons of the atoms that make up the matter. The reduced light that
passes through the sample is analyzed via optical methods. Spectroscopy techniques are applied in accordance with the energy of
absorbed photons, which may correspond to ultraviolet, visible, or infrared absorption [20,21]. Absorption spectroscopy is a widely
employed analytical method that offers both advantages and disadvantages. On the positive side, it provides quantitative insights into
the concentration of substances in a sample, making it invaluable for determining the presence and number of various analytes. Its high
sensitivity allows for the detection of even trace amounts of compounds, making it suitable for applications ranging from environ-
mental monitoring to pharmaceutical quality control. Its versatility spans across different types of analytes, from gases to liquids and
solids. Moreover, absorption spectroscopy is often non-destructive, preserving the integrity of precious or irreplaceable samples.
Additionally, its high selectivity, stemming from the uniqueness of absorption spectra for each molecule or compound, aids in the
identification and characterization of complex mixtures. On the flip side, absorption spectroscopy has limitations such as its inability to
provide detailed structural information, susceptibility to sample interference, and the need for complex instrumentation for certain
applications. Researchers must weigh these pros and cons when selecting absorption spectroscopy as their analytical tool of choice.

2.1.2. Intrinsic fluorescence spectroscopy

Because of its resilience, adequate sensitivity, and no invasiveness, fluorescence spectroscopy has emerged as an important
technique in biochemical research [22]. It operates through the integration of a UV light supply and a remarkable UV optical device in
a precision microscope equipped with a highly sensitive spectrophotometer. Tryptophan, an amino acid found in proteins, has intrinsic
fluorescence properties due to its aromatic structure. When exposed to UV light, tryptophan molecules absorb photons and transition
to an excited state, emitting fluorescence in the 300-350 nm range. This natural fluorescence is used in intrinsic fluorescence spec-
troscopy to understand structural and environmental changes within proteins, particularly when they are in an aggregated state.
Furthermore, tryptophan fluorescence quenching is a crucial parameter for understanding the microenvironment within protein ag-
gregates. The degree of quenching can be influenced by factors such as interactions between tryptophan residues and nearby molecules
or the aggregation process itself. Quenching studies help researchers assess the compactness and structural changes within protein
aggregates [23]. Micro-spectroscopy provides additional information on the optic topographies as well as the structural properties of
the protein. The spectroscopic data of the protein’s intrinsic fluorescence can be collected via excitation of protein at 280 nm and
emission at 300 nm in order to capture photons to the nearby IR-region with the help of a spectrophotometer. Moreover, it is useful in
analyzing aggregation in proteins containing aromatic amino acids particularly tryptophan residues (Fig. 5). Furthermore, this
technique is sensitive enough to detect early stages of protein aggregation, even before visible aggregates form. This can be crucial for
understanding the kinetics of aggregation and identifying potential aggregation-prone regions of the protein.

Furthermore, in order to specifically excite the protein’s tryptophan (Trp) residues for intrinsic spectrophotometric analysis, the
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Fig. 5. Intrinsic Fluorescence spectra of protein in native and aggregated state.
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sample is stimulated at a wavelength of 280 nm. The tryptophan spectrum of fluorescence is much dependent on its surrounding
conditions. Generally, a blue shift and red shift detect the folding and unfolding patterns of proteins in polar to non-polar and vice
versa, reducing solvent polarity [22]. Trp is the most prevalent of the three fluorescence amino acid residues that are found in proteins.
It is found in cytoplasmic proteins at a concentration of around 1 M and in membrane proteins at values of about 3 M, in an insoluble
state. Because of the poor absorptivity of Phe as well as its low quantum yield, the consequence of this amino acid on the intrinsic
fluorescence of proteins is almost negligible [24]. Despite the fact that tyrosine (Tyr) has a comparable optical absorption to that of Trp
[25,26]. Likewise, the energy emitted by Tyr is presumed to be quenched, either due to transferring photons to Tyr or perhaps through
interaction of Trp with the peptide chain of the protein [10]. Moreover, tryptophan seems to have a sensitivity to collisional quenching
that is unmatched by any other amino acid. This peculiar sensitivity is likely caused by the tendency of excited-state indole to transfer
electrons. Tryptophan may be inhibited either by quenchers that are introduced to the protein from the outside or by adjacent groups
within the protein itself. The utilization of emission spectrum, anisotropy, and quenched tryptophan residues in proteins is used to
investigate the structures and functions of proteins that have been the primary objective of many studies and publications [27,28].

Intrinsic fluorescence can also be used to study the binding interactions between proteins and potential aggregation inhibitors or
chaperone molecules. Changes in fluorescence can indicate alterations in the binding affinity or mode of interaction [29]. Anisotropy
measurements in intrinsic fluorescence spectroscopy investigate the rotational mobility of tryptophan residues within aggregated
proteins [30]. Increased anisotropy may indicate reduced rotational motion due to aggregation. The emission spectrum of tryptophan
fluorescence in aggregated proteins serves as a critical indicator of the aggregate’s structural properties and the microenvironment
surrounding tryptophan residues. Shifts or alterations in the emission spectrum can reveal changes in the local structure, solvent
exposure, or polarity within the aggregate, often associated with protein aggregation processes. Nevertheless, the most effective
method for separating proteins from salt solution is visualization via intrinsic fluorescence [31]. It offers several advantages and
disadvantages. On the positive side, intrinsic fluorescence spectroscopy provides valuable insights into the structural and confor-
mational properties of molecules and proteins. This technique leverages the natural fluorescence exhibited by certain biomolecules,
such as aromatic amino acids (tryptophan, tyrosine, and phenylalanine) and coenzymes (NADH and FAD), making it particularly
useful in biochemistry and biophysics. It can reveal information about the microenvironment of these fluorophores, including changes
in protein folding, binding interactions, and conformational alterations. This intrinsic property eliminates the need for chemical
modifications or labels, preserving the sample’s native state and reducing potential artifacts. Furthermore, intrinsic fluorescence
spectroscopy is non-destructive and can be performed in real-time, enabling dynamic studies of biological processes. However,
intrinsic fluorescence spectroscopy also comes with certain limitations. One major drawback is its lack of specificity. While it can
provide valuable structural information, it may not distinguish between different molecules with similar fluorophores, limiting its
applicability in complex mixtures. Additionally, the technique’s sensitivity can be influenced by environmental factors, such as pH,
temperature, and ionic strength, which may impact the accuracy and reproducibility of measurements. The instrumentation required
for fluorescence spectroscopy can be relatively complex and costly, and sample turbidity or impurities can interfere with measure-
ments. Intrinsic fluorescence spectroscopy is most effective when combined with complementary techniques, such as circular di-
chroism or mass spectrometry, to obtain a more comprehensive understanding of molecular structure and behavior.

