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Abstract
Protein aggregate species play a pivotal role in the pathology of various
degenerative diseases. Their dynamic changes are closely correlated with
disease progression, making them promising candidates as diagnostic bio-
markers. Given the prevalence of degenerative diseases, growing attention is
drawn to develop pragmatic and accessible protein aggregate species detection
technology. However, the performance of current detection methods is far
from satisfying the requirements of extensive clinical use. In this review, we
focus on the design strategies, merits, and potential shortcomings of each class
of detection methods. The review is organized into three major parts: native
protein sensing, seed amplification, and intricate program, which embody
three different but interconnected methodologies. To the best of our knowl-
edge, no systematic review has encompassed the entire workflow, from the
molecular level to the apparatus organization. This review emphasizes the
feasibility of the methods instead of theoretical detection limitations. We
conclude that high selectivity does play a pivotal role, while signal compila-
tion, multilateral profiling, and other patient‐oriented strategies (i.e. less
invasiveness and assay speed) are also important.
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1 | INTRODUCTION

Protein aggregation is a ubiquitous phenomenon, which
was initially discovered in a few neurodegenerative dis-
eases such as Alzheimer's disease (AD), Parkinson's dis-
ease (PD), Amyotrophic Lateral Sclerosis (ALS).
However, it has since been recognized to be pervasive in
other conditions, spanning from diabetes to Covid‐19
(Table 1).[15,16] Recent emerging findings have also
demonstrated that certain aggregates serve non‐
pathological functions.[17] At present, conditions where
protein misfolding or aggregation plays a dominant role
in pathology are categorized as protein conformational
diseases. The scope of protein aggregate species is broad,
including amyloid, amorphous, or native‐like assemblies,
etc. In this review, we primarily focus on amyloid‐like
aggregates and their oligomeric precursors.

It has been well‐established that these aggregates
exert cytotoxicity, leading to genome disruption, lyso-
some dysfunction, impaired energy metabolism, and

obstructed intracellular transportation.[18,19] Depending
on the extent of aggregation, completely isolated single
proteins are referred to as monomer, aggregate with ~10
collective monomers is referred to as oligomers, and
further aggregate chunks are attributed to fibrils or
polymorphs.[20] Interestingly, in both neurodegenerative
diseases or peripheral diseases, toxicity does not posi-
tively correlate with extend of aggregation, instead, olig-
omers are usually more toxic than fibrils.[4,18,19,21]

Aggregation‐prone proteins can undergo ordered or
amorphous deposition while they interact intermolecu-
larly, which have been increasingly linked with liquid‐
liquid phase separation.[22–26] Albeit a certain energy
barrier must be crossed for monomers to shift into
conformational ensemble, which can be significantly
accelerated by existing amyloid fibrils as seeds or tem-
plates.[27] In many cases, the emergence of protein ag-
gregates serves as a biomarker for the progression of
degenerative disease.

The ominous characteristics of aggregates endow
them with great potential as biomarkers.[1,2,15,28–30]

Growing evidence has shown that aggregates are more
relevant to disease progression compared to monomer
format.[29,31] Initially, aggregates were observed only in
post‐mortem histology as plaques, limited to macroscopic
observations. Thus, technical solutions for sensitive and
selective detection of aggregate species have drawn
tremendous attention.[32–34] To date, various aggregate
species have been studied, and considerable sensitivity
has been achieved.[35–37] However, it should be noted that
most detection technologies are still primarily lab‐
oriented protocols, with few developed with robust
practicality.

Practicality, in this context, the utility of the detection
method is determined by whether it can be used to
improve patient prognosis or welfare. Sensitivity is not
the sole determinant; all relevant factors that may affect
their performance against diverse biosamples must be
considered. Judging from the invasiveness of acquiring
biosamples, the most invasive method involves obtaining
large tissue chunks (post‐operation or post‐mortem),
followed by puncture biopsy or cerebral spinal fluid
(CSF) collection, which is still invasive. More gentle ap-
proaches involve collecting peripheral blood, offering
biomarker treasure‐like protein aggregate in free floating
format and their integration with extracellular vesicles
format.[38–41] Their minimal‐invasiveness makes them
promising sources for examining aggregate species;
however, this area remains largely underdeveloped due
to ultra‐low abundance.[36]

In this review, we critically assess in vitro optical‐ and
electrochemical‐sensing technologies/platforms for liquid

TABLE 1 Diseases that involve protein aggregate pathology.

