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tein aggregation and amyloid
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The accumulation and deposition of amyloid fibrils, also known as amyloidosis, in tissues and organs of

patients has been found to be linked to numerous devastating neurodegenerative diseases. The

aggregation of proteins to form amyloid fibrils, however, is a slow pathogenic process, and is a major

issue for the evaluation of the effectiveness of inhibitors in new drug discovery and screening. Here, we

used microdroplet reaction technology to accelerate the amyloid fibrillation process, monitored the

process to shed light on the fundamental mechanism of amyloid self-assembly, and demonstrated the

value of the technology in the rapid screening of potential inhibitor drugs. Proteins in microdroplets

accelerated to form fibrils in milliseconds, enabling an entire cycle of inhibitor screening for Ab40 within

3 minutes. The technology would be of broad interest to drug discovery and therapeutic design to

develop treatments for diseases associated with protein aggregation and fibrillation.
Introduction

Neurodegenerative diseases, such as those caused by the
infectious varieties of prions, Alzheimer's disease, and Parkin-
son's disease, are believed to be closely related to the accumu-
lation of proteins and the formation of amyloid brils due to the
misfolding of the proteins.1,2 These disorders, caused by self-
association, aggregation, or conformational changes in
proteins, are also called “conformational diseases”.3–6 A signif-
icant feature of these disorders is the long progression and an
extended latency period. The incubation or development period
of pathogenic proteins in vivo typically lasts decades, from the
asymptomatic protein misfolding at the beginning to the exhi-
bition of symptoms such as the degeneration of brain or nerve
cells, decline of elaborative ability, and loss of daily-activity
independence.7–9 Notably, these disorders are permanent and
incurable; however, many of them are treatable through early
diagnostics and treatment of symptoms to delay the progres-
sion of the disorders.

Rapid screening of inhibitors that disrupt protein aggrega-
tion contributes to the discovery of methods for treating such
diseases. In traditional ways, structure-based design has been
used to create small molecule inhibitors that can stabilize the
native structure of the proteins, thus preventing the confor-
mational changes to form protein aggregates. Specically,
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inhibitors are typically bound to amyloid proteins under path-
ological conditions in vitro, and screening of inhibitors is ach-
ieved by evaluating the aggregation patterns through dye-
binding assays. Such a procedure typically requires a notice-
ably long time, ranging from several hours to several days or
even longer.10,11 This issue needs to be addressed for rapid
screening of inhibitor drugs.

Recently, the acceleration of slow chemical and biological
processes has been enabled in microdroplets,12–14 where the
reaction rates are signicantly enhanced by two to six orders of
magnitude compared with those in batch syntheses.15 Micro-
droplet reaction technology involves conducting chemical or
biological reactions within extremely small droplets of electro-
spray or related techniques, and these droplets are typically in
the microliter or even the picolitre range. The acceleration effect
in microdroplets could be attributed to factors such as the high
specic surface area, the strong electric eld strength on the
surface of microdroplets, and the enhanced collision frequency
between reagents.16–18 This technology is widely used in real-
time reaction monitoring, rapid material preparation, protein
sequencing, and protein characterization.19,20 The interfacial
effect has been found to be critical for protein aggregation.21,22

In this study, we accelerated the processes in microdroplets for
amyloid-like proteins. The progression in different stages of
amyloid brillation was monitored by controlling the spray
conditions, including so-landing distance (Ld), pH value, spray
voltage, etc. The obtained amyloid brils in microdroplets were
systematically characterized by analytical tools, including
transmission electron microscopy (TEM), specic uorescent
dye thioavin T (ThT) binding, circular dichroism (CD), and
mass spectrometry (MS). We show the good versatility of this
method for accelerating the brillation of different proteins and
Chem. Sci., 2024, 15, 6853–6859 | 6853
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peptides and demonstrate the feasibility for rapid screening of
brillar inhibitors.
Results and discussion
Accelerated bril growth in microdroplets

Protein aggregation is a continuous self-assembly process con-
sisting of multiple stages, as shown in Fig. 1a. Incorrect
hydrophobic and hydrophilic interactions initiate the off
pathway folding intermediates from the native proteins. Driven
by intermolecular interactions, the intermediates further grow
into b-sheet-rich aggregates or other not clearly dened
secondary-structure oligomers.23,24 These oligomers continue to
interact and assemble into protobrils with ordered brillar
structures. Ultimately, matured, polymorphic, multi-chain
amyloid-like brils are formed.