2.1.3. Fourier transform infrared spectroscopy (FTIR)

The use of Fourier transform infrared spectroscopy (FTIR) and micro-spectroscopy has significantly enhanced our understanding of
the underlying processes involved in protein misfolding and aggregation in several neurodegenerative disorders, such as Parkinson’s
disease, Alzheimer’s disease, Huntington’s disease, amyotrophic lateral sclerosis, and prion diseases. The Carbon-Oxygen (double
bond), Carbon-Nitrogen (triple bond) stretching vibration, and Nitrogen-Hydrogen bending, correlate with the FTIR Amide-I (approx.
1650 cm ') and Amide-II (approx. 1540 cm 1) bands [32]. The amide-I bands correspond to alpha-helices, beta-sheets, turns, and
unordered conformations, while aggregated proteins have a frequency of roughly ~1620 to 1625 cm ™! owing to the hydrophobic
environment [33]. Nilsson et al. have provided a wealth of detailed documentation about the interpretation of FTIR data [34]. The
analysis of the primary sequence of a peptide is the first and foremost stage in the process of deciphering an FTIR spectrum. The
monomeric form of sequences that are abundant in glutamine (Q) and asparagine (N) is inherently disordered, and these sequences
have the potential to aggregate forming amyloids [35]. Amyloids are fibrillar protein aggregates abundant in beta-sheet structures that
could self-propagate through a conformational change in the chain of reactions. Because of the high concentration of the aforemen-
tioned amino acids, the IR vibrations of the amyloid fibrils overlap with those of the amide I band. Further, the curve fitting is done,
and the probable secondary structural changes associated with protein aggregation are determined using the second derivative [1].

Furthermore, the investigation of protein misfolding and aggregation via the use of Fourier-transform infrared spectroscopy (FTIR)
extends beyond in vitro experimentation, as it may also be applied to intracellular and tissue-based analyses. Protein aggregation
studies may be challenging due to the tiny size of protein aggregates, which initially exist as oligomers in the nanoscale range but can
grow to enormous sizes in the micromolar range. The spectral differences are minimal, posing a challenge that necessitates the
acquisition of high signal spectra in relation to the background. The synchrotron, equipped with an infrared source, offers a high level
of brightness, making it well-suited for addressing the aforementioned challenge. Thereby, this technique has been utilized to
investigate the process of aggregation in diseased tissues of individuals afflicted with Scrapie’s disease, Huntington’s disease (HD) [36]
Alzheimer’s disease (AD) [33], and Parkinson’s disease (PD) [37]]. Nevertheless, recent advancements in established methodologies,
such as in vivo imaging technology, have the potential to enhance our understanding of protein aggregation processes and treatment
approaches. Fourier-transform infrared spectroscopy (FTIR) is a powerful analytical technique that offers numerous advantages while
having some limitations. One of its primary advantages is its ability to provide valuable insights into the chemical composition and
molecular structure of a wide range of substances. FTIR works by measuring the absorption and transmission of infrared light as it
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interacts with molecules, allowing for the identification of functional groups, chemical bonds, and even quantitative analysis of
components within a sample. In recent times, advancements in scattering-type near-field scanning optical microscopy (s-SNOM) have
facilitated the capture of infrared (IR) spectral data at scales below a micron [38]. The underlying principle of this imaging approach
involves utilizing an atomic force microscope (AFM) tip as an optical antenna, or ’near-field probe,” to concentrate incident elec-
tromagnetic radiation into regions smaller than the wavelength of the incoming light [39]. Through the integration of a wideband
mid-infrared (MIR) laser and a spectroscopic interferometer into an s-SNOM setup, researchers have successfully demonstrated
nanoFTIR, achieving IR nano-spectroscopy with a resolution of 20 nm [40]. Researchers have harnessed this technique to explore both
morphological features and the unique protein signatures associated with these aggregates. By examining the spatial distribution of
protein aggregates at the nanoscale, scientists can gain insights into their shape, size, and arrangement. This information is crucial for
understanding the underlying mechanisms of aggregation [41]. Moreover, it allows researchers to visualize the topography of protein
aggregates, revealing details such as fibril structures, amorphous clusters, and their interactions with surrounding molecules. Each
protein has a unique infrared absorption spectrum associated with its chemical bonds. When proteins aggregate, their spectral
characteristics change. Nanoscale infrared spectroscopy enables the identification of specific vibrational modes related to protein
secondary structures (such as o-helices, p-sheets, and random coils) [42]; thereby, plays a pivotal role in characterizing structural
heterogeneity within individual amyloid fibrils [43] and prefibrillar aggregates [44]. Through the analysis of aggregate secondary
structure, nanolR offers insights into morphological characteristics and distinctive spectral signatures, specifically enabling differ-
entiation between the p-rich core and a-rich regions within aggregates [44].

However, FTIR has limitations, including the potential for interference from water vapor and other atmospheric gases, which may
require specialized sample handling or instrument configurations. Additionally, it may not provide detailed structural information,
necessitating complementary techniques for a more comprehensive analysis. Nevertheless, FTIR remains a valuable tool for its
versatility and ability to reveal crucial information about the chemical nature of substances.

2.1.4. Circular dichroism (CD)

Circular Dichroism is a prominent and effective technique for monitoring changes in the secondary and tertiary structure of
proteins, such as aggregation, unfolding caused by heat or chemical, as well as different types of interactions associated with it. The use
of this technology offers several advantages, such as the capacity to examine the structural attributes of proteins in a liquid medium,
accurately simulating physiological conditions, using a little protein amount, and achieving prompt outcomes. Additionally, the data
acquisition process is expedited. CD spectroscopy has been used to assess intricate processes like collagen fibrillogenesis [45].

The term "circular dichroism" refers to the discrepancy in absorption between left- and right-handed circularly polarised light,
which may vary depending on the wavelength. CD measures the intra- or intermolecular asymmetry, also known as helicity, inside the
molecular structure [46]. This property allows CD to effectively identify samples that are randomly orientated. CD signals may arise
from many chemical systems with varying levels of complexity, resulting in distinct bands that have diverse physical sources. In the
fundamental scenario, CD develops from inherent asymmetry or the asymmetric disruption of a molecule [47].

CD is used to evaluate the 2D structure of a protein, dynamics of protein folding and misfolding, and binding characteristics of
proteins, in a very short amount of time. When the amide bond of the polypeptide chain is in alignment with the protein backbone, the
light falling on the molecule causes the photons to undergo a transformation or split into several transitions due to “excitation”. In the
context of complex molecules or tiny aggregates, CD often arises from the influence of short-range, excitonic interactions among
chromophores. Chiral molecules such as DNA agglomerates, compacted chromatins, and proteins, exhibit very pronounced circular
dichroism (CD) signals characterized by non-conservative, atypical band shapes and irregular graphs beyond the absorbance region.
Systems that are organized hierarchically, such as thylakoid membranes or lamellar clusters of LHC II [48], exhibit the presence of
three distinct forms of signals that are overlaid onto one another [46]. As a result, numerous structural components exhibit distinctive
CD spectra. Proteins containing antiparallel $-sheets (f-helices) exhibit negative bands at a 218 nm wavelength and positive bands at
195 nm wavelength. Circular Dichroism is also used for screening conformational changes caused by temperature, mutation, radiation,
denaturants, or binding interactions in addition to providing an estimation of the unknown structure of the proteins [24]. The far-UV
CD within the range of 190 nm-250 nm gives valuable conformational data of amyloidal proteins utilizing the algorithm of g-factor
calculation, a verifiable factor that is influenced by merely molecular interactions rather than the path length of light [27].

CD spectroscopy has resulted in significant developments in the realm of protein aggregation studies. Vibrational Circular Di-
chroism (VCD) is another advancement of Circular Dichroism (CD) that serves as a valuable tool for investigating the chirality shown
by amyloid fibrils [49]. The use of VCD may also be employed for the elucidation of the structure of huge macromolecules. The
development of amyloid fibrils is often associated with increased vibrational circular dichroism (VCD) spectra and a downward shift of
the amide band. The study conducted by Measey et al. demonstrates that the observed increase in VCD intensity may be mostly
attributed to interactions between different sheets, rather than interactions within the same sheet [50].