Disease
Protein
aggregate Ref.

PD α‐synuclein [1]

AD Tau, amyloid β [2]

ALS SOD1,a TDP‐43b [3]

Diabetes hIAPPc [4]

Cancer P53 [5]

Covid‐19 NCAPd [6, 7]

Huntington's disease Huntingtin [8]

Frontotemporal dementia FTLD‐Tau/MAPTe [9]

Psychosis DISC1f [10]

Immunoglobulin Light Chain (AL)
Amyloidosis

Immunoglobulin
light chain

[11]

Amyloid protein A amyloidosis SAAg [12]

Transthyretin amyloidosis Transthyretin [13]

Fibrinogen alpha chain amyloidosis Fibrinogen [14]

Abbreviations: AD, Alzheimer's disease; ALS, amyotrophic lateral
sclerosis; PD, Parkinson's disease.
aSuperoxide dismutase 1.
bTAR DNA‐binding protein‐43.
cHuman islet amyloid polypeptide, amylin.
dSARS‐CoV‐2 Nucleoprotein.
eMicrotubule‐associated protein tau.
fDisrupted‐in‐schizophrenia 1.
gSerum amyloid A.
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biopsy roadmap against various protein aggregate species
(Figure 1). We highlight their design strategies, merits
and limitations. We envision protein aggregate bio-
markers as pivotal grippers in combating a plethora of
degenerative diseases.

2 | NATIVE PROTEIN AGGREGATES
SENSING

Detecting aggregate species requires a strategy that per-
mits the specific detection of aggregates while mini-
mizing the interference from the common co‐existing
monomeric forms. This can be achieved by either exclu-
sive recognition of aggregates or generation of distin-
guishable readouts for aggregates rather than monomers.
To date, different receptors have been explored and in-
tegrated into either bulk instruments or portable devices
to permit the specific detection of protein aggregates.

2.1 | Small molecule probes

Small molecular probes are among the earliest tools used
for investigating aggregates and continue to play a signif-
icant role in aggregate detection.[42–44] Their chemical
structural affinity permits the recognition of certain re-
gions of protein aggregates, that is, confirmational speci-
ficity. These molecular probes can be designed,
synthesized, and tuned case by case. Several classes of
probes have gained broad acceptance, and three of them
have been the prominently spotlighted. (1) Molecular Ro-
tors: These structure‐specific dye, such as Thioflavine T
(ThT) and Thioflavine S (ThS), can selectively insert into β‐

sheets and bind to amyloid fibrillar aggregates. Thus, they
can be used as both receptor and reporter for the fi-
brils.[44,45] ThT remains the most popular option for its low
cost, high efficiency, and robustness. (2) Congo Red and
derivates Congo red molecules possess a high affinity for
amyloid aggregates and allow imaging of non‐β sheet
structures. They can serve as scaffolds for numerous fluo-
rescent derivatives.[43,44,46] (3) Aggregation‐Induced
Emission (AIE): This type of unique molecule is non‐
emissive in aqueous solution but becomes highly emis-
sive when gathered together.[47–49] This feature is well‐
suited for monitoring the aggregation process as “chemi-
cal nose” as it provides structure‐dependent tunable
binding affinity with synchronous signal emission. Besides
these, there are promising candidates like carbon‐based
quantum dots (QD), cyclic peptide‐based nanoparticles
(c‐PNPs), carbazole derivatives, or transition metal com-
plexes that are worth considering.

The focus of this review is to discuss the prospects and
roles of these probes in the future aggregate species
detection. Primarily, small molecular probes can be uti-
lized as modules within sensors to highlight the confor-
mational features of aggregates. They are employed in the
quantitative analysis of histological specimens (Figure 2a),
while several quantification techniques employ them to
monitor dynamic processes. However, relying solely on
probes for quantifying aggregate biomarkers can be chal-
lenging due to their limited quantum yield, resulting in
weak signals for trace amounts of targets and limited in-
formation entropy.

Moreover, one major drawback of most probes is their
susceptibility to aggregation‐caused quenching (ACQ) ef-
fect at high concentrations, which hampers the detection
of aggregate species in the concentrated milieu in bodily

F I GURE 1 Different sensing strategies for the protein aggregate based biomarkers.
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fluids.[53] Additionally, these probes tend to recognize
monomers, which coexist with aggregates to some extent,
leading to relatively high background noise and compro-
mised selectivity. In contrast, AIE luminogens (AIEgens)
largely evade this flaw. AIEgens are not affected by ACQ,
instead, they perform better with increased aggregation.
Since AIEgens emit only when aggregation occurs, they
offer a clear background, making their net quantum yield
against protein aggregate species more promising than
traditional probes. Hence, it is speculated that AIEgens
may represent the next‐generation probes of aggregate
species.