We chose a very common globular protein, myoglobin, to
demonstrate the ability of microdroplet acceleration for protein
aggregation at mildly alkaline pH values.25–28 We prepared
protein aggregates under alkaline conditions, other than
Fig. 1 Rapid fibril synthesis in microdroplets. (a) Schematic of the
formation process of fibrillar aggregates. Performance comparison of
protein aggregations between (b–d) microdroplet acceleration and
(e–g) traditional methods. (b and e) Schematic of experimental
workflows. (c and f) Length of the formed fibril as a function of the
reaction time Rt. Reaction in microdroplets was 106 times faster than
that using the traditional method. The error bars represent one stan-
dard deviation (SD) with 4 replicates. (d and g) TEM images of the
fibrillation process. In microdroplet reactions, a landing distance, Ld, of
30 mm corresponds to a reaction time, Rt, of 22 ms. The scale bar is
500 nm.
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physiological conditions, because of the following consider-
ations. Alkaline conditions have been observed to facilitate the
aggregation process more rapidly and efficiently compared to
the process that would occur under physiological condi-
tions.25,26 This is a very effective evaluation of the judgment of
bril response. And alkaline conditions were commonly used as
experimental conditions for protein brillation.27,28 Moreover,
it's well-documented that inammation or chronic diseases can
induce signicant variations in the pH environment within
biological systems. These pH uctuations can profoundly affect
the behaviour and stability of proteins. A plume of aqueous
microdroplets containing 1 mg mL−1 globular myoglobin in
ammonium acetate solution (pH adjusted to 9) was produced by
a high voltage (4 kV) in a nano-electrospray ionization tip
(Fig. 1b), and a detailed description could be found in the
“Microdroplet generation module” within the ESI.† The protein
aggregation reaction occurred in sprayed microdroplets and the
bril products were collected from a landing target plate. The
reaction time was adjusted by varying the landing distance (Ld).
The statistical results of bril growth are shown in Fig. 1c and
S1.† The representative transmission electron microscope
(TEM) images in Fig. 1d reveal the synthesis of myoglobin brils
at different landing distances Ld (0–30 mm). Exposure time and
intensity of the e-beam for TEM imaging were adjusted to
a suitable dose to avoid misjudgment. The estimated time was
calculated by integrating the velocity of microdroplets over the
landing distance, as in previous reports.29–31 The measured
velocity of microdroplets is about 1.35 m s−1 (ref. 32) (indicating
a reaction time Rt of 22 ms for a Ld of 30 mm). We observed the
formation of oligomers (100–200 nm) within 7 ms (corre-
sponding to Ld = 10 mm, Fig. 1d and S1†). The oligomers
further grew with the increment in the spray distance, i.e.,
reaction time. For Ld = 30 mm, the maximum length of the
brils grown in microdroplets was about 2 mm. The circular
dichroism results (Fig. S2 and Table S1†) show the signicant
increase in b-sheets during the bril formation in the tradi-
tional way. As a comparison, myoglobin aggregation in 50 mM
sodium borate, pH 9.0 at 65 °C is shown in Fig. 1e–g and S3.†
The results here indicated that the formation of amyloid brils
in microdroplets was 106 times faster than that in traditional
bulk reactions.