CD allows examination of amyloid-like structure in real-time, using a limited number of samples and within short duration. This
methodology enables the concurrent examination of turbidity as well as scattering of light amid the process of thermal-induced folding
and unfolding, hence simplifying investigations into protein aggregation [51]. The use of circular dichroism (CD) theory in conjunction
with Vacuum-ultraviolet circular dichroism (VUVCD) spectroscopy has been employed in the investigation of the intermolecular
architectures of fundamental regions of p2-microglobulin (32m) found in amyloid fibrils. The research findings indicate that both the
backbone and side chain components have an impact on the structural characteristics of amyloid fibrils [52].

Synchrotron radiation circular dichroism (SRCD) spectroscopy facilitates protein folding investigations via small-angle X-ray
scattering and IR spectroscopy. SRCD offers advantages over standard CD, notably a high signal-to-noise ratio, quick data retrieval,
time-resolved assessments, and high-throughput screening rates [53]. A SRCD spectroscopy examinations on a-synuclein revealed that
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lower concentrations of trehalose suppresses aggregation and promotes correct unfolding [54].

Protein misfolding and fibrillation incited by high temperatures often lead to the development of an amyloid/fibril-like structure.
This fibrillar structure arrangement shall undoubtedly be examined in real-time with fewer test measures in a very brief timeframe,
utilizing CD. Since both the turbidity and the light dissipated at 90° during the thermal folding/unfolding transition can be investigated
simultaneously using this technique, it is well suited for research on fibrillation and aggregation of proteins (Fig. 6) [51]. CD spec-
troscopy’s prevalence in aggregation research has grown with a diverse range of advancements and breakthroughs throughout the
course of its history.

2.1.5. Nuclear magnetic resonance

The use of nuclear magnetic resonance (NMR) in the investigation of aggregation and formulation design has shown to be of great
importance across several disciplines. This includes the examination of protein aggregation processes, the analysis of amyloid fibril
aggregates, and the advancement of therapeutic proteins. The use of heteronuclear spin relaxation rates has been employed in the
determination of weak association constants for the transitory production of oligomers of bovine -low molecular weight -protein
tyrosine phosphatase (BPTP) under circumstances of equilibrium [55]. Nevertheless, the detection of soluble oligomers in irreversible
aggregation mechanisms poses a greater challenge of detection by NMR due to the formation of transient pseudo-equilibrium
intermediates.

Considerable research efforts using nuclear magnetic resonance (NMR) spectroscopy have been directed towards the investigation
of amyloid fibrils which exhibit substantial involvement in the pathogenesis of several neurodegenerative disorders, including Alz-
heimer’s, Parkinson’s, and other diseases. The process of a-synuclein (a-Syn) fibril production, which is involved in the development of
Parkinson’s disease, has been investigated via the use of Paramagnetic Relaxation Enhancement (PRE) Nuclear Magnetic Resonance
(NMR) spectroscopy. This technique enables the visualization and characterization of the many interactions occurring among the
structurally heterogeneous and disordered monomers involved in this process. The PRE-NMR technique entails the attachment of a
nitroxide spin-label to a specific area of a protein. In its oxidized form, this spin-label exhibits paramagnetic properties, which en-
hances relaxation during the 1H-15 N heteronuclear single quantum coherence (HSQC) experiment [56]. Nuclear magnetic resonance
(NMR) characteristics, namely the longitudinal and the transverse relaxation rates, (R1) and (R2), respectively, are of significant
importance in the investigation of protein aggregation phenomena.

The targeted binding of the labeled paramagnetic spin to proteins increases the transverse relaxation rates of neighboring nuclei
atoms that may be employed for the identification of spatial constraints [57-59].The interchange dynamics between polydisperse,
NMR-invisible (or "dark") protofibrils and amyloid (A) monomers were studied using an innovative technique dubbed dark-state
exchange saturation transfer (DEST). This structural and kinetic investigation of protofibril formation was very important because
the accumulation of toxic, soluble clumping forms of Amyloid-beta produces bigger assemblies that lead to the development of Alz-
heimer’s disease [60].

Under situations of stress, it is possible for the human immunoglobulin k-IV light chain variable domain (LEN) to form amyloids.
The identification of residues experiencing slow millisecond movements was achieved by the use of CPMG relaxation NMR studies [61,
62], whereas multidimensional solution NMR investigations were conducted at physiological and acidic pH levels. The study found
that flexible residues at the dimer interface might cause partially misfolded conformers, potentially forming stable tertiary and
quaternary structures that can prevent aggregation [63,64].

Nuclear magnetic resonance (NMR) spectroscopy takes into account the structural characteristics of therapeutic proteins, although
fails to account for the existence of a solvent, often water. The solvent is a crucial factor in modulating protein dynamics. The proposal

10

Ellipticity (Millidegrees)
o
[ ]

-20 4

-25

®0000®

200

Fig. 6. Circular dichroism measurements of aggregated protein showing prevalent beta sheet.

y

210

220

Wavelength (nm)

230

40

250



S. Bashir et al. Heliyon 10 (2024) e27949

introduces a novel technique known as water proton nuclear magnetic resonance (NMR) for the purpose of quantifying protein ag-
gregation by using the transverse relaxation (T2) time of water protons [64]. In another study, a combined methodology was used that
included DOSY-NMR (diffusion-ordered spectroscopy nuclear magnetic resonance) and DLS (dynamic light scattering) to assess the
diffusion coefficients and particle size distributions of five insulin medication formulations that are commercially available. The
scientists disclosed that DLS exhibited superior efficacy in the detection of bigger aggregates compared to DOSY-NMR as a result of its
heightened sensitivity towards high molecular weight entities. On the other hand, it was observed that DOSY-NMR is more suited for
elucidating the behaviour of excipients in the formulation. The results presented in this work do not decrease the potential of Nuclear
Magnetic Resonance (NMR) as a valuable tool for investigating aggregates. Instead, they underscore the need to carefully choose the
proper NMR approach, taking into account existing knowledge about the system under investigation [60,65].

An additional method used for investigating supramolecular systems is solid-state nuclear magnetic resonance (ssNMR). This
technique facilitates the acquisition of structural and dynamic insights into intricate biological systems, particularly in the context of
protein aggregation and fibrils, such as those prevalent in amyloid formations [66-69].

In summary, nuclear magnetic resonance (NMR) plays a significant role in facilitating the elucidation of novel mechanisms to
combat aggregation, which serves as the fundamental cause of several neurodegenerative disorders [70,71].

2.1.6. Fluorescence resonance energy transfer (FRET)

FRET is a useful approach for examining the kinetic and structural characteristics of protein aggregates and their interactions. FRET
occurs when two fluorophores, a donor and an acceptor, are within a certain range of distances (typically a few to ~10 nm). A light
source excites the donor fluorophore, which then transfers its energy to the acceptor fluorophore and causes the acceptor to emit
fluorescence. FRET can detect changes at a nanoscale scale because the efficiency of energy transfer is inversely related to the sixth
power of the distance between the donor and acceptor. Distance Measurements, Conformational Changes, Aggregation Monitoring,
Cellular Imaging, and Protein-Protein Interactions are some of the uses of FRET in protein aggregates [72,73]. Real-time and dynamic
insights into protein aggregation formation, conformational changes, and interactions are provided by FRET and other
fluorescence-based approaches. They may be used with other approaches to provide a thorough knowledge of aggregate structures and
behavior. They provide useful information for comprehending the mechanics of aggregation. One significant advantage of FRET is its
ability to provide real-time, quantitative information about molecular interactions and structural dynamics within living cells and
biological macromolecules. It is commonly employed in cell biology, structural biology, and drug discovery to investigate
protein-protein interactions, DNA-protein binding, and conformational changes in biomolecules [73].