Furthermore, an effective probe against aggregate
species should be inert to aggregate dynamics. While the
aforementioned probes excel in this respect, prospective
ones must be carefully evaluated based on this principle.
Hegner’s group proposed this principle in their micro-
cantilever array detection design.[54] Compared to ThT,
label‐free detection is regarded as superior, emphasizing
the importance to expel the interference that the probe
brings to the aggregate. Some novel probes like transition
metal complexes have been found to act as aggregation
modulators but turned out to be emissive,[43] making
them less suitable as probes.

Nevertheless, probes that are non‐effective in fibril-
lation kinetics or those capable of labeling in extremely
low quantities could greatly aid in the development of
new assays. For instance, Fillet group reported an elec-
trophoretic protocol to detect aggregate and monomers
separately using capillary gel electrophoresis (CGE) sep-
aration without the need of confirmational specific bio-
recognition molecules due to their different retention

times and migration rate in the column.[55] The key to
establishing a robust assay relies on a highly‐efficient
probe that can accurately indicate target quantity. Fillet
et al. adapted labeling reagents (Chromeo P503, NBD‐F,
etc.) that are covalently conjugated with proteins. These
labeling reagents are commercialized small molecules,
which have better accessibility. A similar technique was
reported by Zhao et al., where self‐assembling luciferase
fragments probes was described.[56] Although these
works achieved relatively good detection compared to
traditional probes, in some cases, novel probes like
AIEgens (e.g. TPE‐TPP) could replace traditional fluo-
rophores to further improve detection performance by
reducing probe quantity while maintaining high emission
regarding aggregate species.[48]

In essence, optical probes are molecular sensors that
can bind to protein aggregates and generate optical sig-
nals. Developing novel probes with a rational design of
chemical structures for functional moieties of recognition
and signal emission is crucial. Additionally, it is essential
to explore applicable scenarios for incorporating existing
probes with other advanced modules according to their
specific features.

2.2 | Biorecognition molecules

2.2.1 | Conformation‐specific bioreceptor

As protein aggregation progresses, the stacked monomers
adopt new conformations that can be recognized by
biorecognition molecules. Antibodies and aptamers are

F I GURE 2 Stratification of biorecognition molecules of aggregate species. (a) Amyloid probe molecules: Thioflavine T), Congo Red,
Aggregation‐Induced Emission probe (TPE‐TPP). Reproduced with permission.[43] Copyright © 2019 American Chemical Society.
(b) Rational design of antibodies targeting protein aggregates. Reproduced under terms of the CC‐BY license.[50] Copyright © 2023 National
Academy of Science. (c) Design of antibody‐mimic Y aptamer. Reproduced with permission.[51] Copyright © 2023 Elsevier B.V. All rights
reserved. (d) Model of surface‐FIDA method. Reproduced with permission.[52] Copyright © 2022 Springer Nature.
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the typical examples of biorecognition molecules capable
of recognizing specific structural characteristics, making
them suitable for aggregate detection in sensory devices.
In the early stages of research on PD and AD, detection of
these aggregates was primarily achieved through immu-
nohistochemistry in post‐mortem brain tissue.[57] For
other aggregate‐associated pathologies that remain less
explored, many are still reliant on commercialized but
imperfect antibodies (Table 1). Despite their limitations,
antibodies and aptamers remain valuable for detecting
protein targets due to their conventional and straight-
forward approaches.

To date, numerous commercial antibodies are avail-
able, such as A11, SC‐211, MJF‐14‐6‐4‐2.[58,59] Antibody
development procedures generally involve rational design
(third generation) and antibody screening (first and second
generations).[60] Due to the complexity of the aggregation
behavior, specific optimizations are required, making the
third‐generation technique is the most favorable nowa-
days. In the first stage, complementary peptides need to be
identified using developed methodologies, as proposed by
Sormanni et al. These selected peptides are then integrated
onto antibody scaffolds, and their binding performance is
evaluated.[50,60] The design of peptides is crucial, employ-
ing a cascade method to organize several complementary
fragments and select promising candidates. Ideally, the
peptides adopt a β‐strand–like conformation (a hallmarkof
aggregates) and partly overlap with neighboring frag-
ments, with overlapping regional feature, identical
sequence and backbone hydrogen bond patterns
(Figure 2a). Vendruscolo's group has been actively work-
ing on both theoretical and practical aspects of this field. In
2017, they proposed an antibody scanning method for the
detection of Aβ42,[61] and in 2022, they presented a method
to identify antibodies targeting α‐synuclein oligomers.[62]

The rational design (also known as third generation
approach) offers advantages over in vivo (first generation)
and in vitro (second generation) approaches in terms of
workload and efficiency.