Despite the widespread use of electrospray in the study of
protein aggregation and amyloid brillation,33–35 we showed
that the reaction conditions in microdroplets, such as the pH
value and ionization voltage, were crucial for the acceleration
effect of bril growth in microdroplets (Fig. S4 and S5†). The pH
value is closely related to the initial structure, the electrostatic
charges, and various interaction types of the protein. Myoglo-
bin's isoelectric point (pI) falls within the range of 6.5 to 7.0.
According to a previous report,25,36 some amyloid-like bril
formation, such as myoglobin and human lysozyme, are prone
to be induced under alkaline conditions. The results in Fig. S4†
indicated that at slightly lower pH values near the pI, a pattern
of particles with partial structural unfolding was observed, and
these particles had smaller average sizes. As the pH value
increases, the average length of the particles also increases,
which conrms the pH-dependent acceleration of the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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brillation reaction. Additionally, the pH changes during
spraying are also non-negligible, which has been proven clearly
in previous research.37 The pH of a basic solution should
increase as the volume decreases, and the basic species become
more concentrated due to solvent evaporation which can
further promote the occurrence of the reaction.38 However,
considering that ammonium acetate was used as the buffer
solution, H+ ions are generated by deprotonation of NH4

+,
thereby generating a buffer around the pKa of ammonium,39

and the effect of this evaporation mechanism on pH may be
weakened in the case here. The ionization voltage is also
a crucial factor inuencing the rate of microdroplet reactions.
Previous studies40,41 have explored the electric eld distribution
at the microdroplet interface and found that, compared to the
electric eld formed by randomly arranged water molecules in
the solution phase, the electric eld generated by free O–H
radicals on the droplet surface can reach approximately 16 mV
cm−1.42 This electric eld is sufficient to disrupt chemical bonds
within the droplet, thereby driving more intense chemical
reactions. When varying the spray voltage, it was observed that
higher spray voltages were conducive to the generation of
amyloid-like brils (Fig. S5†).
Characterization of the brils formed in microdroplets

We used multiple analytical tools for the conrmation of
formation of brils in microdroplets. We analyzed the proteins
and their aggregates before and aer microdroplet
Fig. 2 Characterization of myoglobin amyloid-like aggregation in
microdroplets before (a, c, and e in bulk solution on applying a high
voltage) and after (b, d, and f in microdroplets) nano-electrospray
(50 mM ammonium acetate, pH = 9); (a and b left) TEM, (a and b right)
laser confocal fluorescence, (c and d) fluorescence emission spectra
and (e and f) circular dichroism. The scale bars are 500 nm in TEM and
10 mm in laser confocal fluorescence.

© 2024 The Author(s). Published by the Royal Society of Chemistry
accelerations in bulk solution (Fig. 2a, c, e) and electried
microdroplets (Fig. 2b, d, f), respectively. A shown in the TEM
images, the protein particles showed no brillar aggregates
under negative stain in the bulk phase even on applying a high
voltage (4 kV) (Fig. 2a, le). However, upon the generation of
microdroplets via high voltage (4 kV), protein particles revealed
distinct brillar aggregates in TEM images (Fig. 2b, le).

To further conrm the formation of brils, protein particles
in microdroplets aer so landing were stained by thioavin T
(ThT),43,44 incubated for 1 hour, and detected by using a laser
scanning confocal microscope. Using a 445 nm laser for exci-
tation, a pronounced lamentous uorescence signal was
observed near the 482 nm range (Fig. 2b, right), while the
regions without amyloid-like brils showed no signicant
signal at 482 nm (as shown in the control group in Fig. 2a,
right). The redshi of ThT uorescence dye indicated the
presence of brillar b-sheet structures within the structure,
conrming the occurrence of amyloid-like brillation reactions
in microdroplets. Fluorescence emission spectra were shown in
comparison with Fig. 2c and d.

CD analysis was also conducted and showed that the a-
helices of myoglobin in the bulk phase (Fig. 2e) unfolded to
form brillation structures or b-sheets in the microdroplets
(Fig. 2f). The quantitative results of estimating secondary
structure content from CD spectra for different states during
spray are presented in Table S2.† The circular dichroism results
indicated more than 80% reduction in a-helix content aer
acceleration via microdroplet reactions, while the b-sheet
content increased 50-fold compared to that in the bulk phase.