However, FRET also has limitations. It requires the use of fluorescent labels, which may affect the native behavior of the molecules
under study. Careful selection of fluorophores and controls is essential to minimize artifacts. FRET is highly dependent on the fluo-
rophore’s photophysical properties, and photobleaching or phototoxicity can be issues in long-term experiments. Additionally, FRET
data interpretation can be complex and requires precise calibration and control experiments to ensure accuracy.

2.1.7. Super-resolution microscopy

Super-resolution microscopy techniques, such as stimulated emission depletion (STED) microscopy and structured illumination
microscopy (SIM), have transformed the field of cellular imaging by exceeding the diffraction limit of conventional light microscopy
[74,75]. Utilizing the phenomena of stimulated emission, STED microscopy is a super-resolution method that enhances spatial res-
olution. The point spread function is narrowed using STED microscopy, which concentrates a laser beam to eliminate fluorescence
emission from the outside areas of the excitation spot. It enables better clarity and resolution for the visualization of protein aggregates,
exposing previously hidden features. This method is particularly helpful for examining how proteins are arranged and organized inside
aggregates as well as for describing the shape and size of the aggregates [76,77]. STED microscopy can shed light on the interactions
and spatial arrangements of various proteins within aggregates. One of the primary advantages of super-resolution microscopy is its
ability to surpass the classical diffraction limit of light microscopy, enabling the observation of structures as small as a few nanometers.
Techniques like STED (stimulated emission depletion), SIM (structured illumination), and PALM/STORM (photoactivated localization
microscopy/stochastic optical reconstruction microscopy) have ushered in a new era of imaging by revealing fine subcellular struc-
tures, individual molecules, and their interactions [78]. Super-resolution microscopy is invaluable in cell biology and neuroscience for
studying cellular organelles, protein distributions, and neuronal synapses [79,80]. Super-resolution microscopy is non-invasive and
can be used with living cells and tissues, allowing dynamic, real-time observations of biological processes. Moreover, it provides
detailed spatial information, enabling scientists to gain a deeper understanding of biological mechanisms at the nanoscale. However,
super-resolution microscopy also has limitations. It typically requires specialized equipment and expertise, making it less accessible
than conventional microscopy techniques. Sample preparation can be complex, and fluorescent labeling may interfere with biological
processes. Furthermore, the extended acquisition times required for super-resolution imaging may introduce photobleaching and
phototoxicity issues, especially when imaging live cells [81].

SIM is another super-resolution method which increases resolution by employing structured illumination patterns to record high-
frequency data that is above the diffraction threshold [82]. To extract finer information from the sample, the light pattern is rotated
and shifted. SIM is a good tool for cellular context-specific protein aggregation visualization [83]. It can offer details on how aggregates
are distributed throughout cells and how they interact with cellular frameworks. Understanding the location of various aggregate
morphologies in cellular compartments and being able to discriminate between them is made easier by SIM’s capacity to record
structural information with enhanced resolution.
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2.1.8. Optical tweezers

Optical tweezers are a revolutionary tool for detecting and characterizing protein aggregation [84]. These laser-based trapping
devices enable precise manipulation and measurement of individual proteins or aggregates, providing insights into their mechanical
properties and interactions. By measuring the forces required to unfold or dissociate proteins within aggregates, they can reveal the
stability and structural changes associated with aggregation. Moreover, they can be combined with advanced microscopy techniques
to enable real-time monitoring of aggregation processes at the single-molecule level [85]. This level of sensitivity and control is crucial
for understanding the kinetics [86], energetics, and molecular forces driving protein aggregation pathways.

Optical tweezers hold promise in advancing our understanding of protein aggregation and facilitating the development of targeted
interventions and therapeutics for protein misfolding diseases [87]. They can be used to exert controlled forces on individual proteins
or aggregates, providing insights into their unfolding and mechanical stability. By measuring force-induced conformational changes,
researchers gain valuable information about the structural integrity of aggregated proteins.

A recent study by Zaltron et al. revealed that Optical tweezers capture real-time dynamics during protein aggregation processes
[88]. Moreover, optical tweezers can be combined with advanced microscopy techniques to enable real-time, single-molecule ob-
servations of aggregation processes. This level of sensitivity enables the precise tracking of aggregation kinetics, the study of inter-
mediate states, and the exploration of forces involved in aggregation-related events [89]. In summary, optical tweezers offer a
powerful and specific means to explore the mechanical and dynamic aspects of protein aggregation, providing crucial insights for
understanding protein misfolding diseases and developing targeted therapeutic strategies.

2.1.9. Fluorescence recovery after photobleaching (FRAP)

FRAP is a microscopy-based method for examining the dynamics and mobility of biomolecules, particularly protein aggregates,
inside of live cells. This technique involves bleaching a specific area of a cell, typically with a high-intensity laser, which renders
fluorescently tagged molecules, including protein aggregates, non-fluorescent. Their fluorescence eventually returns when these non-
fluorescent molecules drift into and out of the bleached area. Understanding the mobility and cycling of protein aggregates within
cellular compartments can be gained from the rate of fluorescence recovery.

Furthermore, this technique is used for the purpose of quantifying the size distributions of nanomaterials present in biological fluids
[90]. The procedure entails positioning a specimen onto a confocal laser scanning microscope, where fluorescently tagged molecules or
nanoparticles are subjected to photobleaching within a region of one micron in size, achieved by applying a high-intensity excitation
pulse. The pace at which the fluorescence inside the bleach region returns to its original level is directly related to the rate at which the
fluorescent species diffuses [90]. The analysis and interpretation of FRAP data have mostly focused on a singular average diffusion
coefficient. The first development of a Fluorescence Recovery After Photobleaching (FRAP) model for quantifying continuous dis-
tributions of diffusion coefficients was achieved by Verkman and Periasamy [91]. However, this model had limitations in its ability to
distinguish between species exhibiting distinct diffusion coefficients. The study conducted by Hauser et al. shown that the inclusion of
spatial information may greatly improve the ability to distinguish between two diffusing components in fluorescence recovery after
photobleaching (FRAP) analysis [92]. Xiong et al. proposed an enhanced methodology for this technique namely, continuous diffusion
coefficient distributions (cFRAP), which can easily detect comparable size distributions [90]. The approach exhibits flexibility by
enabling the adjustment of the recovery time to align with the sample rate of the used microscope, hence optimizing the process for a
certain diffusion coefficient. The researchers have successfully shown that the use of cFRAP-sizing methodology allows for precise
assessment of protein aggregation levels in undiluted blood serum [90]. The findings conducted by Xiong et al. provides evidence that
cFRAP has a high level of proficiency in the analysis of protein aggregates within blood sample after dilution [90].

FRAP (Fluorescence Recovery After Photobleaching) and optical tweezers are undoubtedly more modern techniques used to
investigate the structural analysis of protein aggregation, particularly in the context of cellular and subcellular dynamics.