Regarding aptamers, these nanostructures, composed
of nucleic acid molecules or small organic molecules,
have been engineered to mimic the structural features of
antibodies. Aptamer‐based design has been widely used
in both experimental treatments and assay develop-
ment.[63,64] Aptamers offer attributes such as high speci-
ficity, reversibility, stability, low cost and ease of
modification, making them valuable components.
Therefore, aptamers are usually incorporated with
transducers to generate, for example, optical‐/electro-
chemical‐aptasensors. The selection of aptamers against
protein aggregates is typically accomplished through a
specific in vitro method called systematic evolution of
ligands by exponential enrichment (SELEX), an approach

that has been widely applied and extensively reviewed by
many researchers.[65]

Notably, certain aptasensors have been designed to
detect α‐synuclein oligomers using colorimetry, as pro-
posed by Sun et al.[66] With aptamers tethered onto gold
nanoparticles (AuNP), a concise detection protocol can be
established (Figure 2b). Once the aptamer captures target
oligomers, AuNP generates a colorimetric change that
shifts from red to blue. By employing a linear regression
equation of absorbance at 650/520 nm, a detection limit of
10 nM can be achieved. Aptasensors also function effec-
tively with electrochemical methods (see part 2.2). Tang
et al. utilized aptamers that are immobilized in microwells
to capture Aβ.[67] The aptamer‐Aβ complex congested the
microwells, leading to electron transfer hindrance against
electrochemiluminescent (ECL) reaction. Consequently,
the ECL output was negatively correlated with the con-
centration of Aβ. This approach achieved a limit of detec-
tion (LOD) of 0.012 pM, with a dynamic range from 0.05 to
5 pM. It is noteworthy that this method is designed to
detect monomers, yet it holds the potential to be converted
into aggregate‐oriented by replacing the current receptor
with the conformation‐specific one, in principle.

Another rational design case was reported by Zheng
et al., where the Aβ oligomer oriented aptamer was
designed in a “Y” shape to potentiate the specificmolecular
recognition.[51] It was previously noticed that two‐
correlated aptasensor Sandwich assay possesses advan-
tages in avoiding the limitation of steric hindrance and
epitope, compared to single aptasensor or aptamer‐
antibody Sandwich assays.[68] The “Y” shape can encom-
pass a pair of aptamers in a unified structure and provides a
rigid stem that keeps the structure more stable. When
annexing to other modules, interference from the recog-
nition site must be ruled out.

2.2.2 | Same receptor as capture and
detection unit

The central challenge in employing antibody or aptamer
lies in the structural resemblance between aggregate and
monomers. Aggregate possesses almost all structural
characteristics of monomer, and while some new struc-
tural motifs may develop in aggregates, antibodies could
still respond to them.[62] Nonetheless, a concern arises
that if free‐monomers come in close proximity, they
might also attract receptors to bind to them, leading to
false positive signal. Therefore, it is unlikely to develop an
antibody that solely recognize aggregates.

A plausible solution involves applying the pigeonhole
principle: If n objects are distributed across m places, and
if n > m, then at least one place receives two objects. In
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this context, if one antibody occupies the epitope of a
monomer unit, it becomes improbable to be bound by the
same antibody again. This principle has found wide-
spread applications, since it can be simply adapted to
general enzyme‐linked immunosorbent assay (ELISA)
protocols.[69–71]