The mass spectra of myoglobin in positive ion mode are also
favorable evidence for the protein aggregations in micro-
droplets. As shown in Fig. S6,† broader envelopes were observed
both at +8/+9 charge state distribution and in the high-mass
range, suggesting the presence of inadequately desolvated
aggregations, compared with those in bulk solution. The detail
MS parameters could be found in Table S3.†

In the early stages of drug development, the primary focus
lies in comprehending the behaviours of associated proteins
before and aer the disease, enabling the study of differential
effects of various drug interventions.27,45 b-Amyloids brils are
proved to be intimately involved in the pathology of chronic
neurodegenerative disease.46 Thus, we use confocal laser
microscopy, TEM, CD and mass spectrometry for the joint
analysis which have proven that the brils prepared through
microdroplets exhibit a high degree of structural consistency
with naturally generated brils in both their initial and nal
states. The processes of protein brillation accelerated by
microdroplets and under physiological conditions are compa-
rable, which indicates that microdroplet technology is suitable
for rapid drug discovery and screenings.
Rapid brillation of Ab and a-synuclein

Alzheimer's disease (AD) is the most common neurodegenera-
tive disorder closely associated with the aggregation of b-
amyloid (Ab) within the brain. These specic assemblies of
aggregated proteins are typically composed of residues, known
Chem. Sci., 2024, 15, 6853–6859 | 6855
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as b-amyloid peptides (Ab-s), with Ab40 and Ab42 being the
most common variant segments.47–49 a-Synuclein has been
postulated to play a central role in the pathogenesis of several
neurodegenerative disorders. For example, the abnormal accu-
mulation and aggregation of a-synuclein have been observed to
be associated with the dysfunctionality and degeneration of
neurons in Parkinson's disease (PD).50 Here, aggregation
kinetics of a-synuclein and b-amyloid proteins were explored.

Mass spectra of Ab40, Ab42 and a-synuclein are shown in
Fig. 3, where the dimers, trimers, and tetramers of Ab40 and
Ab42, and dimers of a-synuclein were labelled. TEM images of
the proteins aer the microdroplet reaction revealed the
pronounced brillar aggregates at pH = 9, with size distribu-
tions ranging from 100 nm to 300 nm for Ab40 and a-synuclein,
up to 600 nm for Ab42 (insets, Fig. 3a–c and S8–S10†).
Fig. 3 Characterization of the amyloid-like aggregation of peptides
associated with clinical amyloidosis in the microdroplet reaction. Mass
spectra of (a) Ab40 (b) Ab42 and (c) a-synuclein and their oligomers.
Inset shows TEM images of the aggregates. The scale bar is 200 nm. (d)
Synthesis rate in microdroplets: Rt-course change in the length of
protein particles.
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Nevertheless, in the control group at pH = 7, only monomers
were observed in the mass spectra and no brils were observed
in TEM images (Fig. S7†). Fig. 3d shows the synthesis rates in
microdroplets. Furthermore, through varying the landing
distance, Ld, the progress of protein brillation within micro-
droplets was controlled. As Ld increased from 0 mm to 30 mm,
the average length of particles in the eld of view steadily
increased correspondingly (Fig. S8–S10†).
Rapid inhibitor screening

The screening of inhibitor drugs is crucial for neurodegenera-
tive diseases caused by brillation.51 A dual-head nano-
electrospray ion source, one containing Ab40 solution and the
other containing small molecule inhibitor solution, was used to
produce reactant microdroplets. The spatial position of the
mesh was controlled by using a three-dimensional movement
platform with an internally designed x–y–z three-dimensional
movement system, and the two capillaries were symmetrically
positioned with an included angle ranging from 60° to 70°.
When only with Ab protein, under suitable microdroplet
acceleration reaction conditions, it will undergo the nucleation
aggregation. However, the introduction of microdroplets con-
taining inhibitors hinders the nucleation aggregation process. A
schematic diagram of the instrumentation setup and reaction
mechanism is illustrated in Fig. S11.†