2.2. Indirect/non-morphological methods

Another, one of the broadly employed methods for monitoring protein aggregation is Indirect fluorometry. Indirect fluorimetry can
be a useful method for determining protein aggregation when dealing with proteins that may not naturally fluoresce but can be labeled
with fluorescent markers or probes. The aforementioned procedure involves using a fluorescent dye, such as ThT (ThioflavinT) [93],
which is highly specific for visualizing cross beta-sheets that are further responsible for producing amyloid fibrils as well as amorphous
aggregates in proteins. As ThT has the property to interact with amyloids, it shows heavy fluorescence when excited at 450 nm within
the range of 480 nm-490 nm. Therefore, indirect fluorimetry is considered the most widely used technique to keep track of amy-
loidogenic protein aggregates [94]. Furthermore, the histology dye, Congo red (CR) is often employed for the identification of
beta-amyloids. This dye’s specificity is its affinity for binding protein fibrils that increase the beta-sheet conformation [34]. Unpre-
dictably, findings from current research reveal that the dye still has the capacity to prevent protein misfolding and aggregation [95]. A
distinctive change in the absorbance maximum from 490 to 540 nm and green birefringence through polarised light is observed by CR
[94]. Congo red (CR) dye exhibits a unique change in absorbance maximum from 490 to 540 nm and green birefringence through
polarized light. Initially, it absorbs light most strongly at 490 nm. However, as it binds to beta-amyloid fibrils, this peak shifts to a
higher wavelength, specifically around 540 nm. This indicates the dye has bound to the target structure. When Congo red binds to these
structures, it can exhibit birefringence, splitting incident light into two different rays with different velocities and orientations. This
green birefringence pattern, observed under a polarizing microscope, is a distinctive visual indicator of the presence of amyloid fibrils
or related structures.

Other dyes, such as Nile Red, include lipophilic properties that enable them to potentially interact with hydrophobic regions of
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protein aggregates, thereby intensifying the fluorescence signal. Sutter and coauthors documented the utilization of the fluorescent dye
Nile Red as a sensitive probe for detecting substantial denatured aggregates [96]. Furthermore, the compound 8-Anilino-1-naphtha-
lenesulfonic acid (ANS) is used as a hydrophobic probe in order to selectively attach to hydrophobic regions on proteins [97,98]. These
hydrophobic areas are often seen during the first stages of protein aggregation. When the substance comes into contact with these
hydrophobic regions, there is an increase in its fluorescence intensity. Similarly, Bis-ANS (4,4-Dianilino-1,1'-binaphthyl-5,5-disulfonic
acid), with its penchant for binding to exposed hydrophobic domains on proteins, furnishes insights into the nascent stages of protein
aggregation, offering valuable mechanistic insights into aggregate nucleation.

Amytracker dyes are specialized fluorescent probes used for detecting and studying amyloid fibrils [99]and protein aggregates,
particularly in neurodegenerative diseases. These dyes offer high specificity for amyloid structures, emit fluorescence in multiple
spectral variants for multiplex imaging, and enable real-time monitoring of aggregate formation. They are invaluable for visualizing
aggregate distribution, compatible with various techniques, and aid in drug discovery for targeting protein aggregation. Amytracker
dyes provide quantitative insights into aggregate concentration and offer versatile tools for researching complex protein misfolding
processes.

The fluorescent dye 2-(4-methylaminophenyl) benzothiazole, is often used in academic research to investigate protein aggrega-
tion. Its utility is particularly notable in the examination of amyloid fibrils and other aggregates that include a high content of p-sheets.
This dye is classified as an amyloid-specific probe, implying that it has a distinct affinity for binding to amyloid aggregates and has the
potential to generate fluorescence upon interaction [100]. Moreover, Methylene Blue, esteemed for its pleiotropic binding properties,
has been enlisted for its proclivity to associate with amyloid aggregates and additional proteinaceous structures, affording opportu-
nities for in-depth exploration within the domain of protein aggregation research [101]. In conclusion, researchers may study protein
aggregation and structural changes using a wide range of fluorescent dyes. These dyes empower scientists to delve deeper into the
molecular intricacies of diseases and gain insights that may ultimately lead to novel therapeutic strategies.2.3. Morphological
methods.

The direct as well as indirect methods cannot differentiate amongst the aggregated species morphologically. The morphological
method is used to analyze protein aggregation that can differentiate among the morphological characteristics of the aggregated
species. Turbidity is one of the optical kinetics methods by which aggregation can be determined virtually [102,103]. The turbidity
method also shows some significant disadvantages like weak sensitivity as well as an inability to differentiate between the various
forms of aggregates [93].

2.2.1. Dynamic light scattering (DLS)

Dynamic Light Scattering (DLS), also termed as Photon Correlation Spectroscopy (PCS) permits the precise measurement of particle
sizes ranging from 1 nm to several microns in due time [104]. It is a prevalent technique used in both colloidal sciences and protein
characterization studies (Fig. 7) [105]. The technique is based on the analysis of scattered light variations that occur due to the
Brownian motion of particles [106]. When a monochromatic beam of light strikes a particle in Brownian motion, it causes a Doppler
shift resulting in change in the wavelength of the spherical particle (predominantly, the incident light is near-IR at 830 nm or red light
at 633 nm) [105]. In addition, this procedure is one of the most often used techniques to regulate the particle size within a range of
0.001 mm to several microns, which is challenging to attain with other techniques [105]. In biology labs, DLS has been used on a
consistent basis for a variety of purposes, including the detection of aggregate particles in complex molecular solutions, determination
of the sizes of peptides, nucleic acids, and polysaccharides, and monitoring of ligand-ligand interactions [107].

DLS offers several advantages and has its share of limitations. One of the primary advantages of DLS is its non-invasive nature. It
allows for the analysis of nanoparticles or macromolecules without the need for any labels or dyes, preserving the sample’s native
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Fig. 7. Particle size distribution of aggregates. DLS data of aggregating species taken at different time points and represented as color traces [90].
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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properties. DLS is also a fast technique, capable of providing results within minutes, making it suitable for real-time monitoring of
particle size and dynamics. Furthermore, DLS has a broad detection range, enabling the measurement of particles in the sub-nanometer
to several micrometer range, making it versatile for a wide range of applications.

However, DLS is not without its limitations. It is highly sensitive to sample quality and purity, as impurities or contaminants can
lead to inaccurate results. Additionally, DLS provides a volume-weighted size distribution, which means larger particles contribute
more to the signal, potentially masking the presence of smaller particles. The technique is also sensitive to polydispersity, which can
complicate data interpretation. Furthermore, DLS requires a dilute sample, which may not be feasible for high-concentration or
complex samples. Finally, DLS is primarily a qualitative technique, and while it can provide size information, it does not offer detailed
structural or morphological insights into particles or molecules.

In summary, dynamic light scattering is a valuable tool for quickly assessing the size distribution and diffusion properties of
particles or molecules in a solution. Its non-invasive, label-free nature and broad detection range make it widely applicable, but re-
searchers must be aware of its sensitivity to impurities, polydispersity, and its inability to provide detailed structural information when
interpreting results. Careful sample preparation and complementary techniques may be necessary to address these limitations and
obtain a comprehensive understanding of the sample under investigation.