The Willbold group applied this concept in a surface
fluorescence intensity distribution analysis (sFIDA).[72]

sFIDA can be regarded as a variant format of conven-
tional ELISA, differing in its use of the same capture and
detection antibody. When the analyte is applied to the
capture antibodies, the epitope of the monomer is
masked by the capture antibodies, preventing it from
being re‐recognized (Figure 2c). However, aggregates can
still be recognized, resulting in high selectivity against
aggregates.[73]

sFIDA presents several advantages, as it exclusively
counts the numbers of aggregated proteins through
fluorescence correlation spectroscopy scanning (FCS)
across the entire surface, thus avoiding the superimpo-
sition of diffusion and thus achieving accurate readouts.
By using laser scanning microscopy, the performance of
the assay can be improved further.[72] Additionally,
sFIDA can be incorporated with different signal reporting
modules such as AIEgen particles to minimize errors.
The utilization of red and green fluorescence beacons
aids in reducing random errors resulting from ultra‐
sensitivity of the instrument.[74] sFIDA has been
applied to prominent aggregate species such as α‐Synu-
clein and Tau oligomers,[52] exhibiting high accuracy
with anti‐interference potential in real samples such as
stool.[75–77]

Although this technology offer distinct advantages, it
requires highly specific linear epitope antibody, which
may not always be available. Additionally, there is a
possibility that once binding and capture happens,
monomers fuse on the spot due to spatial proximity.
Furthermore, ultrasensitive instruments are required,
which could lead to potential cost concerns. There is also
a risk of steric hindrance amongst epitopes interfering
with binding events, potentially resulting in detection
failures. Therefore, the optimization of designs incorpo-
rating this principle may be the solution for the future.

2.3 | Electrochemical methods

Depending on the platforms used to monitor the binding
events of protein aggregates to the sensing interface and
output signal, electrochemical sensing is one of the most
commonly used methods for aggregate detection (Ta-
ble 2).[35] A prominent advantage of electrochemical
methods is their tunable label‐free or labeled detection

format coupled with decent sensitivity, direct electrical
communication between protein aggregate with under-
lying working electrode or indirect communication with
redox probe as mediator have been intensively explored.
Earlier studies relied on the difference in characteristic
redox potential of monomer and aggregates at the un-
derlying electrode to differentiate and detect aggregates.
Lopes et al. proposed an electrochemical monitoring
method by sensing oxidizing tyrosine (Tyr) residues.[93]

Since Tyr residues are surface‐exposed, aggregation
would affect their electrochemical accessibility, hence
affecting the degree of electrooxidation. The whole
detection process is straightforward but the apparent
limitation of the electrochemical label‐free sensing for
aggregate lies in its poor specificity, since there are co‐
existing species in bodily fluids with similar redox prop-
erties, which can undoubtedly lead to background noise.

To address this, electrochemical methods can also be
integrated with biorecognition molecules to achieve se-
lective detection, and they can be label‐free without the
need of any redox tag. Electrochemical impedance spec-
troscopy (EIS) or differential pulse voltammetry (DPV)
are frequently adapted methodologies. For example, Sun
et al. designed an aptamer‐based EIS detection against Aβ
oligomers.[66] The aptamer‐coated electrode exhibited
certain impedance, and the conjugation of oligomers can
increase the electron transfer resistance (Ret), while the
conjugation of AuNPs can “switch on” electron transfer
with a decrease in Ret (Figure 3a). By performing an
aptamer‐target conjugation, the change in Ret (ΔRet) re-
flects the concentration of the target. AuNPs serve as an
amplifier, as the occupation of the target aptamer‐binding
site hinders the aptamer‐AuNP conjugation, leading to an
enlarged ΔRet. This work also compared EIS and surface
plasmon resonance (SPR) protocols, showing that EIS
demonstrated superior performance with a detection
limit of 1–8 pM.

Additionally, Gong et al. reported a DPV‐based
method[94] (Figure 3b). In this design, the redox reac-
tion was linked to aptamer‐oligomer recognition, while
tripedal DNA walkers were introduced to increase the
efficiency of the assay. Using this approach, a LOD of
0.46 fM and a broad linear range of 1 fM to 10 pM were
achieved. Several studies have employed an aptamer
conjugated with redox probes as interpreters to construct
electrochemical analyses, and their success greatly de-
pends on the mechanism of electron transfer potency,
indicating that a solid amplification strategy can signifi-
cantly improve DPV performance.

While electrochemical assays have unique advan-
tages, they also come with limitations. For instance, they
heavily rely on nano‐/micro‐fabrication in case of nano‐/
micro‐electrodes, which can introduce inconsistencies.
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Additionally, well‐trained personnel are needed, making
them less suitable for routine use in clinics or at home.
Moreover, nonspecific adsorption from complex sample
matrix may block electron transfer and lead to mea-
surement failures, making an antifouling surface design
would be favorable.[33,97,98] Nevertheless, the fine quality
of screen‐printed electrodes, with the capability of mass
production in respect of aggregate species detection, is
highly valued and would be good option for future point‐
of‐care testing using validated protein aggregate
biomarker.