Screening of small molecular drugs52–54 was demonstrated in
the following section. Here, epigallocatechin gallate (EGCG),
tramiprosate, quercetin, furosemide, and 3-ethox-
ysalicylaldehyde have been illustrated to inhibit the brillation
of Ab40, while hemin cannot. Hemin is effective for kappa-
casein, lysozyme amyloidosis and aSyn, but not for Ab40.
Setting the concentration ratio of Ab40 and EGCG to 1 : 20,55,56

microdroplet reactions were conducted using the mentioned
method. Comparing with the TEM results in Fig. 4a, it was
evident that Ab40 aggregation was signicantly inhibited with
EGCG. Previous research has also shown that tramiprosate can
delay in vivo bril synthesis by binding to soluble Ab40. The
experimental group with the tramiprosate inhibitor exhibited
a noticeable reduction in the distribution of brils at around
200 nm. Quercetin has shown that H-bond interaction between
the OH group and Ab bril leads to the formation of modied
oligomers and hinders the creation of b-sheet structures,57,58

furosemide exhibits Ab-oligomerization-inhibiting activity in
vitro,59 and 3-ethoxysalicylaldehyde interferes with hydrophobic
and/or pi–pi interactions and thus prevents the self-association
of Ab.60 In the experimental group with these ve inhibitors,
signicant aggregation inhibition was observed. As for another
small molecule, hemin, no impact on Ab40 protein self-
assembly was observed, suggesting that it cannot bind to
Ab40 to disturb the formation of brils.

Statistical analysis of the interactions between the three
small molecules and Ab40 is shown in Fig. 4b. As expected,
EGCG, tramiprosate, quercetin, furosemide, and 3-ethox-
ysalicylaldehyde had a signicant inhibitory effect on bril
growth, effectively reducing the aggregation formation of Ab40
with different effects. However, hemin didn't show a signicant
© 2024 The Author(s). Published by the Royal Society of Chemistry



Fig. 4 Statistical differences in binding Ab40 with small molecule
drugs. TEM images of fibrillar aggregation of Ab40 in microdroplets
with (a) no inhibitor applied (black line); inhibitor EGCG, tramiprosate,
quercetin, furosemide, and 3-ethoxysalicylaldehyde; and negative
control hemin. The concentration ratios of Ab40 and small molecules
were all 1 : 20. (b) Statistical representation of fibrillation lengths in TEM
images. The central line in the box plot represents the median of the
samples.
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contribution to the disaggregation of Ab40. The screening
results in microdroplets here matched with the previous
report53 and those performed in the conventional way in bulk
solution (Fig. S12†), demonstrating the application potential of
the technology for rapid inhibitor drug discovery and dis-
tinguishing the inhibitors via the different effects and func-
tional mechanisms. An entire cycle of inhibitor screening for
Ab40 was within 3 minutes, including microdroplet reaction,
product collection, and TEM and MS evaluations. This is
a signicant improvement of the efficiency for rapid screening
of inhibitors.

Conclusions

In conclusion, a microdroplet acceleration method was devel-
oped to expedite the formation of protein amyloid brils. The
© 2024 The Author(s). Published by the Royal Society of Chemistry
accelerated synthesis of amyloid-like brils in microdroplets
was conrmed through comprehensive validation approaches,
encompassing different structural biology tools. In the show-
cased examples, the protein and peptide associated with clinical
amyloidosis exhibited potential for bril formation, and the
brillation processes were accelerated by approximately six
orders of magnitude. As the rst demonstration of brillation
acceleration in microdroplets, the technology showed potential
in applications such as synthesis of oligomer amyloids and
inhibitor screening for treatment of neurodegenerative
diseases.
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