2.2.2. Mass spectroscopy

Mass spectrometry (MS) has become a prominent technique in the field of protein aggregation research due to its high sensitivity. It
provides valuable information about the initiation of amorphous aggregation and, more specifically, the formation of amyloid fibrils.
This includes the characterization of monomers and oligomers, the study of aggregation mechanisms, and the screening of inhibitors
[108]. Furthermore, this technique is used for the investigation of proteins, peptides and oligomers [109]. It is based on the principle
that determines the proportion of mass of the charged particles with respect to their individual charges. Mass spectrometry-based
methodologies play an essential part in finding and characterizing protein using high-mass detector that allows ion recognition up
to 1,000,000 m/z [110]. With this technique, it is possible to identify substantial protein molecules with a molecular mass of
approximately 300,000 g/mol or more. It has become a particularly helpful instrument for the analysis of proteins as well as peptides
because of the innovation of "soft" ionisation technologies, most notably electrospray (ESI) ionisation and matrix-assisted laser
desorption (MALDI) ionisation. "Soft" ionisation is a term used in mass spectrometry to describe ionisation techniques that produce
ions with minimal fragmentation or damage to the analyte molecules. A deliberate process of buffer selection is carried out so as to
avoid unwanted concentrations of ions that might hamper matrix formation as well as desorption and ionisation [93]. Soft ionisation
techniques are particularly valuable in the analysis of proteins and peptides because they allow for the generation of intact molecular
ions, which can provide valuable information about the molecular weight and structure of these biomolecules. This technique offers
numerous advantages and some limitations, which are important to consider in a scientific context.

One of the primary advantages of mass spectrometry is its exceptional sensitivity and specificity. MS can detect and quantify trace
levels of molecules, making it invaluable in fields like proteomics, metabolomics, and environmental monitoring. It provides detailed
structural information by measuring the mass-to-charge ratio (m/z) of ions, allowing for the identification of compounds, including
their isotopic composition and fragmentation patterns.

Another advantage is its wide applicability. Mass spectrometry can analyze a diverse range of analytes, from small molecules to
large biomolecules like proteins and nucleic acids. This versatility allows scientists to study complex mixtures and elucidate the
composition of unknown samples.

MS is also highly quantitative, making it suitable for precise concentration measurements. It can be used for isotope ratio analysis,
quantifying the abundance of specific isotopes, which is crucial in radiometric dating and stable isotope analysis.

However, mass spectrometry has limitations. One challenge is sample preparation, as certain samples may require extensive
cleanup or derivatization to be compatible with MS analysis. Matrix effects can also impact accuracy, especially in complex samples.
Additionally, high-resolution mass spectrometers and expert data analysis are often needed for comprehensive results, which can be
costly and require specialized training.

2.2.3. Hydrogen-deuterium exchange mass spectrometry (HDX-MS)

Hydrogen/Deuterium exchange (HDX) is an intricate mass spectroscopic application for conformational observation of proteins. H/
D exchange is used to analyze thermally exhilarated structural changes in protein [111]. The information regarding conformational
and dynamic systems is acquired by comparing the level of deuterium uptake in diverse proteins [112]. A flexible method for
examining the structural dynamics and solvent accessibility of proteins, including those seen in protein aggregates, is
hydrogen-deuterium exchange mass spectrometry (HDX-MS). Proteins are subjected to a solution of deuterated (heavy) water during
HDX-MS, causing hydrogen atoms to exchange positions with deuterium atoms. Protein structure and solvent accessibility are a couple
of the variables that affect how quickly hydrogen and deuterium are exchanged. The protein is quickly quenched and broken down into
peptides after a certain exchange duration. Mass spectrometry is then used to calculate the deuteration-related mass differences.
Applications of HDX-MS to the study of protein aggregates include Quantitative Analysis, Interactions and Binding Sites, Structural
Dynamics, Stability and Folding, and Aggregation-Related Conformational Changes.

While HDX-MS is a strong tool, it does have certain drawbacks, such as possible difficulties in data interpretation and the
requirement for careful experimental design. The method may not be able to catch minute details at the atomic level, but it does offer
information on the general behavior of protein aggregates. However, it advances our knowledge of the processes that lead to protein
aggregation and its effects on numerous disorders.
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2.2.4. Atomic force microscopy (AFM)

AFM can capture a 3D morphology of biological specimens having a resolution of a few nanometers, has emerged among the most
robust and adaptable single-molecule methodologies in recent years [113]. This technique is immensely helpful in analyzing amyloid
fibrils’ association process that provides vital information for understanding the procedure of aggregation because of fibrillation [114].
Using time-lapse imaging, atomic force microscopy (AFM) might be used to capture the process by which biological macromolecules
associate with one another. The development of AFM has a crucial influence on research into improperly folded proteins that do not
adopt or stay in their natural functional & conformational states, which might be because of aggregation [113]. Furthermore, AFM has
also been used to visualize protein-protein interactions as a function of pH. According to the results of the AFM, the diameters of the
cross-section of amyloid species fluctuate between the nanometer and micrometer scales. Oligomeric species may be measured as
spheroid or toroid-particles with a typical diameter ranging from 1 to 15 nm, and they can also take the form of extended proto-
filaments often measuring hundreds of nanometers in length as well as a diameter (cross-sectional) of 1-2 nm. The appearance of
protofibrils is often that of stretched out, linear or curvilinear aggregates, with an average height in the range of 1-5 nm and lengths
between hundreds of nanometers [113]. This technique has been employed to analyze the natural configuration of amyloid fibrils and
their different morphological forms [115]. Amyloid fibers are distinguished by their well-ordered, stretched, and relatively uniform
fibrillar configurations while being composed of a wide variety of different polypeptides. Topological characteristics may be discerned
with a resolution of a tenth or a hundredth of a nanometer or less. It is now possible, as a result of observations made using time-space
AFM, to analyze both the shape as well as the formation of aggregates of Ap [24]. AFM is a versatile tool that can be used in various
environments, including air, liquid, and even vacuum conditions, making it suitable for studying a wide range of samples and pro-
cesses. Furthermore, AFM can be used for both imaging and force spectroscopy, providing information not only about surface
morphology but also about mechanical properties and molecular interactions.

One of AFM’s primary advantages is its ability to provide topographical information at the nanometer and atomic scales. It achieves
this by scanning a sharp tip over the sample surface and measuring the interaction forces between the tip and the atoms or molecules on
the surface. This high-resolution capability allows scientists to visualize and manipulate materials and biological samples at the
nanoscale.

However, there are limitations to AFM. One significant limitation is the relatively slow scanning speed, which can make imaging
large areas or fast dynamic processes time-consuming. Additionally, AFM imaging can be influenced by tip-sample interactions, and
the choice of tip and imaging parameters requires careful optimization to obtain accurate and meaningful results. Moreover, AFM is
primarily a surface technique, so it provides limited information about the three-dimensional structure of samples.

2.2.5. Size exclusion chromatography (SEC)

SEC is a method for separating compounds from one another based on the variations in the molecular sizes of the substances being
analyzed [116]. This method operates on the presumption that monomer and oligomer extinction coefficients are identical. The extent
of agglomeration of a sample may be determined by measuring its absorbance at the range of 280 nm or even lesser (214-220 nm)
[14]. However, SEC is able to examine protein aggregates up to a certain size since bigger aggregates are being clarified out from the
system by the frits or via column. As a result, huge amounts of samples are required and are thereby lost in aggregation during
processing.