Moving forward, one promising electrochemical
method for aggregate profiling is the nanopore technology.
Due to the prominent differences (morphology, molecular
weight, charge, etc.) between aggregates and monomers, as
well as between oligomers and fibrils, the most straight-
forward idea is to distinguish and monitor their mass,
which may facilitate understanding of disease evolution in
terms of molecular pathology. The basic structure of a
nanopore gadget involves using a film to two separate
electrolyte compartments, with a pore locate on the film.
When a potential difference is applied on two chambers,
aggregate species translocate through the pore, resulting in
a transient resistive and/or current change.[99] These
characteristic resistive pulses contain information about

the physical properties of the translocating particles,
including their volume and shape.[100] Awasthi et al. pro-
posed an oligomer‐oriented nanopore methodology. Since
the nanopores do not require biorecognition receptors,
their major contribution lies in solving the challenge of
distinguishing oligomers of different sizes, as there are no
qualified antibodies available for this purpose[95]

(Figure 3c). There are two main types of nanopore designs:
mechanical (i.e., solid‐state) and biological. Biological
nanopores typically employ lipid bilayers to replace films
made of polymers.[101] The advantage of biological nano-
pores lies in their dynamic nature, which allows for
monitoring molecular behavior with single‐molecule pre-
cision, even distinguishing amino‐acid residues[96]

(Figure 3d). However, the clear drawback is that the cur-
rent nanopore design relies solely on electrical current
fingerprint to distinguish size, meaning it cannot selec-
tively detect desired aggregate species. This pattern works
only in the sole target detection, for which real samples are
far from readily available. Every non‐target molecule in the
sample would likely interfere with the detection. There-
fore, nanopores should be integrated with other pretreat-
ment measurements or collaborate with biorecognition
modules, which is a challenge in translating the assays to
products.

F I GURE 3 Electrochemical methods of aggregate species detection. (a) Aptamer‐based electrochemical impedance spectroscopy
detection of a‐syn oligomers. Reproduced with permission.[66] Copyright © 2017 Elsevier B.V. (b) DPV‐based tripodal aptamer oligomer
assay. Reproduced with permission.[94] Copyright © 2023 Elsevier B.V. (c) Nanopore (mechanical) detecting Synuclein Oligomers in
Solution. Reproduced under terms of the CC‐BY license.[95] Copyright © 2023 American Chemical Society. (d) Biological nanopore as
peptide chain detector. Reproduced with permission.[96] Copyright © 2023 American Chemical Society.
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3 | SEED AMPLIFICATION

In addition to the detection of the aggregate in situ without
pre‐treatment discussed above, there is a typical concern
about the detection sensitivity for protein aggregates,
especially when they are present in ultra‐low abundance.
For example, the quantity of α‐synuclein aggregates on the
membrane of or within the cargo of exosomal sub-
populations, such as neuronal exosomes, which represents
only ~10% of total exosome populations.[40,102]

Benefiting from the fact that aggregates attract normal
aggregate‐prone protein monomers to join them, a self‐
amplification process known as seeding occurs.[103] Dur-
ing this self‐amplification, the mass (or size) of aggregate
species increases. By iteratively breaking down grown
aggregates into smaller sizes, seeding can be used for
massive amplification of aggregate species, resembling a
repetitive cycle similar to polymerase chain reaction (PCR)
(Figure 4a). Based on this concept, several sensitive
aggregate detection paradigms have been developed.[36]

The seminal amplification protocol, known as
protein‐misfolding cyclic amplification (PMCA), was first
described by Claudio Soto and colleagues in 2001 as a
method to amplify prions in vitro, establishing the
foundation of amplification‐based protein aggregate
detection technology.[107] Initially, researchers manually
shattered fibrils using a microtip sonicator and incubated
them at 37°C, repeating this process 5–6 times, which
was arduous and limited. Later, automated apparatus was
introduced, extending the cycles to days.[108] The final
readout of product amount was examined by Western
blotting (WB). After 2 decades of development, this
cumbersome protocol has been abandoned, with the lat-
est report using PMCA ceasing in 2013.[109]