Further, SEC is similar to Gel-permeation chromatography (GPC), the distinction lies in the types of samples that may be analyzed
using either technique and the leading use of SEC is in the investigation of bio-therapeutic originations. Moreover, this technique has
been employed in the determination of the amounts of reversible self-assembled, amalgamated (non-reversible) aggregates that can be
soluble or insoluble with an increased molecular weight that may impact the quality and the efficacy of the product [117]. While
numerous methods have been discovered to evaluate the aggregation of proteins, the SEC technique is most commonly selected for
regular and verified tests due to the fact that it is both quick and reliable. When double-checked, the data obtained via SEC may be
depended on to provide correct findings, exactly as the results obtained when employing an orthogonal technique such as sedimen-
tation velocity-analytical ultracentrifugation (SV-AUC) [118]. In analytical SEC, the columns are often rather tiny, and the amount of
sample needed to produce a result range from only a few micrograms to tens of micrograms.

2.2.6. Analytical ultracentrifugation (AUC)

AUC, which is often performed in the sedimentation velocity (SV-AUC) mode, is a robust tool that can be applied to analyze and
characterize the clumping/precipitating behavior of biomolecules, thereby formation of aggregates in the solution. It measures the size
of the aggregate ranging from 1 to 100 nm. Amid the myriad of experimental and practical characteristics. The orientation and quality
seem to be the primary causes of discrepancies in the measurement of tiny quantities of aggregates amidst the various practical and
theoretical factors which affect the precision and accuracy of the AUC investigations. It is feasible to quantify aggregated species,
although the disorganization of aggregate particles brought about during sample preparation, dissolution, or the background effect is
only to a limited extent [119]. Therefore, the data analyzed on AUC can provide in-depth knowledge on aggregation while overcoming
challenges associated with SEC. So, the AUC may be utilized as an independent technique to check the aggregate information provided
by SEC as well as the features of biopharmaceuticals that correlate with it [120]. One of the primary advantages of AUC is its ability to
provide detailed information about the hydrodynamic properties, molecular weight, shape, and interactions of macromolecules and
particles in their native state. AUC is a non-invasive, label-free technique that can be applied to a wide range of biological molecules,
from small proteins to large complexes, as well as synthetic nanoparticles. It offers high-resolution separation and analysis, making it
valuable for characterizing complex mixtures and determining the stoichiometry of protein complexes.

AUC is versatile in terms of the type of information it can provide. It can be used to study sedimentation velocity, which yields
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information about size and shape, and sedimentation equilibrium, which provides insights into molecular weight and interactions.
Additionally, AUC can be performed under various conditions, including different buffer compositions, temperatures, and concen-
trations, allowing researchers to investigate macromolecule behavior under physiologically relevant conditions.

However, there are limitations to AUC. One limitation is the relatively long data acquisition time, which can make it less suitable
for studying fast dynamic processes. AUC also requires a relatively large sample volume compared to other analytical techniques,
which may not be feasible for precious or limited samples. Furthermore, data analysis can be complex and may require specialized
software and expertise.

2.2.7. Asymmetric flow field-flow fractionation

Asymmetrical flow field-flow fractionation, sometimes known as AF4 for short, is an analyzing technique that can separate distinct
proteins with diameter sizes varying from a few nm range to mm range [121]. In AF4, the separation process takes place in a narrow
flow channel. It works on the principle based on the sedimentation rate in response to centrifugal force [14]. Initially, a crossflow is
produced that directs the laminar flow perpendicularly across the membrane. There are several types of membranes that can be
utilized, such as cellulose triacetate (CTA), regenerated cellulose (RC), poly(ether sulfone) (PES), polypropylene (PP), polyamide (PA),
polycarbonate (PC), or polyvinylidene difluoride (PVDF). These materials vary in terms of their thickness, surface properties, surface
charge, smoothness, and mechanical and chemical stability [122]. Thereby, in order to minimize adsorption effects, it is essential that
both the eluent and the sample be compatible with the membrane. Furthermore, the analytes are guided toward the membrane via this
cross-route, without being diffused out due to the semi-permeability nature of the membrane. The tiny proteins would return promptly
to the streamlines of laminar channel than the bigger ones due to their relatively high diffusion coefficient. As a result, smaller proteins
would elute first from the channel before the bigger molecules [14].

2.2.8. X-ray diffraction

Investigations using X-ray diffraction (XRD) reveal the existence of a typical structure known as a "cross beta-sheet," wherein
B-sheets move parallel to the longitudinal axis whereas the f-strands present in a single sheet are organized perpendicularly to one
another. The distance between the two p-strands and the -sheets is 4.8 Aand 10 A, respectively. Furthermore, it is essential to take into
account that the in vitro fibrillar morphology can vary depending on the environment of the solution such as the concentration of the
protein, the pH of the solution, the temp, buffer components, and the involvement of particular additives [123]. X-ray crystallography:
X-ray crystallography is a fundamental technique in structural biology that has been widely used to determine the atomic structures of
proteins, including those within protein aggregates. A protein or protein aggregation is grown into well-ordered crystals, and these
crystals are then exposed to X-rays. As X-rays reflect off the crystal lattice, a diffraction pattern is created that provides details on the
arrangement of atoms inside the crystal. Protein aggregates can benefit from the use of X-ray crystallography in a variety of ways,
including crystal growth, X-ray diffraction, phase determination, model building and refinement, validation, and insights into protein
aggregates. X-ray crystallography has restrictions despite it’s achievements. It involves getting high-quality crystals, which may be
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difficult for aggregates in particular. Furthermore, the method only captures static images of protein structures and might not fully
capture the dynamics of protein aggregation. The resolution and applicability of X-ray crystallography to complex systems like protein
aggregates have increased as a result of developments in X-ray sources, detectors, and computational techniques. X-ray crystallography
is a useful tool for revealing atomic-level details about the structures of protein aggregates, even if it may not necessarily be the
principal method for investigating these structures.

2.2.9. Cryo-electron microscopy (Cryo-EM)

Cryo-Electron Microscopy (Cryo-EM) is a powerful structural biology technique that allows scientists to visualize biological
macromolecules, including proteins, at near-atomic resolution. Cryo-EM includes photographing specimens in their natural condition
and retain their biological structures and interactions. By using fast freezing to immobilize biological samples in a thin layer of vitrified
ice, the approach preserves the sample’s original conformation and avoids the development of crystalline artifacts [124]. In order to
scan the frozen samples, an electron microscope is used, which operates at extremely low temperatures, often about —196 °C
(—320 °F). The structural characteristics of amyloid fibrils, such as protofilament structure, packing, and long-range helical twist, are
known to exhibit considerable variability. The presence of variations in the fibril structures within the sample imposes limitations on
the achievable resolution with most of the techniques. Nevertheless, the use of single particle cryo-electron microscopy (cryo-EM)
enables the computational extraction of brief segments from the fibrils and their subsequent classification into subsets that exhibit
structural homogeneity [125]. The field of cryo-electron microscopy (cryo-EM) has seen significant progress in capturing
high-resolution structures of a-syn (a-synuclein), Af (amyloid-f), tau, and TDP-43 (transactive response element DNA-binding protein
of 43 kDa) aggregates that are associated with various diseases [126], some ofthese are being depicted in Fig. 8. Recent studies utilizing
cryo-electron microscopy (cryo-EM) have uncovered intriguing differences between ex-vivo a-synuclein filaments extracted from in-
dividuals affected by multiple system atrophy (MSA) and their counterparts formed in vivo [127]. These disparities strongly suggest
the involvement of co-factors within the in vivo environment, which likely influence a-synuclein aggregation dynamics. Moreover,
investigations employing cryo-EM in combination with solid-state nuclear magnetic resonance (NMR) spectroscopy have delved into
a-synuclein filaments influenced by tau proteins. The findings reveal that tau-promoted a-synuclein filament structures share certain
similarities with those observed in vitro. However, distinct conformational variations are evident in the N- and C-terminal regions,
indicating a nuanced interplay between a-synuclein and tau in the context of protein aggregation [127,128]. These insights deepen our
understanding of the intricate molecular mechanisms underlying neurodegenerative disorders like MSA, where a-synuclein and tau
pathologies intersect. Such discoveries hold promise for the development of targeted therapeutic interventions aimed at modulating
these complex interactions to mitigate disease progression and potentially pave the way for novel treatment strategies.

2.2.10. Small-angle X-ray scattering (SAXS)

Small-Angle X-ray Scattering (SAXS) is a powerful technique used to study the overall shape, size, and structural organization of
macromolecules, including protein aggregates, in solution [132]. SAXS involves exposing a sample to X-rays and measuring the
scattering pattern of the X-rays at low angles. This method enables the identification of important structural properties by providing
useful information on the spatial distribution of electrons inside the sample. In the study of protein aggregates using SAXS, researchers
collect scattering data, analyze it using techniques like Guinier analysis and Porod analysis, and use mathematical models to interpret
and reconstruct the structure of the protein aggregates. This information can be crucial for understanding the behavior and properties
of protein aggregates in various biological and biomedical contexts [133]. Studying protein aggregates, which can exhibit a variety of
structural complexity, is a valuable application of SAXS since it is particularly well-suited for researching flexible or partly disordered
systems. It is a solution-based method that enables the analysis of samples in almost natural environments, such as in various buffer
solutions.

SAXS, on the other hand, provides less resolution than methods like X-ray crystallography or cryo-electron microscopy, providing
data on general shapes as opposed to specific atomic structures [134].

SAXS aids in the comprehension of the size distribution, conformational changes, and interactions with other molecules in protein
aggregates. A more complete picture of aggregate behavior and morphology may be obtained by integrating SAXS data with other
structural approaches.

2.2.11. Cryo-electron tomography (Cryo-ET)

A sophisticated imaging method called cryo-electron tomography (Cryo-ET) is used to see the three-dimensional structures of
biological specimens, such as protein aggregation, under conditions that are close to their natural ones. Researchers may reconstitute
the three-dimensional architecture of macromolecules within their natural biological setting using a cryo-electron microscopy (cryo-
EM) extension. Cryo-ET offers insights into protein aggregates spatial distribution, interactions with biological components, and effects
on cellular structure, making it particularly useful for researching protein aggregates within cells, tissues, or other complex settings
[126]. In order to fully comprehend the biological functions of protein aggregates and the mechanisms underlying their creation, it
enables researchers to study protein aggregates in their natural environment.

The necessity for specialized equipment and powerful computational tools for data collecting and processing are only two examples
of the technological difficulties that Cryo-ET faces [72]. Additionally, cryo-ET often has a lesser resolution than other high-resolution
methods like single-particle cryo-EM or X-ray crystallography. However, it continues to be an effective tool for researching the
structural organization of protein aggregates in intricate biological settings.
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3. In vivo biophysical characterization of protein aggregates

In vivo characterization using biophysical tools is a crucial method in biological and biomedical research, allowing scientists to
study the properties, behaviors, and responses of biological molecules, cells, tissues, and organisms in their natural environments. This
non-invasive approach provides real-time insights into dynamic biological events, such as cellular signaling, protein interactions, and
physiological responses, which are essential for understanding biological processes. In vivo biophysical tools include techniques like
MRI, PET, fluorescence microscopy, and EPR spectroscopy, which help researchers gain a comprehensive understanding of complex
biological systems. The biological relevance of in vivo studies is crucial, as they faithfully replicate physiological conditions, ensuring
the results are biologically meaningful and reflective of living systems in their natural context. These techniques are widely used in
disease research, drug development, neuroscience, biomechanics, and environmental monitoring, facilitating disease progression
tracking, treatment efficacy assessment, drug candidate evaluation, and tissue mechanical properties investigation. However, ethical
considerations, particularly concerning animal and human subjects, are essential.

VISTA, or vibrational imaging with synchronous two-photon excitation, is an advanced microscopy technique designed for high
spatial-resolution imaging of label-free protein aggregates in living biological samples. This approach leverages Raman spectroscopy
and two-photon microscopy principles to provide detailed information about protein aggregate distribution and composition without
the need for fluorescent labels. VISTA offers several advantages, including label-free imaging, high spatial resolution, in vivo
compatibility, and chemical specificity. However, it requires specialized instrumentation, may have lower signal intensity, and de-
mands expertise in data analysis [135].

In conclusion, in vivo characterization using biophysical tools is a cornerstone of modern biological and medical research,
providing valuable insights into living system dynamics and advancing our understanding of health, disease, and intervention effects.

4. Future applications of current methods

The future is filled with tremendous potential for enhancing our comprehension of protein aggregation’s structural aspects. Our
grasp of the intricate realm of protein aggregates is on the brink of transformation through the fusion of current methodologies and
upcoming techniques. Other techniques, including Small-Angle X-ray Scattering (SAXS), offer a dynamic picture of aggregation
processes as techniques like Cryo-Electron Microscopy (Cryo-EM) push the limits of resolution by showing atomic-scale features.
Super-resolution microscopy and fluorescence-based methods shed light on aggregate interactions and their locations within cellular
environments. The emergence of in-cell methodologies and advanced computer modeling opens the door to unraveling real-time
dynamics and guiding drug development initiatives. This convergence of innovation presents a future where targeted therapies
could hold the key to addressing aggregation-related diseases at their most fundamental levels. Imminent expansion in the structural
analysis of protein aggregation shows significant potential for advancing our knowledge of the underlying molecular mechanisms
behind aggregation-related disorders. Modern approaches and technological developments will provide revolutionary insights into the
mechanics of protein aggregation and its effects on health and disease. These advancements have profound clinical implications,
potentially leading to the development of more effective therapies, diagnostics, and preventive measures for diseases associated with
protein aggregation, such as Alzheimer’s, Parkinson’s, or Huntington’s disease. Furthermore, in the long run, these innovations poise
to shape the long-term future of medicine and our understanding of fundamental biological processes, with far-reaching implications
for healthcare and disease management.

5. Conclusion

Aggregates have a variety of sizes and other physicochemical characteristics, making them diverse. As a direct consequence of this,
a single technique is not merely sufficient to adequately analyze all the properties of aggregate particles. The findings acquired with
one approach are inextricably related to those procured with another since every technique measures a different prospect of the
enormous characteristic of aggregates. Development in protein aggregation research is driven by numerous approaches, including the
structural study of protein aggregation. Besides, using numerous biophysical studies, the structural properties of amyloid at the
insoluble and solvable processes have been reviewed, however, further research on the intermediate stage of the aggregated proteins is
still under consideration. Herein, a short description of protein aggregation’s structural analysis strategies using various biophysical
techniques has been discussed. Using Fluorescence spectroscopy, FTIR, NMR, and CD, structural modifications during protein ag-
gregation can be understood which will help in developing therapeutics for many diseases induced by protein aggregation. Thus, along
with other multidisciplinary methods, the insights obtained using these strategies will advance our level of awareness of protein
aggregation and misfolding and related therapeutics for neurodegenerative diseases as well.
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