PMCA became obsolete due to the emergence of its
successor, real‐time quaking‐induced conversion (RT‐
QuIC); RT‐QuIC was developed as an improvement and

extension of the original PMCA.[110] The principle of
autocatalytic self‐amplification remains the same, but the
arduous sonication is replaced by vigorous intermittent
shaking, and WB readout is substituted with ThT fluo-
rescence reading using a plate reader. Both shaking and
fluorescence detection can be easily achieved in fluo-
rometers with high‐throughput, making RT‐QuIC soon
widely accepted. Nowadays, most medical facilities use
this method to detect the presence of protein misfolding
or aggregate species in patients.[111]

However, the primary drawback of RT‐QuIC is that its
elevated sensitivity could lead to increased false‐positives.
The spontaneous aggregation of the first few monomers
marks the commencement of the aggregate cascade, and it
is inevitable in artificial seeding amplification that mono-
mers become seeds themselves. Additionally, the time‐
consuming sharking‐detection process hinders its trans-
lation into the clinical practice anddaily caremanagement.
To address this, it is essential to confine the amplification
amplitude within a moderate range to avoid skewed re-
sults: cut‐off values are set, but the determination of the
cutoff is subject to the response threshold of the photo-
electric sensor. Therefore, albeit the RT‐QuIC readout has
surpassed PMCA, the development of a better sensor for
continuous readout remains a top priority. In this regard,
the quartz‐crystal‐microbalance (QCM) method for on‐
surface seeding aggregation might be a viable option.[105]

QCM measures real‐time changes in frequency and energy
dissipation of the system composed of the surface or thin
film of interest, acquiring information from both mass
changes and viscoelastic properties. Ogi et al. proposed a
QCM design to study the amyloid‐fibril network of α‐syn-
uclein, which delineated the mechanical properties of the
aggregate product, showing significant differences across
disease phenotypes.[105] Although this device was not
tailored for aggregate detection, it demonstrated the pos-
sibility of performing seed amplification on a QCM

F I GURE 4 Diagram of seed amplification methods. (a) General principle of seed amplification. Reproduced with permission.[104]

Copyright ©202 Elsevier Inc. (b) Quartz‐crystal‐microbalance biosensor for aggregate species. Reproduced with permission.[105] Copyright
© 2023 American Chemical Society. (c) Liposome‐immobilized cantilever sensor. Reproduced under terms of the CC‐BY license.[106]

Copyright © 2023 Institute of Electrical and Electronics Engineers.
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(Figure 4b). The QCM‐based sensor might be sensitive
enough (0.057 Hz cm2 ng−1) to reduce the number of
amplification cycles sufficiently to expel false‐positive.[112]

Additionally, Kobayashi et al. proposed a liposome‐
anchored amplification strategy.[106] Liposomes were
immobilized on a cantilever sensor, where the aggrega-
tion occurs, causing liposome deformation and mass
changes. These changes numerically contributed to
cantilever sensor mechanical deflection, which was then
detected (Figure 4c). The amplification can be carried out
only once, achieving a LOD of 10 pg/mL within 100–
120 min, which completely outperformed RT‐QuIC.

Despite the trade‐off between amplitude and accu-
racy, at least two other inevitable flaws in this class of
methods have been noticed. First, they can hardly depict
the profile of the patient aggregate species, particularly
distinguishing oligomers from fibrils, even though
growing evidence shows that oligomers and protofibrils
contribute significantly to cytotoxicity.[57] Second, unlike
PCR, aggregate seed amplification progresses rather
slowly, with currently used protocols taking for 5 h
(QCM, one round) to weeks (PMCA), posing a challenge
to the operator stamina and sample‐in & result out
concept. With a strikingly new understanding of the
seeding‐amplification process, novel analysis methodol-
ogies are being conceived.[113] It is expected that the ac-
celeration of seeding progress using minimized device
may resolve these aforementioned shortcomings.

4 | COMPUTER‐AIDED PROGRAMS

Obtaining a comprehensive picture of aggregate species is
valuable for diagnostic purpose, owing to their diverse
character, a single technology can hardly assay at once. In
coping with this, intricate programs are proposed, which
are hallmarks of the meshing imaging technique with
computing technology. Photoelectrical sensing or imag-
ing acquires sophisticated information of aggregated
species, of which the data amount could be enormous;
thus, a proper algorithm shall be in company. Here we
briefly mention measurement technology but emphasis
on how information technology exerts its power.[114]

Ultra‐sensitive, high‐throughput microscopy‐based
assays hold the potential for sophisticated measure-
ments. There are two major variants: liposome‐based
evaluation, and aptamer‐based DNA point accumula-
tion in nanoscale tomography (ADpaint). Liposome‐
based protocols exploit different permeabilities against
lipid bilayers of oligomers compared to fibrils
(Figure 5a).[115–117] ADpaint relies on short complemen-
tary aptamer stands to dynamically image aggregates on a
super‐resolution (Figure 5b).[118,121] These sophisticated

detection methods frequently exhibit a “dot by dot”
pattern.[117,122–124] Individually analyzing each dot is
essential for well‐round measurement against aggregate
species. Responding to this general need, Xia et al.,
constructed a computational suite for the characteriza-
tion of aggregates.[119] The suite is Python‐based and
segments bright spots on a dark background via open‐
source algorithms PyStar and ComDet. (Figure 5c) Real
sample validation demonstrated its fine accuracy, acces-
sibility, applicability, and high‐speed.

The trending topic of AI could further aid in to ach-
ieve well‐round measurement. Kavungal et al., proposed
an AI‐assisted coupled plasmonic infrared sensor for ag-
gregates.[120] Unlike the abovementioned image‐based
technologies, it adapts infrared spectroscopy (IR) to
extract structural information (Figure 5d). The differen-
tiation between monomers, oligomers and fibrils relies on
the analysis of amide I band data. With time‐resolved
spectral analysis generating a colossal amount of data
to process, a trained deep neural network AI swiftly
predicts their ratio distribution and shows strong anti‐
interference ability. AI also potentiated multiplexing ca-
pacity, such as detecting α−Synuclein and tau from a
single sample. It is obvious that AI is a more powerful
tool than conventional algorithms in terms of highly
complexed aggregate detection.

5 | CONCLUSION & PERSPECTIVE

As of now, aggregate species screening is not yet a stan-
dard service in most healthcare systems worldwide.
Despite the plethora of methods developed and their
importance, the establishment of aggregate species
screening as a routine service may be hindered due to
various factors, as we infer from our perspective. The
reasons for this challenge could be multifaceted, and we
hereby discuss some potential inferences.

Notably, all the assay methodologies mentioned above
have considerable drawbacks. The heterogeneity of pro-
tein aggregates is enormous, and the specificity of
detection still falls short of market needs. Developing
new detection receptors or supporting measurements to
optimize current receptor performance will be essential.
Additionally, the cost of these assays should be affordable
to both individuals and the medical system. Currently,
both mainstream RT‐QuIC and advanced assays remain
expensive. Economically, only very few institutes provide
these services at very high prices. Therefore, future
detection protocols should be more robust and cost‐
efficient. Moreover, current methods often require spe-
cific samples, such as CSF or brain tissue, which involves
highly invasive procedures for the collection. The
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development of biomarker analytes from less or non‐
invasive sources, such as peripheral blood and intersti-
tial fluid, may become a trend in the field.

The use of protein aggregates as a biomarker is still a
subject of debate. Although decades of work have proved
that aggregates contain valuable information, interpret-
ing this information remains challenging. Therefore, we
hereby propose a conceptual goal to achieve always de-
pict a patient aggregate species from two angles—the
quantity and the degree of aggregation. In other words,
understanding the proportion of monomers transforming
into aggregates and distinguishing between oligomers
and fibrils. Additionally, evaluating the overall cytotox-
icity of the aggregates and their connections with other
biomarkers is crucial. Given the highly diverse nature of
aggregate species, obtaining the full composition picture
is essential to harness their potential as valuable bio-
markers. Although this review focused on amyloid ag-
gregates, other types of aggregate species are also worth
exploring since they are even less studied. Hong's group

reported a Tetraphenylethene probe that monitors pro-
tein folding‐unfolding.[125] Liu's group further proposed a
tailored probe for amorphous protein aggregates.[126,127]

Understanding the panorama of various aggregate species
remains largely uncharted.

To achieve this goal, apart from the aforementioned
directions, it is vital to promote multidisciplinary collabo-
ration. The involvement of imaging and information
technology has strikingly improved assay performance.
With the recent ratification of the groundbreaking medi-
cineLecanemab, whichhighlights the growing importance
of protein aggregates in both diagnosis and treatment,[128]

developing more accurate, swift, panoramic detection
technology with multidisciplinary effort is of utmost
importance.
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